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PREFACE

Only a short time ago, if a man went to see his physician for erectile
dysfunction (ED) he was often told that the problem was psychological.
In the last 10–15 years there has been a growing appreciation of the
concept that in men over the age of 50, one of the most common causes
of ED is vascular.  Vascular causes include endothelial dysfunction (the
other ED, which is one of the earliest abnormalities in the spectrum of
atherosclerosis) to full-blown obstructing atherosclerotic plaque.

Since the key component of an erection is vasodilatation, if blood
vessels cannot dilate normally owing to endothelial dysfunction, then a
normal erection will not occur.  Endothelial dysfunction will occur when
the blood vessel is exposed to certain risk factors—hypertension, lipid
abnormalities, cigaret smoking, diabetes, and others.  It is therefore no
surprise that these same risk factors for atherosclerotic cardiovascular
disease are also risk factors for erectile dysfunction.

Erectile dysfunction is a common problem in the cardiac patient.  The
purpose of Heart Disease and Erectile Dysfunction is to review the
problem of erectile dysfunction from a cardiac standpoint. Chapters
have been written by cardiologists, urologists, psychologists, pharma-
cologists, and basic scientists alike to synthesize the problem of erectile
dysfunction as it relates to heart disease, review the physiology of ED,
review the current therapies for ED and how they may interact with the
cardiac system, review the potential application of the phosphodi-
esterase-5 inhibitors to cardiovascular disease, and review guidelines
for dealing with the cardiac patient seeking help for ED.  We hope that
this is the first of many books that might help define a new subspecialty
of “uro-cardiology” or “cardio-urology.”

I would like to thank Chris Cannon, MD, and Paul Dolgert for their
encouragement in editing this text.  I would also like to thank all of the
contributing authors as well as my administrative assistant, Cathy
Davisson, for help with typing and organizing the chapters.

The drugs, indications for drugs, and drug dosages may or may not be
approved for general use by the Food and Drug Administration. Physi-
cians should consult the package inserts and/or Physicians’ Desk Refer-
ence for drug indications, contraindications, side effects, precautions,
warnings, and dosages as recommended.

Robert A. Kloner, MD, PhD
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INTRODUCTION

Erectile dysfunction (ED), defined as “the persistent inability to
achieve or maintain an erection sufficient for satisfactory sexual per-
formance” (1), is a highly prevalent condition. It is estimated that cur-
rently approximately 30 million men in the United States are affected
(2). This number is expected to at least double by 2025 as a result of
the aging of the male population as well as increased awareness of
the problem (3). ED can have emotional, physical, and iatrogenic
causes. Mixed forms are common, and ED may also be a symptom of
chronic diseases. 



During the last 5 years, the understanding of the erectile process
and causes of ED have improved dramatically. Major breakthroughs
include, but are not limited to, the identification of nitric oxide (NO) as
a major transmitter involved in erection, the role of smooth muscle in
regulating arterial and venous blood flow, and changes in anatomical
penile structures responsible for impairment of erectile function (4). In
this chapter, the complex physiological interactions responsible for
erection, as well as the multiple causes for ED, are addressed.

PHYSIOLOGY OF ERECTION

Neuroanatomy
In animal studies, several brain regions have been identified as

being important to penile erection. The medial preoptic area (MPOA)
of the hypothalamus may be the integration point for the central
control of erection. It receives sensory impulses from the amygdala
that have been gathered at cortical association areas. These include
norepinephrine-mediated inhibitory signals and dopamine-mediated
proerectile stimuli (5) (Fig. 1A).

The paraventricular nucleus of the hypothalamus, which receives
neural input from the MPOA, may have a proerectile action through
oxytocin-mediated descending pathways.

Periaqueductal gray matter, which provides neural connections
between the MPOA and the brain stem, may also have proerectile
activity; neurons from the paraventricular nucleus are known to pro-
ject through it to thoracic and lumbosacral nuclei concerned with
erection (5). Reflex erections occur in the erection-generating center
of the spinal cord (T12–S3; ref. 6). The penis is innervated by the
sympathetic (T11–L2), parasympathetic (S2–S4), and somatic
(S2–S4) nervous systems.

Sympathetic input is antierectile, whereas parasympathetic and
somatic input is proerectile.

Both sympathetic and parasympathetic fibers reach the pelvic or
inferior hypogastric plexus where autonomic input to the penis is inte-
grated; the cavernous nerves originate from this plexus (5).

The sacral reflex arc, another pathway, conveys stimuli from the per-
ineum and the lower urinary tract mucosa.

The lesser cavernous nerves originate from the pelvic plexus and
travel along the penis to supply the penile urethra and the erectile tissue
of the corpus spongiosum.

2 Anastasiadis et al.



The greater cavernous nerves also originate in the pelvic plexus.
They innervate the helicine arteries and the erectile tissue.

Intracavernous nerves are encased in fibrous tissue, which prevents
their compression during an erection.

Their branches travel with prostatovesicular artery branches, which
provide a visual landmark during nerve-sparing radical prostatectomy.

Chapter 1 / Erectile Physiology and Pathophysiology 3

Fig. 1. Schematic depiction of anatomical, neural, and vascular structures relevant
for erection. (A) Medial preoptic area and paraventricular nucleus of the hypo-
thalamus. (B) Frontal section of the penis showing the sinuses (S) of the corpora
cavernosa (CC). From (59).



The dorsal penile nerves, branches of the pudendal nerves, and the
ilioinguinal nerve also innervate the penis. These nerves provide sensory
input from the glans penis and skin, and penile root, respectively (5,6).

Penile Anatomy
The penis contains three cylindrical structures, the corpus spongio-

sum, which surrounds the urethra, and the two erectile bodies, the cor-
pora cavernosa (4). The tunica affords great flexibility, rigidity, and
tissue strength to the penis. The tunical covering of the corpora caver-
nosa is a bilayered structure that has multiple sublayers. The elastic
fibers of the tunica form an irregular network, on which collagen fibers
rest (4). The corpora cavernosa comprise two spongy-paired cylinders
contained in the thick envelope of the tunica albuginea. The crura, their
proximal ends, originate at the undersurface of the puboischial rami as
two separate structures but merge under the pubic arch and remain
attached up to the glans. The septum between the two corpora caver-
nosa is incomplete in humans (4). Each corpus cavernosum contains
sinusoids, which are larger in the center and smaller in the periphery
(Fig. 1B). The structure of the corpus spongiosum and the glans is sim-
ilar to that in the corpora cavernosa except that the sinusoids are larger.
The tunica is thinner in the spongiosum and is absent in the glans (4).

Arterial supply for the penis is usually the internal pudendal artery,
a branch of the internal iliac artery. In many instances, however, acces-
sory arteries from the external iliac, obturator, vesical, and femoral
arteries exist (7). Damage to these arteries during pelvic surgery may
result in vasculogenic ED postoperatively (4). The internal pudendal
artery becomes the common penile artery, which then divides into the
dorsal, the bulbourethral, and the cavernous arteries. Along its course,
the cavernous artery gives off many helicine arteries, which supply the
trabecular erectile tissue and the sinusoids.

The venous drainage from the three corpora originates in small
venules leading from the peripheral sinusoids immediately beneath the
tunica albuginea. These venules travel between the tunica and the
peripheral sinusoids to form the subtunical venular plexus before exit-
ing as the emissary veins.

Biochemistry and Hemodynamics
of Erection and Detumescence

An erection is a hemodynamic event that is determined by the con-
tractile state of penile smooth muscle.

4 Anastasiadis et al.



When a penis is in its flaccid state, sympathetic neural activity pre-
dominates; this minimizes blood flow into the sinuses of the corpora
cavernosa.

With sexual stimulation, parasympathetic neural activity predominates;
this leads to increased blood flow into the sinuses and achievement of
erection caused by smooth muscle relaxation in the corpora cavernosa.

The maintenance of the intracorporeal smooth muscle in a semi-
contracted state during flaccidity results from intrinsic myogenic activ-
ity, adrenergic neurotransmission, and endothelium-derived contracting
factors, such as prostaglandin F2α and endothelins (8).

Several factors are required for penile smooth muscle cells to con-
tract, including adequate local levels of neurotransmitters, adequate
expression of receptors, the integrity of the transduction mechanism,
ion channel homeostasis, interactions between contractile proteins,
and effective communication between smooth muscle cells over gap
junctions (5).

The main neurotransmitter mediating penile erection is NO, which is
released from the endothelium of the corpora cavernosa during non-
adrenergic, noncholinergic (NANC) neurotransmission (9) (Fig. 2).
Within the muscle cell, NO activates a soluble guanylyl cyclase, which
raises the intracellular concentration of cyclic guanosine monophos-
phate. In turn, cyclic guanosine monophosphate activates a specific
protein kinase, which phosphorylates certain proteins and ion chan-
nels, resulting in the opening of potassium channels and hyperpolar-
ization of the muscle cell membrane, sequestration of intracellular
calcium by the endoplasmic reticulum, and blocking of calcium influx
by calcium channel inhibition. The consequence is a drop in cytosolic
calcium concentration and relaxation of the smooth muscle, resulting in
dilation of arterial vessels and increased blood flow into the sinuses of
the corpora cavernosa in both the diastolic and systolic phases (8,9)
(Fig. 3).

Arginase, a binuclear manganese metalloenzyme that catalyzes the
hydrolysis of L-arginine to form L-ornithine plus urea, regulates NO
synthase activity—and, therefore, attenuates NO-dependent physiolog-
ical processes—by depleting the substrate pool of L-arginine (10). In
the internal anal sphincter muscle, arginase suppresses NANC nerve-
mediated relaxation by depleting intracellular L-arginine concentrations
that would otherwise be used by NO synthase.

With the discovery of arginase activity in corpus cavernosum tissue
extracts prepared from rabbit penis and human penis, Cox et al. probed
the physiological relationship between arginase and NO synthase in

Chapter 1 / Erectile Physiology and Pathophysiology 5



penile corpus cavernosum. They studied the effects of the arginase
inhibitor 2(S)-amino-6-boronohexanoic acid (ABH) on smooth muscle
contractility using organ bath preparations of rabbit penile corpus cav-
ernosum. Tissue strips were procured and prepared, and NANC nerve-
mediated responses were elicited by electrical field stimulation at

6 Anastasiadis et al.

Fig. 2. Intracellular mechanisms of nitric oxide, the main neurotransmitter in penile
erection. From (59).



varying frequencies. Electrical stimulation caused frequency-dependent
relaxation. The addition of ABH in the absence of electrical stimulation
caused moderate relaxation as a result of the basal activity of NO syn-
thase. ABH significantly enhanced relaxation to electrical stimulation
in a dose-dependent manner (10).

Recently, Bivalacqua et al. compared arginase gene expression, pro-
tein levels, and enzyme activity in diabetic human cavernosal tissue.
When compared with normal human cavernosal tissue, diabetic corpus
cavernosum from humans with ED had higher levels of arginase II pro-
tein, gene expression, and enzyme activity. In contrast, gene expres-
sion and protein levels of arginase I were not significantly different in
diabetic cavernosal tissue when compared with control tissue. The
reduced ability of diabetic tissue to convert L-arginine to L-citrulline
via NO synthase was reversed by the selective inhibition of arginase
ABH. These data suggest that the increased expression of arginase II in

Chapter 1 / Erectile Physiology and Pathophysiology 7

Fig. 3. Mechanism of action of PDE5 inhibitors. From (59).



diabetic cavernosal tissue may contribute to the ED associated with
this common disease process and may play a role in other manifesta-
tions of diabetic disease in which NO production is decreased (11).

Recently, the inhibition of vasoconstrictors, that is, norepinephrine
and endothelin-1, has also been proposed as a potential regulating
mechanism in the erectile process (12). The calcium-sensitizing rho
A/Rho kinase pathway may play a synergistic role in cavernosal vaso-
constriction to maintain penile flaccidity. Rho-kinase is known to
inhibit myosin light-chain phosphatase and to directly phosphorylate
myosin light-chain (in solution), altogether resulting in a net increase in
activated myosin and the promotion of cellular contraction. Although
Rho kinase protein and mRNA have been detected in cavernosal tissue,
the role of Rho kinase in the regulation of cavernosal tone is unknown.
However, using pharmacologic antagonism (Y-27632), Chitaley et al.
examined the role of Rho kinase in cavernosal tone, based on the
hypothesis that antagonism of Rho kinase results in increased corpus
cavernosum pressure, initiating the erectile response independently of
NO. Indeed, Rho kinase antagonism was able to stimulate rat penile
erection independently of NO (12,13).

As a result of smooth muscle relaxation in the corpora, the follow-
ing events occur: (a) the incoming blood is trapped by the expanding
sinusoids, (b) the subtunical venular plexuses between the tunica albug-
inea and the peripheral sinusoids are compressed, reducing venous out-
flow, (c) the tunica stretches further and decreases venous outflow to a
minimum, (d) intracavernous pressure increases, raising the penis to
its erect state, and (e) pressure increases further, leading to the con-
traction of the ischiocavernosus muscles (rigid erection phase; ref. 4).

Penile detumescence occurs in three phases: The first phase entails
a transient increase of intracorpreal pressure, indicating the beginning
of smooth muscle contraction against a closed venous system. The
second phase involves a slow pressure decrease, suggesting a slow
reopening of the venous channels with resumption of the basal level of
arterial flow. In the third phase, there is a fast pressure decrease, and
venous capacity is fully restored (4).

PATHOPHYSIOLOGY OF ED

Major Risk Factors for ED
Major risk factors for ED include advancing age; the presence of

chronic illness, such as heart disease, hypertension, diabetes mellitus,
or depression; smoking; stress; alcohol and drug abuse; and sedentary
lifestyle (14). The main causes of ED are organic (e.g., vascular, neu-

8 Anastasiadis et al.



rogenic, hormonal, anatomical/structural, drug induced), psychogenic,
or mixed (8). The mixed form is the most common. Causes can be
acquired or congenital; psychogenic causes can be either generalized or
situational. Aging constitutes an independent risk factor for ED (15).
Numerous changes occur as men age, and there is a progressive decline
in sexual function as the result of various physiologic changes (8).
The incidence of chronic diseases also increases with age. In addition,
psychological and relationship issues may contribute to ED (14,16).
ED can be considered a marker of serious medical conditions, such as
hypertension, diabetes mellitus, cardiovascular disease, or depression,
therefore playing an important role in men’s health (17,18). The role of
androgens in erectile function remains controversial. Psychogenic
causes of ED include depression, performance anxiety, relationship
problems, psychosocial problems, and psychosocial distress (19–22).
Although in the past ED was thought to be primarily the result of psy-
chogenic factors, it is now generally acknowledged that organic causes
are present in most patients (8). Organic causes are subdivided into
vascular, neurogenic, hormonal, penile injury or disease, drug-induced,
or those related to other systemic diseases (6,8). A combination of fac-
tors is not uncommon.

Organic Causes of ED
Organic causes of ED can be subdivided into vascular causes (40%),

diabetes mellitus (30%), drug-induced ED (15%), neurogenic ED,
penile injury, or disease (6%), endocrine problems (3%), or those
related to other neurologic or systemic diseases (8).

ENDOTHELIAL DYSFUNCTION AS A CAUSE OF ED

Penile erection, being greatly dependent on adequate inflow of
blood to the erectile tissue, requires coordinated arterial endothelium-
dependent vasodilatation and sinusoidal endothelium-dependent cor-
poral smooth muscle relaxation (23). Therefore, any factors interfering
with the arterial inflow of blood to the corpora cavernosal or the
synthesis/release of NO within the corpora cavernosal are prime sus-
pects involved in the pathophysiology of ED. This endothelial dys-
function can occur physiologically with aging but is common in
pathologic conditions like diabetes and atherosclerosis. The earliest
vascular modifications in atherosclerosis occur with the alteration of
arterial endothelium-dependent relaxations, followed by the impair-
ment of smooth muscle reactivity (24). In this context, it has been
shown that hypercholesterolemia in men and rabbits causes (a) a

Chapter 1 / Erectile Physiology and Pathophysiology 9



reduced inflow of blood to the penis by the vascular narrowing of the
lumen of penile and pelvic vessels, (b) an impairment of endothelium-
dependent NO-dependent corporal smooth muscle relaxation, and
(c) corporal smooth muscle tissue alteration (fibrosis and degenera-
tion of smooth muscle cells) resulting in ED (25,26). Nevertheless,
aging is a process that, in itself, induces functional and morphologi-
cal modifications, which have to be taken into account when apprais-
ing ED (1,15,23).

Findings from animal and human studies clearly indicate that the
global erectile response is altered both as a result of atherosclerotic
vascular disease development and during the aging process. Athero-
sclerotic disease, diabetes, and aging are commonly associated and
induce structural and functional modifications that can take place at
the level of the endothelium, vascular smooth muscle and extracellular
matrix of blood vessels and/or cavernosal tissues (24,25,27–29).

VASCULAR FACTORS OF ED
Vascular disease is the most common cause of organic ED and is

most often the result of medical disorders that affect the arterial system
(1). The most common etiologic factors, which can also be combined,
are atherosclerosis, hyperlipidemia with vascular stenosis of the penile
arteries, smoking, diabetes, hypertension, and vascular surgery (30).
Other vascular factors include venous leaks and degenerative changes,
like Peyronie’s disease (31). In addition, traumatic pelvic and perineal
injury can result in ED (32). Recently, perineal arterial compression
during cycling has been proposed to be associated with ED (33,34).

Erectile failure caused by venous insufficiency in the presence
of adequate arterial inflow can be termed veno-occlusive ED. The
importance of direct injury to the sinusoidal endothelium and smooth
musculature at the cellular level has become apparent in the pathogen-
esis of veno-occlusive ED (35). Such damage limits the ability of the
smooth muscle to relax within the corpora, resulting in reduced sinu-
soidal dilation. Any factor leading to an alteration of the fibroelastic
component of the trabeculae can result in incomplete venous occlusion
with subsequent venous leakage and erectile failure (35). Ischemic
injury resulting from priapism with subsequent fibrosis of the erectile
tissue will also subsequently result in ED.

NEUROGENIC FACTORS OF ED
Neurogenic ED can be defined broadly as an inability to sustain or

maintain a penile erection because of neurologic impairment or dys-
function (36). Underlying etiologies can include diabetic neuropathy
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and vasculopathy, multiple sclerosis, Parkinson’s disease, hereditary
peripheral neuropathies, chemically induced neuropathies, spina bifida,
radical retropubic prostatectomy, spinal cord injury, cerebrovascular
accidents, Alzheimer’s disease, and lumbar disk herniation (36).

Diabetes has been associated with corpus cavernosum smooth muscle
changes, such as increased connective tissue synthesis and atrophy of
smooth muscle within the corpus cavernosum in humans and animal
models (37). These structural changes can be correlated with an increased
incidence of veno-occlusive dysfunction and erectile failure, consistent
with systemic peripheral vascular disease observed in diabetes (36).
Transforming growth factor (TGF)-β1 has been implicated in the con-
nective tissue changes in ED (38). In addition to the earlier-mentioned
changes, advanced glycation end products have been documented in
human corpus cavernosum biopsies from diabetic patients (39).

ED is a frequent complication of prostate cancer therapy, particu-
larly radical prostatectomy (40). ED is reported to occur in 66% of
men after a non-nerve-sparing procedure, in 59% after a unilateral
nerve-sparing procedure, and 56% after a bilateral nerve-sparing pro-
cedure (41). External beam radiation is associated with a nearly 50%
reduction in erectile function (40).

HORMONAL FACTORS OF ED
Testosterone is thought to primarily stimulate libido at the levels of

the central nervous system (42). Bagatelle et al. reported on normal
men who had a significant decrease in sexual desire, fantasy, sponta-
neous erections, and masturbation after a few weeks of androgen
suppression by a GnRH antagonist. These changes were not found
when the subjects received androgen therapy simultaneously with the
GnRH antagonist (43).

ED is a common condition in the elderly population. Results of the
Massachusetts Male Aging Study (MMAS) indicate that the most
strongly associated variable to ED is age (15). The prevalence of com-
plete ED in this study tripled in men between ages 40 and 70 yr.

There is a considerable controversy regarding the role of androgens
in erectile function. Animal studies using the rat model showed that
penile cavernosal and spongiosal cells undergo apoptosis (programmed
cell death) in response to castration. In a follow-up study, testosterone
activated de novo DNA synthesis in the penis of castrated adult rats,
including cavernosal cells (44).

Korenman et al. found no difference in serum bioavailable testos-
terone levels between older men with and without ED. Therefore, they
have proposed that ED and secondary hypogonadism are two common
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independent disorders of the aging male (45). Similarly, the MMAS
showed no significant correlation between ED and serum testosterone
levels (either free, albumin-bound, or total). The only hormonal decline
that correlated with ED in this study was that of dehydroepiandros-
terone (15). Data from animal and human studies indicate that low-
normal range concentrations of testosterone are sufficient to maintain
sexual activity, and that there is a threshold level of testosterone, above
which there is no further improvement in response to therapy (46).
Administration of testosterone to normal eugonadal men enhances
penile rigidity but does not change circumference or frequency of erec-
tions during nocturnal penile testing (47). In hypogonadal men, it
improves libido and sexual performance (48).

It should be kept in mind that androgen deficiency, especially in
elderly men, is not the most common cause of ED. There are other
common vascular, neurological, and psychological, iatrogenic factors
that are likely to coexist with androgen deficiency and prevent benefi-
cial effects of androgen replacement therapy.

MEDICATIONS AS CAUSES OF ED
Although many prescription medications have been implicated in

disorders of sexual desire, arousal, and orgasm, medications to treat
hypertension and psychiatric disorders are most frequently cited as
contributing to these dysfunctions (49).

Antihypertensive Medications. The majority of antihypertensive
medications have been implicated in sexual disorders. However, some
substances are more likely than others to cause ED. For example,
diuretics (e.g., chlorthalidone, hydrochlorothiazide, and spironolac-
tone), central antiadrenergic agents (e.g., clonidine, methyldopa, reser-
pine), and guanethidine are commonly cited as causes of ED (49).
However, β-blockers, with the exception of propranolol, are less
likely to cause ED, but can cause desire disorders (49). Angiotensin-
converting enzyme inhibitors may be least likely to cause ED. In addi-
tion, minoxidil, hydralazine, prazosin, and furosemide rarely cause
sexual side effects, although hydralazine and prazosin have been asso-
ciated with priapism in case reports (49).

Psychiatric Medications. Psychiatric medications also commonly
affect sexual function. Antidepressants (e.g., amitriptyline, amoxapine,
clomipramine, desipramine, nortriptyline, protriptyline) have frequently
been associated with ED and can cause a delayed or absent orgasmic
response (49). Similar side effects have been reported with selective sero-
tonin reuptake inhibitors, such as fluoxetine and sertraline. Antipsychotic
medications (e.g., thioridazine, chlorpromazine), without exception, have
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the potential for disrupting sexual response. Lithium and monoamino-
oxidase inhibitors may impair sexual desire and erectile function.

Many other prescription medications in diverse therapeutic classes are
frequently cited as causing sexual dysfunctions. These include carba-
mazepine, digoxin, disulfiram, and ketoconazole (49). In addition, anti-
hyperlipidemic agents like clofibrate and gemfibrozil have been
associated with ED. The statins appear to have a lower risk (50). Hor-
monal agents, including antiandrogens, LH-RH analogs, and estrogens,
also increase the risk of ED (50). Other drugs associated with ED include
protease inhibitors, cytotoxic agents, and H2-receptor antagonists (50,51).

Psychogenic Causes of ED
Psychogenic ED frequently coexists with other sexual dysfunctions,

notably hypoactive sexual desire, and with major psychiatric disorders,
particularly depression and anxiety disorders (52). In the latter cases, a
primary diagnosis may be difficult to establish, and concomitant treat-
ment of the patient’s psychiatric disorder may be indicated as the
initial step in management.

Many men with ED also have comorbid depression, and the rela-
tion between them appears to be bidirectional; the occurrence of either
disorder may cause, result from, or exacerbate the other (15,18,53).
There are five models, not mutually exclusive, that describe a possible
relation between ED and depression. First, ED may lead to “sec-
ondary” depression in vulnerable individuals. Studies have shown that
men with ED are more likely to report depressive symptoms than
are men without ED (15,54). Second, ED can be symptomatic of a
“primary” depressive episode. That is, men who are depressed fre-
quently manifest symptoms of ED. Furthermore, some men with major
depressive disorder develop a reversible loss of nocturnal penile tumes-
cence, suggesting that depression can influence erectile neurophysiol-
ogy (55). Third, a common factor may be related to the development of
both conditions. ED and depression frequently co-occur with other con-
ditions, including diabetes, hypertension, cardiovascular disease, neu-
rologic disorders (e.g., parkinsonism, multiple sclerosis), and endocrine
disorders (e.g., adrenal, thyroid, gonadal). Numerous epidemiologic
studies have indicated that the concurrence of depressive symptoms,
particularly major depressive disorder, increased the risk of ischemic
heart disease and mortality (53). Other data showed that depression
was a significant, independent risk factor for the development of symp-
tomatic ischemic heart disease in otherwise healthy individuals (56).
Conversely, medical illness can precipitate depression in a predisposed
individual. Significantly, ED, depression, and vascular disease share a
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number of risk factors, including smoking, obesity, dyslipidemia, and a
sedentary lifestyle (15). Fourth, ED can be an adverse effect of med-
ication treatments for these conditions, including antidepressants, anti-
hypertensives, cardiac drugs, and numerous other agents (57). Between
5 and 80% of patients taking antidepressants experience side effects
related to sexual function (53). Similarly, between 10 and 50% of men
taking antihypertensives experience ED while on therapy (57). Finally,
as relatively prevalent conditions, ED and depression can be coinci-
dentally comorbid and, thus, etiologically unrelated (53).

The significance of psychosocial factors in the etiology of ED has
been highlighted in epidemiological studies. In the MMAS, ED was sig-
nificantly associated with depressive symptoms, pessimistic attitudes, or
a negative outlook on life (15). Similarly, in the National Health and
Social Life Survey, ED was significantly associated with emotional stress
and a history of social coercion (20). These studies underline the signif-
icant effects of psychosocial factors in the etiology of ED.

Generally, psychosocial determinants of ED are divided into imme-
diate and remote causes (20). Immediate causes include performance
anxiety (or fear of failure), lack of adequate stimulation, and relation-
ship conflicts. Among the remote or early developmental causes, various
researchers have emphasized the role of sexual trauma in childhood,
sexual identity or orientation issues, unresolved partner or parental
attachments, and religious or cultural taboos (20).

Frequently, interpersonal and relationship factors have been associ-
ated with ED. Communication difficulties, lack of intimacy or trust,
and power conflicts have been emphasized as frequent concomitants
of arousal difficulties in both sexes (52). Loss of sexual attraction has
also been implicated.

An expanded classification system for psychogenic ED has been
proposed by the nomenclature committee of the International Society
of Impotence Research. This new classification is intended to broaden
the previously limited focus of psychogenic ED and incorporates clin-
ical features (general vs situational ED) and hypothesized etiologic
mechanisms (central excitation vs inhibition) of psychogenic ED.
Recent studies have strongly implicated the role of central excitatory
and inhibitory mechanisms in the control of male sexual arousal (58).
These concepts are incorporated into the proposed classification system.

In addition to the clinical subtypes of generalized vs situational,
psychogenic ED can be characterized as lifelong (primary) or acquired
(secondary). Primary psychogenic ED refers to the lifelong inability to
achieve successful sexual performance, whereas secondary psychogenic
ED occurs after a period of satisfactory sexual performance (52).
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Primary psychogenic ED is relatively rare and usually associated with
a chronic pattern of sexual or interpersonal inhibition. Psychogenic ED
may also be classified as secondary to substance abuse or a major
psychiatric disorder.

CONCLUSION

The dramatic progress in the field of basic research of erectile phys-
iology and pathophysiology during the last few years has led to exciting
new insights and has resulted in revolutionary changes of treatment
modalities in the individual with ED. In addition, clinical studies could
successfully demonstrate the association of ED with other medical con-
ditions. Hopefully, both basic and clinical research in this field will help
in optimizing therapeutic approaches for the individual patient in the
future. In this regard, a multidisciplinary approach using evidence-based
guidelines is key for the thorough evaluation and effective treatment of
the ED patient and his partner.
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INTRODUCTION

Throughout history, men have been dealing with the problems
termed sexual dysfunction, impotence, and erectile dysfunction (ED).
ED is a difficult and challenging condition affecting millions of men
in the United States and throughout the world. In the 1990s and in
the 21st century, ED has been defined as the consistent inability to
obtain and maintain a penile erection sufficient to permit satisfactory
sexual intercourse (1). In the latter half of the 20th century, the issue
of ED changed from a subject little discussed and poorly understood
to an active area of medical, psychological, and pharmacological
research and development. Indeed, the pejorative term “impotence”
has been replaced with ED and erectile difficulties. During these



years, the physiology and molecular biology of erection and ED has
been carefully studied, and translational research has led to not only
an elucidation of the physiology of erection but also to significant
progress in the diagnosis and treatment of men with ED. Basic scien-
tific investigation has clarified the anatomy, physiology, and pharma-
cology of the corpus cavernosum as well as the neurophysiology and
vascular physiology of erectile function. Similarly, the mechanism of
erection and its dependence upon the neurogenic, arterial, and venous
systems to produce erectile rigidity continues to be studied. Further,
the importance of androgen support of erectile function, both in the
corpus cavernosum level and in the central nervous system, is being
examined both clinically and in the basic science laboratories. Inves-
tigations into smooth muscle physiology, endothelial cell function, and
central nervous system control with the identification of neurotrans-
mitters, such as nitric oxide (NO) and vasoactive intestinal polypep-
tide, in the corpus cavernosum have led to the design, development,
and use of specific pharmacological agents to recreate the normal
physiology of the corpus cavernosum and restore erectile function in
men previously termed “impotent.”

PREVALENCE OF ED

In the United States as well as the rest of the world, ED is highly
prevalent. The Massachusetts Male Aging Study (MMAS) particularly
has documented the high prevalence, which reaches 52% in men over
age 40 yr. MMAS was the first large population-based study of ED
in the United States (2). The initial data were collected during
1987–1989 and established a cohort of 1709 men, of whom 1156 were
re-interviewed during 1995–1997 (2). The baseline study included
questions related to erectile function, such as frequency and quality of
erections. The follow-up questionnaire included items related to erec-
tile function plus a single question subjective global self-assessment
that classified ED as ranging from none to complete.

The MMAS found that the combined prevalence of mild, moderate,
and severe ED was 52% among this cohort of men aged 40 to 70 yr.

This prevalence increases with age and exceeds 70% in men over
age 65 yr. The MMAS recorded depression, unhappiness with life, and
pessimistic attitudes as significant risk factor predictors for ED (2).
With increasing age, there was an increase in ED but, surprisingly, also
a significant decrease in libido or desire for sexual activity. Nonmarried
men appear to be at higher risk. A subsequent follow-up study of these
same men 8 yr later showed that the incidence and prevalence of ED
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increases with age and that not smoking and regular exercise are factors
that predict maintenance of erections as men age. With extrapolation of
these data, it is estimated that more than 30 million men in the United
States suffer from some degree of ED. The results of a large scale epi-
demiological study of sexual dysfunction in men throughout the United
States demonstrated a high prevalence of ED in men of all ages, with
as many as 31% of men complaining of some degree of ED.

Laumann et al. studied 1410 men and 1749 women ages 18–59 yr
through analysis of the data from the National Health and Social Life
Survey (3). Overall, ED occurred in 5% of men, low sexual desire in
5% of men, and 21% of men, most often in the younger age group, suf-
fered from premature ejaculation. The study demonstrated that sexual
dysfunction is a significant public health concern and is widespread in
Western society, influenced by health-related and psychological factors.
Stress-inducing events influence and increase sexual dysfunction (3).
There is a strong association between sexual dysfunction and impaired
quality of life on quality-of-life questionnaires. The Men’s All Race
Sexual Health Study investigated the differences among racial groups
and the prevalence of ED (4). Early data from this study confirm that
white, black, and Hispanic Americans are equally at risk for ED and
that risk factors for the three groups are similar.

Worldwide, epidemiological studies have confirmed the high preva-
lence rates in men of all ages (Table 1). Aytac et al. (5) calculated that
the worldwide prevalence of ED will probably increase from 152 mil-
lion men in 1995 to 322 million in 2025. Much of this increase of 170
million will occur in the developing world, that is, Asia, Africa, and
South America, and is associated with the aging world population.
Other related changes may be contributing to the increase of ED
because it is associated with other diseases that are reaching epidemic
proportions, such as obesity and diabetes.
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Table 1
Worldwide Prevalence of Erectile Dysfunction

Population Age (yr) %

Cologne, Germany 30–80 19.2
Spain 25–70 18.9
Perth, Australia 40–69 33.9
Krimpen, Netherlands 50–78 11.0
London, UK 16–78 19.0

Data from ref. 6.



Aytac et al. concluded that this likely increase in the prevalence
of moderate to severe ED combined with newly available drug treat-
ments will pose a major challenge for healthcare policy makers to
develop and implement policies to alleviate ED. This will be a major
problem, particularly in countries in which national health systems are
already under stress from existing government funding priorities.
Despite this high prevalence, fewer than 10% of men have received
therapy for ED.

Despite these revolutions in the understanding and treatment of ED,
there are many men who have not sought help for ED and many physi-
cians who are uneasy and resistant to investigation and treatment of
ED. Part of the problem includes the issues of men’s health. It is esti-
mated that in the United States, men have more than 150 million fewer
doctor visits then women, even excluding prenatal visits. This partially
accounts for not only the reluctance for ED treatment but also the
lower life expectancy for men compared with women. Marwick sur-
veyed patient’s expectations and experiences in discussion of sexual
issues with their physicians and found that 71% of patients stated that
they believed that physicians would not recognize ED as a medical
problem, whereas 68% of patients feared that discussing sexuality with
their physicians would embarrass their physicians (7).

Since the introduction of sildenafil in 1998, there has been a revolu-
tion in the treatment of ED throughout the world. The scientific and
marketing efforts of physicians and the pharmaceutical industry have
increased the presentation rates of ED by 250, 55, 103, 279, and 90% in
the United States, Germany, UK, Mexico, and Spain, respectively, com-
pared with the pre-sildenafil launch period (7). Similarly, prescriptions
for the treatment of ED before the introduction of sildenafil were
slightly greater than 4 million with the majority of men with ED being
treated with intracavernous alprostadil. Shortly after the introduction of
sildenafil in the United States, the prescriptions for ED increased 438%
to more than 19 million between April 1998 and December 1999 (7).
This increase was led by physicians and media who educated the public
on the importance of ED and the ability to treat ED effectively. Numer-
ous studies have demonstrated the improvement in quality of life for
patients with ED treatment. In 1999, Parkerson et al. studied 1073 men
in the United States and Europe with ED who were treated with intra-
cavernous alprostadil (8). These patients were followed for 19 month,
and there was a demonstrated improvement in mental status in all
groups despite a decrease in physical status associated with increasing
age. Interestingly, social status also increased in Europe whereas it did
not in the United States. In 1999, Litwin et al. reviewed the quality of
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life of 438 men undergoing treatment for carcinoma of the prostate with
X-ray therapy or radical prostatectomy (9). These patients included not
only nerve-sparing but also non-nerve-sparing radical prostatectomy
patients. An evaluation was conducted using the UCLA prostate cancer
index. Sexual function during follow-up increased in the first year for all
groups whereas function decreased slightly for radiation therapy patients
in the second year. However, sexual function improved in all patients,
but response was related to age, prediagnosis ED, and non-nerve-
sparing radical prostatectomy. It has been estimated that 1 in 10 men
worldwide have ED and that it is the most common chronic medical
disorder in men over the age of 40 yr.

Patients and their partners must be educated in lifestyle issues that
preserve erectile function and, indeed, optimize the response to agents
for the treatment of ED. Smoking is one of the most important lifestyle
issues that can impact on erectile function. In its follow-up publica-
tion, the MMAS reported an increase in ED with smoking in addition
to other risk factors such as diabetes, heart disease, and hypertension
(2). Indeed, the incidence of ED increased among smokers with some
stability in onset if men stopped smoking. The Health Professions
Follow-Up Study reported by Bacon et al. examined 32,287 men and
demonstrated a relative risk of ED of 2.2 (95% CI, 1.9–2.5) in men
who smoked. Indeed, the effects of smoking in the laboratory, and in
clinical research, have been widely published (9). Smoking appears to
enhance prostacyclin production, increase platelet vessel wall interac-
tion, and reduce endothelium-mediated forearm vessel dilation in
chronic human smokers (10,11). Smoking has also been demonstrated
to decrease endothelial nitric oxide synthase (NOS) activity and impair
the release of NO. Finally, there has been a demonstrated increase in
superoxide ion-mediated endothelium-derived relaxing factor degrada-
tion in smokers (10).

Therefore, it is important to educate patients that ED can be treated
in greater than 80% of men and that lifestyle changes may improve
erections or at least stabilize ED. Expectations of excellent outcomes
and success with low morbidity and risks are the norm (12). Patients
should also be educated and instructed that lifestyle counseling may
assist their longevity and healthiness and may also improve not only
erectile function but response to ED treatment. These counseling points
should include smoking cessation, moderate alcohol intake, reduction
in fat and cholesterol, exercise, improvement and compliance with car-
diovascular and diabetic medications, stress reduction, depression treat-
ment, and an optimism of ED treatment outcomes and resolution with
appropriate management.
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ETIOLOGY OF ED

ED has both organic and psychogenic etiologies. When Masters and
Johnson published their sentinel work on sexual dysfunction, they felt
that organic causes accounted for approximately 10% of the incidence of
ED in American men, and psychogenic causes accounted for 90% (12).
Now we know that about 60% of patients have organic ED, which we
define as vasculogenic, neurologic, hormonal, or smooth muscle abnor-
malities, including stress and depression. Less than 40% of men truly
have psychogenic ED. In fact, we may be labeling some causes as psy-
chogenic simply because we cannot yet identify a specific organic cause.
We do know that patients with psychogenic causes, specifically stress
disorders and depression, have an overactivity of α-agonists in their cor-
pora cavernosal smooth muscle tissue, resulting in a chemical imbalance
inhibiting corpus cavernosum smooth muscle relaxation.

RISK FACTORS FOR ED

When completing a history of a patient with ED, one should inquire
about the patient’s libido. Physicians used to think that if a patient had
decreased desire that this automatically resulted from low levels of
androgen hormones, such as testosterone. Indeed, this is not the case
because libido level is a far better marker for depression and stress
than it is for hypogonadism. Less than 50% of patients who truly are
hypogonadal, with testosterone levels less than 100 ng/dL, have low
libido, whereas greater than 80% who are depressed have low libido
(14). Therefore, although the physician should ask about libido, the
patient’s response cannot eliminate the need for a testosterone deter-
mination. It is also important to determine what medications patients
are taking. Medications most often associated with ED are antihyper-
tensives, although antidepressants, particularly the selective serotonin
reuptake inhibitor (SSRI) medications, are also culprits. Smoking is
also one of the most common risk factors for ED (12).

The Treatment of Mild Hypertension Study examined a group of
people with mild-to-moderate hypertension that had not been treated
previously and compared various families of antihypertensives with
placebo (15). Patients were followed for 2 yr, and among the questions
examined was that of erectile function. The incidence of ED was
lowest with α-blockers represented by doxazosin, which was the only
antihypertensive class to have less ED than placebo.

Studies in our laboratory confirmed this finding. When we reviewed
the effect of antihypertensive agents on relaxation of the corpus caver-
nosum smooth muscle in vitro, we found that classes of agents most
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likely to preserve or be hospitable to erectile function included the
α-blockers, angiotensin-converting enzyme inhibitors, and calcium
channel blockers, in that order. This is important because modification
of antihypertensives and careful selection of agents may preserve erec-
tile function in some patients with significant hypertension.

Diabetes is another major cause for ED. Although it is clear that ED
increases as patients age, diabetes is associated with ED at a younger
age. A patient who has been diabetic, especially those who have been
insulin dependent, for more than 10 yr has greater than a 50% chance
of having significant ED. Further, ED is more common with diabetic
complications, and, indeed, sildenafil is less effective in men with poorly
controlled diabetes or those with multiple diabetes-related complications.

Depression also affects erectile function significantly. The MMAS
examined classes of depression, with 1 being minimally depressed and
5 maximally depressed. In class 5 depressions, 60% of men age 61–70
yr had ED. In contrast, ED incidence is less than 10% if a patient is not
depressed and is in the 40–50-yr age group (2).Thus, depression is an
additive risk factor to age for ED.

Atherosclerosis is perhaps one of the most common causes of ED
in the aging male. It has been clearly demonstrated that high levels of
cholesterol are destructive to the endothelial cells of the corpus
cavernosum that produce the NO (15). Reducing cholesterol levels in
laboratory animals demonstrates significant improvement in corpus
cavernosum smooth muscle relaxation (16). Similarly, statin drugs
have been demonstrated to be helpful in-patients with early ED from
hypercholesterolemia.

Testosterone levels are also important in libido as well as corpus
cavernosum smooth muscle activity. Testosterone levels change sub-
stantially with age (14). Beginning at about age 50 yr, testosterone
begins to decline with a subsequent increase in sex hormone-binding
globulin that results in a marked diminution of free and bioavailable
testosterone. Because NOS activity decreases substantially with a
decrease in testosterone level, androgen levels are critical for erectile
function. Indeed, animal studies suggest that NOS decreased almost
50% in castrated rats. Such a decrease was prevented or reversed by
testosterone replacement. Similarly, there are changes in smooth
muscle relaxation in the hypogonadal laboratory animal. Clearly, NO
production requires adequate levels of testosterone.

Neurogenic causes of ED are also significant and common. Most
often, peripheral neuropathy from diabetes is a cause of ED. Other neu-
rogenic causes of ED include radical prostatectomy where the nerves
that supply the penis with signals for corpus cavernosum smooth
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muscle dilation are damaged during the pelvic surgical procedure (17).
Other pelvic surgical procedures, such as radical colectomy and cys-
tectomy, may also produce this nerve damage, as does pelvic radiation
therapy. Neurologic conditions such as multiple sclerosis, stroke, and
spinal cord injury have high prevalence of ED.

Other causes of ED, which are significant but less frequently encoun-
tered, include venogenic or venous leak (18). Venous leak, or venous
incompetence, occurs when the emissary veins draining the corpora cav-
ernosa do not restrict the venous outflow artery from the corpora and
allow excessive venous drainage overcoming the arterial inflow. This
may be seen as a cause of primary ED or because of conditions, such as
aging, priapism, perineal trauma, or Peyronie’s disease.

Chronic illnesses are also associated with ED, but many of these
patients have concerns regarding their chronic illnesses that override
erectile function. Diseases such as multiple sclerosis, Alzheimer’s dis-
ease, and renal and hepatic failure produce a significant incidence of
ED. Indeed, the endocrine abnormalities of renal failure that include
hyperprolactinemia and hypogonadism respond best to renal trans-
plantation but can be treated medically in some patients (19).

RESULTS OF ED

What are the results and impact of ED on patients and their partners?
Litwin et al. looked at the quality of life measures for patients with ED
and their partners (9). Not only were erections deficient, but there was
also significant psychological impact on the patient, including decreases
in self-confidence, self-esteem, and emotional well-being and an
increase in depression. Problems with marital interaction stress within
the couple were significantly increased as was the bother score for
sexual dysfunction. A subsequent measurement of decreased libido in
both patient and partner were identified. Fifty-seven percent of patients
reported having difficulty with erections and subsequently developing a
loss of interest or loss of sexual desire. Also interesting was the socio-
economic impact of ED on these men. Men in the higher socioeconomic
ranges had fewer problems and less bother scores than men in the lower
socioeconomic levels. In measuring the impact of ED on the sexual
partner, the changes are similar, with a decrease in libido, sexual drive,
and marital harmony and an increase in depression and inability to dis-
cuss sexual issues. This may result in a loss of communication between
the partners and can be disastrous to any marital relationship.

Partners are also affected by the chronic diseases that result in ED.
Many wives fear they will harm their spouses. This is especially true
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after cerebrovascular accident or myocardial infarction, where the
female partner feels that the stress of sexual activity may, in fact, be
detrimental to her husband’s health.

The pattern of ED begins with decreased penile rigidity and fre-
quency of erectile function and coitus. Patients rarely see their physi-
cians for the first 2 yr after sexual dysfunction begins (20). Although
the average frequency of normal patients in the adult range is between
one and two encounters every 4–8 wk, patients with ED may have
sexual activity less than once yearly. As this frequency decreases, the
emotional distance between the partners begins to increase. Their emo-
tional dissatisfaction with their relationship decreases and both of their
libidos begin to decline. The frequency of other intimate acts conse-
quently diminishes with a decrease in hugging, kissing, touching, and
even talking. Thus, the impact on the couple and their relationship is
substantial (20).

ED is a chronic common problem that has a major impact on patients
and their partners. It is something that physicians and health care work-
ers must identify because there are excellent ways of effectively treat-
ing these patients and resolving their ED before marital discord and
couple disharmony ensue. The most important method for caring for
these patients is identifying the problem, and identifying the problem
can only begin by asking the patient and/or his partner, “Do you have
erectile problems; are there problems with your sexual function?” By
beginning a dialog with your patients, something can be done to help
both patients and partners.

Despite the stress on organic ED, pure psychogenic ED occurs, and,
in those patients with organic ED, an emotional aspect of sexual func-
tion is virtually always present. The problems of sexuality overlap into
relationship issues; self-esteem; moral and cultural values; and patient
fears about their bodies, aging, and psychological health. Clearly, the
appropriate management and understanding of psychological issues are
essential for appropriate evaluation and treatment of patients, gaining
their trust, and providing state-of-the-art therapy for patients with
sexual concerns and dysfunction.

As a first step, a physician–patient dialogue must be initiated to fully
evaluate the clinical abnormalities associated with ED. This begins with
a face-to-face interview, a sympathetic history-taking with privacy and
physician concern to maintain patient trust, comfort, and openness. A
knowledgeable professional medical staff must be available to answer
questions that patients initially may be embarrassed to ask physicians.
Facilitating this interaction using a standardized questionnaire may
open discussions, provide comfort for the patient in initiating conver-
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sation, and allow physicians to evaluate the severity of ED. Available
standardized questionnaires include the Brief Male Sexual Function
Inventory for Urology, the more frequently used International Index of
Erectile Function (IIEF), and its short form, the five-question Sexual
Health Inventory for Men (SHIM; refs. 21 and 22). After initiating
treatment, such outcomes questionnaires as the Erectile Dysfunction
Inventory of Treatment Satisfaction may be useful (23). The Brief Male
Sexual Function Inventory for Urology is composed of 11 questions
developed to measure sexual drive, erectile function, problem assess-
ment, and overall sexual satisfaction (22). It is a brief, clinically vali-
dated and standardized self-administered questionnaire that works well
in the office setting. The IIEF, a cross-culturally and psychometrically
validated questionnaire, is widely used in clinical trials for medications
and other interventions for ED. This 15-item questionnaire is evalu-
ated for multiple domains, including erectile function, ejaculatory func-
tion, and desire. Erectile function is graded by severity, based on a
scale from 6 to 30. The shorter five-question SHIM is, perhaps, the
easiest for patients to take and for physicians to evaluate as a screening
instrument (Fig. 1). The Erectile Dysfunction Inventory of Treatment
Satisfaction questionnaire, not designed for initial evaluation, is useful
for identifying the patient and partner satisfaction from treatment
modalities initiated for ED.

In addition to a comfortable, safe environment for the patient to
discuss the issue with a physician, an interview with the partner may
be helpful in evaluating ED. The partner may provide insight into
sexual difficulties, relationship problems, and underlying health con-
cerns that the patient may be uneasy about discussing. This may also
identify the partner’s approach to and value of intimacy and sexual
function in the relationship (24).

The physician–patient interaction, relationship, and interview have
been discussed widely, and Marwick has documented that patients are
clearly uneasy in bringing up the subject of ED or sexual problems
with their physicians (7). Marwick demonstrated that greater than 70%
of patients felt that it would be embarrassing to discuss sexual prob-
lems and that physicians themselves would be embarrassed and find
the problems of ED trivial or insignificant. Therefore, the emphasis is
for the physician to initiate questioning and begin the discussion of
erectile function in patients seen both for routine visits and treatment of
diagnoses associated with risk factors for ED. The use of the SHIM in
the office before the visit may facilitate this interaction and initiate a
conversation regarding ED.
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Fig. 1. Sexual health inventory for men over the past 6 mo. (Adapted from ref. 21, 22, and Kloner et al. J Urol 2003;170:S46–S50.)

1. How do you rate your confidence that you could get and keep an erection?
Very low Low Moderate High Very high

1 2 3 4 5
2. When you had erections with sexual stimulation, how often were your erections hard enough for penetration (entering 

your partner)?
No sexual Almost never A few times Sometimes Most times Almost

activity or never (much less than (about half (much more than always or
half the time) the time) half the time) always

0 1 2 3 4 5
3. During sexual intercourse, how often were you able to maintain your erection after you had penetrated (entered) your 

partner?
Did not attempt Almost never A few times Sometimes Most times Almost

intercourse or never (much less than (about half (much more than always or
half the time) the time) half the time) always

0 1 2 3 4 5
4. During sexual intercourse, how difficult was it to maintain your erection to completion of intercourse?

Did not attempt Extremely Very Difficult Slightly Not
intercourse difficult difficult difficult difficult

0 1 2 3 4 5
5. When you attempted sexual intercourse, how often was it satisfactory for you?

Did not attempt Almost never A few times Somtimes Most times Almost
intercourse or never (much less than (about half (much more than always or

half the time) the time) half the time) always
0 1 2 3 4 5

SCORE: Add the numbers corresponding to questions 1–5. If your score is 21 or less, you may want to give this form to your health-
care professional to determine if you have ED. If so, you may want to discuss safe and effective treatment options with your doctor
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CLINICAL EVALUATION

The adequate evaluation for ED continues to evolve. Before the
introduction of sildenafil, there was an emphasis on a goal-directed
approach to male sexual dysfunction that included careful identification
of the etiology of the ED (25). The goal of this approach was to iden-
tify a specific etiology such that more invasive, costly, uncomfortable
treatment modalities could be applied based on the patient’s treatment
goals. In the era of managed care, cost consciousness, and with mini-
mally invasive safe and effective oral medications, extensive evalua-
tion of patients is no longer the first line for patients presenting with
ED. However, it is critically important to review the patient’s history
carefully to identify underlying risk factors, medications, and lifestyle
factors that may contribute to ED with hopes that modifying these risk
factors will facilitate further treatment with oral agents.

A full sexual history is critical with special attention to risk factors
and medications (20). This should be followed by a thorough physical
examination, laboratory studies, and appropriate clinical diagnostic
studies. ED may be caused by various etiologies or combinations of
factors. A history should include a careful sexual history to elicit these
possible causes (25). Patients should be queried regarding morning
erections, nocturnal erections, erectile quality, and erections during
masturbation, and ejaculatory function. Open-ended questions are best
for this purpose because they provide the most spontaneous, accurate,
and detailed information regarding the current status of erectile func-
tion, onset of ED, and surrounding precipitating factors.

Patients who complain of loss of libido or sexual desire may be con-
sidered as at risk for hypogonadism. Low libido, however, may be
caused by medications, hypochondriasis, stress, anxiety, or depression
(14). Low libido clearly requires evaluation to identify those patients
with androgen deficiency of the aging male or other causes of hypo-
gonadism. Those patients with chronic renal failure, especially on
chronic dialysis, may have low libido caused by low testosterone and
high prolactin levels (19). These abnormalities can be treated medically
to decrease prolactin and increase testosterone levels.

A history of ejaculatory dysfunction must also be elicited to identify
those patients with premature ejaculation or delayed ejaculation.
Younger men more often complain of premature ejaculation whereas
those in the older age group more often have difficulties with retarded
ejaculation or even absent ejaculation. This may be caused by natural
aging, lack of androgen, neurologic abnormalities, medications, or
pelvic surgery. Patients with retrograde ejaculation must be suspected
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of having diabetes mellitus, may be using α-blocking medication, or
may have had previous urologic or neurologic surgery (20).

Medical problems associated with ED may include those listed in
Table 2. Each of these should be discussed with the patient during his-
tory taking. Any condition associated with cardiac disease, hyperten-
sion, diabetes, or lipid abnormalities can be associated with ED.
Indeed, atherosclerosis is a risk factor in 70% of men greater than age
60 yr, and ED occurs in diabetic men at 10–15 yr after onset and
affects 50% of diabetic men (16). ED in Type 1 diabetes is often of
neurogenic etiology, whereas Type 2 diabetics more often have vascu-
lar problems or combinations of etiologies.

Medications are also frequently causes of ED. Some of the medica-
tions associated with ED are listed in Table 3. Most often, antihyper-
tensives and antidepressant (SSRIs) medications are the culprits.
Recreational drugs, such as cocaine, marijuana, alcohol, and tobacco,
also have the potential for causing ED.

Additional history should include history of penile trauma, priapism,
curvature of the penis from Peyronie’s disease, or congenital corporal
disproportion. Depression and anxiety can often be identified in this
initial phase of the examination.

Physical examination of patients with ED should be focused on the
genitalia. A general inspection of body habitus to identify hair distrib-
ution, obesity or overweight, and secondary sex characteristics should
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Table 2
Modifiable Risk Factors for Erectile Dysfunction

Diabetes mellitus
Cardiovascular disease
Spinal cord injury
Cigarette smoking
Depression
Atherosclerosis
Hypertension
Pelvic surgery/trauma
Medications
Arthritis
Peripheral vascular disease
Renal failure
Substance abuse
Endocrine abnormalities
Peptic ulcer disease



be identified. Patients with severe obesity should be suspected of
having sleep apnea or high estrogen levels, which may be associated
with ED. Testicular size and consistency, as well as penile anatomy,
should be examined carefully. Patients with small or soft testes should
be suspected of hypogonadism, and lesions of the shaft of the penis
can be identified in those patients with Peyronie’s disease. A brief neu-
rologic examination should be performed with an evaluation of sensa-
tion of lower extremities, deep tendon reflexes, and perineal sensation.
A bulbocavernosus or cremasteric reflex as well as sphincter tone on
rectal examination can be quantified. Digital rectal examination to
identify prostate size, consistency, nodularity, pain, or prostatitis should
be conducted. If questions arise regarding penile sensation, biothe-
siometry of the glans penis and penile shaft can be performed in the
office with this vibratory sensation device (26). Results should be com-
pared with an age-adjusted normogram to identify those patients with
decreased glans penis sensation.

Once a careful physical examination is completed, laboratory
investigation should be tailored to the individual patient and goals of
therapy. In patients who have not had recent health evaluation, fasting
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Table 3
Medications Associated With Erectile Dysfunction

β-adrenergic antagonists
Thiazide diuretics
Verapamil
Naproxen
Amitriptyline
Digoxin
Phenytoin
Hydralazine
Clofibrate
Indomethacin
Cimetidine
Omeprazole
Metoclopramide
Famotidine
Lithium
Antidepressants (SSRIs)a

Antiandrogen hormones
Recreational drugs (marijuana, cocaine, and heroin)

aSelective serotonine reuptake inhibitors



blood glucose should be measured to identify patients at risk for
diabetes mellitus. This is especially important in those patients with
a family history of diabetes or those patients with personal histories
of polyuria or polydipsia. In known diabetics, an Hb A1c can evalu-
ate control and medical compliance with diabetic therapy. Similarly,
laboratory studies can include a lipid profile to identify those patients
with hypercholesterolemia. In those patients with suggestive history,
a thyroid profile can be obtained as well. Most importantly, however,
is an evaluation of hormone status. Hypogonadism, though only
found in a small number of patients, should be evaluated in all
patients with ED (27). An initial screening of morning total testos-
terone should be performed to identify testosterone level. It is impor-
tant to perform this as a morning evaluation because testosterone
concentration peak occurs between 8 and 10 a.m. Repeat testosterone
levels with a free testosterone, luteinizing hormone, and prolactin
level should be performed if testosterone is suspicious. Buvat and
Lemaire reviewed endocrine screening results in 1022 patients with
ED and found that limiting testosterone evaluation to those patients
with abnormal physical examinations or decreased libido would miss
40% of patients with low testosterone (27). They recommend testos-
terone determinations for all men over age 50 yr. Other hormonal
studies associated with decreased libido and decreased sexual func-
tion include dehydroepiandrosterone (DHEA) and DHEA sulfate,
which can be evaluated. Reiter et al. demonstrated that replacement
of DHEA in patients with low DHEA and normal testosterone may
improve sexual desire and libido substantially in addition to improv-
ing sexual performance and erectile function (28).

With this basic group of studies, including history, physical exami-
nation, questionnaires, and laboratory studies, the majority of patients
can be identified as having ED and started on appropriate oral med-
ications for treatment. However, if oral medications are unsuccessful,
patients are interested in their underlying ED etiology, or surgical inter-
vention is contemplated, further evaluation may be required (Table 4).
This evaluation may include the standard studies of nocturnal penile
tumescence monitoring (NPT), arterial and venous studies, including
color Doppler arterial studies, and ultimately cavernosography, and
selective pudendal arteriography.

NPT monitoring was first described in the 1970s by Fisher for sepa-
ration of organic and psychogenic ED patients. It is well known that
normal men have significant erectile function during rapid eye move-
ment sleep. A total of four to six erections occur during the usual night’s
sleep with base and tip rigidity greater than 55% and sustained for at
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least 10 min. The RigiScan recording device (Timm Medical, Augusta,
GA) provides an economical, safe, noninvasive home-monitoring device
for screening patients with NPT monitoring studies (29). Although con-
troversy remains regarding the diagnostic accuracy of NPT evaluation,
it may be useful in separating patients with organic and psychogenic
ED and for use in medical legal situations. False/negative studies may
be found in those patients with depression, sleep disorders, sleep apnea,
sleep-altering medications, smoking, and caffeine use. The overall accu-
racy of nocturnal penile tumescence monitoring is approximately 80%
(29). An abnormal NPT test should be confirmed with at least two
nights of study and subsequent independent validation studies.

Although specific widely available clinical studies for neurogenic
testing except for tactile testing have limited availability, such studies as
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Table 4
Diagnostic Tests for Erectile Dysfunction

Body system Test

Neurologic testing Biothesiometry
Somatic nerves Nerve conduction velocities

Evoked potentials

Autonomic nerves Cardiovascular reflex tests
Sympathetic skin response
Corpus cavernosum electromyography
Thermal threshold testing
Urethroanal reflex latency
Nocturnal penile tumescence

Vascular testing Penile brachial index
Arteriogenic Pharmacopenile duplex 

ultrasonography
Selective pudendal arteriography

Veno-occlusive Intracavernous injections
Pharmacopenile duplex 

ultrasonography
Dynamic infusion cavernosometry 

and cavernosography

Psychogenic ED Nocturnal penile tumescence

Abbreviations: ED, erectile dysfunction.



dorsal nerve conduction velocities and sacral nerve-evoked potentials
may be useful in some patients and are available at research institutes
and ED centers. Vascular studies to identify functional abnormalities of
the arterial and venous systems can be used with accurate determination
of vascular function and anatomy. Older studies using hand-held
Doppler with penile brachial index identification appear to be inaccurate
and poorly reproducible. However, the use of duplex ultrasound color
Doppler flow studies with intracavernous injection of vasoactive agents
can carefully evaluate both the arterial and venous systems that produce
erections in a functional fashion. In 1985, Lue and Broderick reported
the combination of intracavernous injections of vasoactive agents with
duplex ultrasonography providing high-resolution sonography and
pulsed Doppler blood flow analysis to evaluate the penile arteries and
provide information regarding venous outflow incompetence. This non-
invasive technique measures cavernous arterial diameter, detects abnor-
malities in cavernous bodies, such as fibrosis and calcifications, and
evaluates venous outflow. In 1990, Mueller et al. compared selective
internal iliac arteriography with duplex Doppler ultrasound sonography
for arteriogenic ED (30). In the 43 men evaluated, selective arteriogra-
phy and duplex sonography correlated in 91% of cases, with duplex
ultrasound providing higher accuracy than selective arteriography for
the diagnosis of arteriogenic ED. Duplex ultrasonography can also iden-
tify venous leak ED/veno-occlusive dysfunction in an indirect fashion.
If veno-occlusive dysfunction is suspected from initial studies, dynamic
infusion cavernosography and cavernosometry can be performed to
identify areas of veno-occlusive dysfunction and suggests surgical or
nonsurgical intervention.

In those patients with suspected traumatic injuries to the arterial
supply of the penis, selective pudendal arteriography in combination
with intracavernous injection can provide an accurate review of the
penile arterial anatomy and identify those patients who are candidates
for arterial revascularization. Duplex Doppler studies can identify those
patients in whom arteriography may be helpful. Ideal candidates for
this procedure include those with a single solitary obstructive lesion
of the pudendal arterial system who are less than age 40 yr and non-
smokers who have no other significant vascular disease risk factors
such as diabetes or hypercholesterolemia.

CONCLUSION

ED is currently treatable with safe effective oral medication that can
restore not only erectile function but also quality of life for men with
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sexual problems. The most important part of evaluation of patients with
ED is asking the patients about their erectile status. Although there are
many clinical diagnostic studies, laboratory studies, and possible find-
ings on physical examination, the most important part of evaluation
and treatment is taking an adequate history and eliciting an erectile
problem from patients. An adequate physician–patient rapport is an
important starting point for successful treatment of ED.
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INTRODUCTION

Erectile dysfunction (ED), the consistent inability of a man to
achieve an erection satisfactory for sexual activity, has been estimated
to afflict, to some degree, 52% of male adults between the ages of 40
and 70 yr in the United States (1).Millions of men in the United States
suffer with ED. Although there are numerous causes of ED (vascular,
psychogenic, neurologic, endocrine, structural, traumatic, and drug-
related) in men over age 50 yr, the most common cause is thought to
be vascular (2–4). This chapter reviews the connection between ED
and vascular disease and the connection between ED and risk factors
for atherosclerosis.

For a normal erection to occur, there must be an increase in blood
supply to the corpora cavernosa, the erectile bodies of the penis. This
process requires vasodilation of the arteries, arterioles, and sinusoids



that supply the penis (5). For normal vasodilation to occur, the endothe-
lium of the blood vessels must be intact. The endothelial cells and
nerve cells within the corpus cavernosum release nitric oxide (NO) that
allows relaxation of the smooth muscle cells within the vasculature of
the penis (6). Furthermore, damage to the endothelium eventually may
lead to atherosclerotic plaques, which result in stenoses that physically
block blood flow into the corpus cavernosum.

The term endothelial dysfunction (another ED) implies that the
endothelium does not function normally in its ability to respond to
stimuli or release NO properly for normal vasodilatation. It is one of
the earliest processes in the spectrum of atherosclerosis. Endothelial
dysfunction also involves abnormalities of the endothelial lining that
can cause increased cell adhesion to the surface of the blood vessel,
attracting neutrophils and macrophages, and increasing permeability to
lipids. In the United States, endothelial dysfunction often occurs at a
young age, at least in part because of the high fat and salt content of
the US diet.

The risk factors for the development of endothelial dysfunction, and
eventually frank atherosclerotic plaques, include smoking, lipid abnor-
malities, diabetes, hypertension, obesity, and lack of physical activity.
Because the development of endothelial dysfunction and atherosclerosis
is a systemic disease, when one vascular bed is affected, it is likely that
other vascular beds are affected as well. Therefore, the same cardiovas-
cular risk factors that are associated with coronary artery disease (CAD)
are associated with endothelial dysfunction and atherosclerosis of blood
vessels that supply the penis (Table 1; Figs. 1 and 2). An erection is basi-
cally a vascular event, and factors that inhibit vasodilation of the blood
vessels to the penis inhibit that event.

Studies by Virag et al. (7) and the Massachusetts Male Aging Study
(MMAS) by Feldman et al. (1) were some of the first modern studies
to link ED with risk factors for atherosclerosis. Virag et al. showed that
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Table 1
Cardiovascular Risk Factors Associated With ED

Smoking
Low HDL; High total cholesterol
Hypertension
Diabetes
Obesity
Lack of physical activity



smoking, lipid abnormalities, and diabetes were more common in men
with ED than in the general population (7). In addition, when these
investigators measured the penile blood pressure index (the ratio
between blood pressure in the penis vs blood pressure in the brachial
artery), they observed an additive decline in this ratio as risk factors
were added. The MMAS (1,8) showed that patients with heart disease
and risk factors for heart disease (lipid abnormalities, hypertension,
diabetes, and smoking) were more likely to have ED.

HYPERTENSION

Most (1,8–11), but not all, studies (7) have shown an association
between hypertension and ED. In the original MMAS (1), which was
performed in men ages 40–70 yr, the age-adjusted probability of com-
plete ED was greater in men with treated hypertension (15%) vs the
entire cohort (9.6%). Bulpitt et al. (9) described a study of 302 patients
in which ED was observed in 6.9% of normotensive men, 17.1% of
men with untreated hypertension, and 24.6% of men with treated
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Fig. 1. ED may represent both endothelial dysfunction as well as erectile dysfunction.

Fig. 2. Vascular risk factors, such as hypertension, lipid abnormalities, smoking, and
diabetes, cause endothelial dysfunction. This results in the inability of the arteries
to dilate normally with certain stimuli, and results in increased endothelial perme-
ability to lipids and increased adhesion for macrophages, white blood cells, and
platelets. Endothelial dysfunction is perhaps the earliest phase of atherosclerosis
and persists throughout the spectrum of atherosclerotic lesion development.



hypertension. Buchardt et al. (10) recently showed that 68.3% of men
with hypertension demonstrated some degree of ED. Also, the severity
of ED was worse in patients with hypertension than in the general pop-
ulation. Jensen et al. (12) studied the prevalence and etiology of ED in
101 male hypertensive patients over 4 months and observed that 27%
of men with hypertension had ED vs 4% of men in the same general
population. Studies of Doppler ultrasonography of the penile arteries,
with or without papaverine injections, suggested that in 89% of these
hypertensive patients the cause of ED was arterial dysfunction.

One interesting and perhaps paradoxical observation among these
studies is that treated hypertensive patients often were no better or per-
haps even demonstrated worse ED (9). This paradox is explained, in
part, by the concept that some of the antihypertensive medicines that
are used may actually worsen ED.

The thiazide diuretics, such as chlorthalidone and hydrochlorothiazide,
β-blockers, and centrally acting antihypertensive agents, are the most
likely agents to be associated with ED (11–14). Calcium channel block-
ers and angiotensin-converting enzyme inhibitors are less likely to induce
ED. There have been a few recent reports suggesting that the angiotensin
receptor blockers actually may improve ED in hypertension patients (15).

Patients with hypertension and ED should not be denied their
antihypertension medicines because of concern for developing ED.
The treatment of hypertension has been shown to unequivocally
reduce coronary heart disease, stroke, and hypertensive heart disease.
The good news is that oral phosphodiesterase-5 inhibitors work quite
effectively in hypertensive men on most of the antihypertensive agents.

LIPID ABNORMALITIES

In the MMAS, a low high-density lipoprotein (HDL) level corre-
lated with development of age-adjusted ED; a high HDL level
appeared to be protective (1). In a study by Wei et al. (16), 3250 men
ages 25–83 yr were followed for a mean of 22 months after the first
presentation of dyslipidemia, at which time they initially did not have
ED. An increase in total cholesterol >240 mg/dL was associated with
a 1.83 times greater risk of ED compared with men who had a total
cholesterol of <180 mg/dL. Men with an HDL of >60 mg/dL had a
lower (0.3 times) risk of ED vs men with an HDL of <30 mg/dL.
Every 1 mmol/L increase in total cholesterol was associated with a
1.32 times increase in the risk of ED; every 1 mmol/L increase in
HDL was associated with a 0.38 decrease in risk of ED. A follow-up
study to the MMAS (8) demonstrated that ED developed prospec-
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tively in those men with a high Framingham risk score—one compo-
nent of which is a high total cholesterol.

Evidence showing that lipid lowering will reduce or reverse ED is
sparse. One study (17) observed that pravastatin and lovastatin (both
powerful lipid-lowering agents) improved nocturnal penile tumescence
in middle-aged men. In contrast, Rizvi et al. (18) showed that statins
and fibrates themselves can actually cause ED. Both obesity and lack of
physical exertion have been associated with ED as well as hypertension
and lipid abnormalities (8) Derby et al. (19) prospectively examined the
effect of lifestyle changes on ED. Two of the factors he studied were
sedentary lifestyle and obesity. Men ages 40–70 yr (n = 593) who
did not have ED at baseline were given questionnaires at baseline
(1987–1989) and then at follow-up (1995–1997). If patients had obesity
at baseline, they were more likely to have it at follow-up independent of
subsequent weight loss. Continuation of physical activity or the initia-
tion of physical activity did improve erectile function. The authors sug-
gest that certain midlife changes in lifestyle (other than physical
activity) may have been too late to have a beneficial effect on ED. In
other words, after years of damage to the endothelium from noxious
factors, it may be too late to reverse ED by lifestyle modification alone.
Although there is still some controversy in this regard; this controversy
will be seen when discussing the issue of smoking.

SMOKING

In the original MMAS (1) smoking markedly increased the age-
adjusted probability of developing complete ED in men with treated
heart disease. In the follow-up study (8) from this group, which stud-
ied men without ED at baseline and then about 8 yr later, smoking
nearly doubled the chance of developing ED. Surprisingly, even passive
cigarette smoke exposure and cigar smoking increased the probability
of developing ED. McVary et al. (20) reported a comprehensive review
of the literature in which smoking doubled the likelihood of a man
developing moderate-to-complete ED.

Smoking has well-known adverse effects on the endothelium and
vascular function (20–28). Aromatic compounds and free radicals from
cigarette smoke decrease endothelial nitric oxide synthase (eNOS),
which adds to any existing NO deficiency, and elicit superoxide-
mediated NO degradation. This reduction in NO increases penile
vascular smooth muscle tone and promotes flaccidity. Besides this
mechanism, nicotine can promote hypercoagulability, increase platelet
aggregation, and release of free fatty acids and catecholamines. Ciga-
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rette smoke remains a major risk factor for the development of athero-
sclerosis (22,23), including that of the hypogastric–cavernous arterial
bed. Both nicotine and carbon monoxide also have direct toxic effects
on the vascular endothelium. Most studies support the concept that cig-
arette smoking is deleterious to normal erectile function (23–29).

In Derby’s study (19), reductions in smoking did not lower the inci-
dence of ED. However, in a study of over 4000 United States Army
Vietnam-era veterans, Mannino et al. (24) found that the prevalence of
ED among men ages 31–49 yr was similar in former smokers and men
who had never smoked, whereas it was significantly higher in current
smokers. Guay et al. (30) reported improved penile tumescence and
rigidity within 1 month of smoking cessation in younger patients who
were heavy smokers. Thus, the best advice is that young people should
not smoke in the first place, and if they do, they should quit. Quitting
in midlife may simply be too late for some patients, in which the
endothelial damage already has occurred.

DIABETES

Diabetes is a well-known risk factor for ED (1). In one study, the
prevalence rates of ED were 83% by the time diabetic men were in their
late 60s (31). Diabetes contributes to ED by accelerating vascular dis-
ease as well as by inducing neuropathy (31–33). The onset of ED occurs
earlier in diabetic patients than the general population. In one study, by
age 43 yr, 47% of diabetic men had ED (31). ED increases dramati-
cally with duration of diabetes. There is a general lack of data regarding
whether tight control of diabetes can improve erectile function.

In general, there is a lack of data examining the effect of control of
cardiovascular risk factors on ED. With the advent of very effective
oral therapy, it is unlikely that large trials will be able to examine this
issue. There was one interesting study recently that did suggest that
risk factor modification would enhance the ability of sildenafil to
improve erections. Guay et al. (33) optimized treatment of comorbid
medical conditions in men with ED over a course of >6 month. Patients
received lifestyle advice regarding smoking and alcohol. Also, they
optimized treatment of hypertension, hyperlipidemia, hypogonadism,
and diabetes. Efficacy with sildenafil appeared to be improved in cer-
tain subgroups. The percent of patients with hypertension that
responded was 83%, which is higher than previously reported (>70%).
Patients who had hypogonadism treated with testosterone had a greater
success rate with sildenafil at 85% vs those without testosterone (75%).
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Theoretically, treatment with oral therapy for ED might have an
interesting effect regarding therapy for certain cardiovascular risk fac-
tors. For example, hypertensive patients who avoid antihypertensive
medicines because of the potential side effect of ED might be more
inclined to take their medicine if they know the oral agent, like silde-
nafil, will work even if they are on antihypertensive medicines. Thus,
one advantage of effective oral therapy for ED is the possibility of
better compliance with antihypertensive medicines.

HOW COMMON IS ED AMONG MEN
WITH CORONARY HEART DISEASE?

It has been suggested that ED is very common among men with
established CAD or even those with underlying but not clinically estab-
lished disease (34–37). The frequency of ED among men who have
had a myocardial infarction or coronary artery bypass surgery is often
placed at greater than 60%. One angiographic trial of men with CAD
observed that the severity of ED correlated with the number of dis-
eased coronary arteries (34). Patients with single vessel CAD had fewer
problems with ED than men with multivessel CAD.

Recently, we studied the prevalence of ED in a population of men
with chronic, stable, CAD (38). Patients were asked to fill out the five-
question questionnaire, the Sexual Health Inventory for Men (SHIM),
which is based on the International Index of Erectile Function ques-
tionnaire. The five questions focus on the ability to attain and maintain
an erection. Usually, completing the questionnaire took approximately
5 min or less. Seventy-six men participated, with a mean age of 64 yr.
Of these participants, 24 men had undergone previous coronary artery
bypass surgery; 29 had previous percutaneous coronary angioplasty
with or without stenting or other intervention. Hypertension was pre-
sent in 17 men and diabetes in 11. About half of the men were taking
β-blockers; greater than 90% were on statins for lipid lowering, and
28% were taking diuretics. Seventy percent (53 of 76) had a SHIM
score of ≤21, which is a score indicative of ED. Severe ED (a score of
≤7) was present in 19 of 76, or 25% of the men. Because the ques-
tionnaire reflected successful sildenafil therapy in four patients who
had a previous history of ED, if these four were included as having
had ED, then 57 of 76 (75%) of these men with chronic CAD had ED
or recent histories of ED. These results suggested that ED is a very
common problem in the population of men with stable CAD (Figs. 3
and 4). Despite this observation, it has been my general impression
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that most cardiologists do not ask their patients about ED. Many of
the patients in our cohort had never discussed ED with their health
care provider. The SHIM is a useful and inexpensive technique for
“breaking the ice” with not only the cardiac patient, but any patient.

ED may be a marker for occult CAD or for risk factors for CAD.
Pritzker (35) recently described the results of an intriguing preliminary
report called “The Penile Stress Test: A Window to the Hearts of
Man?” These investigators reviewed results of stress tests, risk factor
analysis, and coronary angiography in 50 cardiac asymptomatic men
with ED of presumed vascular origin between the ages of 40 and 60 yr.
Multiple cardiovascular risk factors were identified in 80%. Exercise
testing was positive (electrocardiogram) in 28 of 50 patients. Coronary
angiography performed in 20 patients showed left main coronary
obstruction or three-vessel disease in six patients, two-vessel disease in
seven patients, and single-vessel CAD in seven patients. Only 15 of
the 50 patients had seen a physician in the previous 2 yr. The results
suggest that there is a high prevalence of coronary risk factors and sig-
nificant CAD in coronary asymptomatic men with ED. Hence, ED may
be a marker for occult coronary artery disease and/or risk factors for it.
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Fig. 3. The degree of ED among men with chronic artery disease who had a SHIM
score of ≤21. Note that the most common category was severe ED at 25% of the
men (reproduced from ref. 38).



These findings suggest that ED is common in the coronary patient,
and this is likely related to the concept that endothelial dysfunction and
atherosclerosis are systemic disorders (36). Damage to the endothelium
by smoking, hypertension, lipid abnormalities, and diabetes affects
blood vessels throughout the body, including those supplying the heart
and the genitals. It is important that health care workers ask patients
with CAD or risk factors for CAD about their sexual health and ED.
Conversely, health care workers should ask their patients with ED about
their cardiovascular health and about risk factors for CAD and ED.
Because some men are seeking help from their health care provider for
the first time, to obtain oral therapy for ED, the physician has an oppor-
tunity here to explore the issue of cardiovascular risk factors. The physi-
cian may diagnose for the first time hypertension, lipid abnormalities, or
diabetes in such patients. Or the physician may discover that the patient
smokes. Identifying these risk factors and then treating them in the man
presenting with ED may actually save the patient’s life and at least slow
down the progression of vascular disease.
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INTRODUCTION

Erectile dysfunction (ED) is strongly related to both physical and
psychological risk factors. Epidemiologic studies have highlighted
the prevalence of psychosocial factors in the etiology of ED. In the
Massachusetts Male Aging Study (MMAS) (1), ED was significantly
associated with self-reported depressive symptoms (OR = 2.88),
pessimistic attitudes (OR = 3.89), or a negative outlook on life
(OR = 2.30; Table 1). Depressed mood was found to be a significant
predictor of ED, even after potential confounding factors had been
controlled for (OR = 3). Similar findings were reported for the National



Health and Social Life Survey (2), in which ED was significantly
associated with self-reported emotional stress (OR = 3.56) and a
history of sexual coercion (OR = 3.52). Socioeconomic factors,
including a decrease in household income over the past 5 yr, also
were significantly associated with the incidence of ED in this study.
Overall, these studies underscore the independent and interactive
effects of psychosocial factors in the etiology of ED.

Men with heart disease are at special risk for ED for several rea-
sons: (a) there may be a direct causal association between cardiovas-
cular risk factors (e.g., hypertension, hypercholesterolemia) and ED;
(b) cardiovascular drugs (e.g., β-blockers, diuretics) can interfere with
erection or other aspects of sexual function; (c) patients with heart
disease are at increased risk for depression, which may, in turn, lead
to ED—depression and ED have been strongly linked in a number of
studies, as have cardiovascular disease and depression; (d) other
psychological factors or reactions to illness (e.g., anxiety, relationship
distress) may interfere with sexual function; and (e) cardiovascular
disease and ED may not be directly related but are both commonly
associated with aging.

In evaluating the link between cardiovascular disease and ED, it
should also be noted that psychological reactions, such as depression or
anxiety, might be observed as either causes or consequences of sexual
dysfunction or both. Furthermore, these psychological reactions to ED
can affect the patient’s cardiac function either directly or indirectly via
their adherence to medication or other lifestyle factors. In a recent
large-scale study of men with Type 2 diabetes and ED (3), it was found
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Table 1
Psychosocial Predictors of ED

National Health and Social Massachusetts Male Aging
Life Survey (n = 1202) Study (n = 1265)

Variable OR Variable OR

Perceived health 2.82* Marital change 1.41
Emotional stress 3.56* Employment change 1.42
Household income 2.11* Depressive symptoms 2.88*

Sexual coercion 3.52* Unhappiness with life 2.30*

Prepubertal coercion 3.13* Pessimistic attitude 3.89*

*p < 0.05.



that erectile difficulties correlated strongly with depression, increased
emotional distress, and lack of adherence to their diabetes care. Patients
with diabetes and ED in this study were less motivated and involved in
their diabetes care compared with patients without ED. We have
previously observed that patients with hypertension are frequently
noncompliant with antihypertensive medication because of concerns
about sexual side effects. As noted above, patients with ED are also
likely to experience depression as a result of their condition, and this
psychological reaction may adversely affect the course of their cardiac
disease. For these reasons, male patients with cardiovascular disease
should be routinely evaluated for ED, and treatment should be pro-
vided whenever indicated.

Case Vignette 1
Dan B. is a 58-yr-old married accountant with a 4-yr history of ED.

He reports increasing difficulty in achieving or maintaining erections
and has not had sexual intercourse for the past 18 month. The patient’s
medical history is significant for hypertension and hypercholes-
terolemia for the past 10 yr. He has been treated with several medica-
tions, including statins, diuretics, and β-blockers, and has been
attempting to lose weight (current weight = 215 lbs). The patient’s
occupation is moderately stressful, particularly because of the account-
ing investigations of recent months. He is mildly depressed and has
experienced sleep difficulties and loss of energy for the past year. His
wife has experienced menopausal symptoms for the past several years
and has little interest in sex.

This chapter reviews the major psychological factors associated
with ED in patients with cardiovascular disease. In particular, we will
consider, in detail, the role of depression as either cause or conse-
quence of ED in patients with heart disease. Stress, anxiety, and rela-
tionship difficulties are other psychosocial factors frequently
associated with ED in these patients. Partner relationship issues are
also important to consider, as illustrated by case vignette 1. Although
ED typically is associated with a combination of organic (i.e., vascu-
lar) and psychologic factors in patients with heart disease, it may
occasionally result from psychogenic factors alone. Accordingly, we
consider briefly mechanisms and management approaches for psy-
chogenic ED. Many patients may benefit from combined medical and
psychological approaches for ED and these are briefly reviewed.
Finally, potential psychological and interpersonal benefits of treating
ED in patients with heart disease are considered.
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DEPRESSION AND ED IN PATIENTS
WITH HEART DISEASE

Depression and heart disease have been linked in many studies, most
of which have shown increased morbidity and mortality in patients with
cardiovascular disease and depression (4–6). Depression is not only
common in patients with heart disease but it significantly impacts on
the prognosis and course of the patient’s illness (7,8). The association
may be mediated directly via the neuroendocrine effects of depression
on cardiovascular function or indirectly via changes in lifestyle or lack
of medical adherence. Although a detailed discussion of the mecha-
nisms involved is beyond the scope of the present chapter, it is evident
that patients with heart disease are at increased risk for depression and
that the presence of depression adversely affects the course and out-
come of their cardiovascular disease.

Given the increased rate of depression in patients with heart disease,
it is not surprising that ED is also common in these patients. The rela-
tionship between ED and depression in patients with heart disease has
been specifically addressed in two recent reviews (9,10). Roose and
Seidman (9) have proposed four potential mechanisms to account for
the association between ED and depression in patients with heart dis-
ease: (a) depression can lead directly to a loss of erectile function via
the neuroendocrine effects of the disease; (b) ED may be caused by
underlying organic (e.g., vascular) causes, and depression may result
from the loss of sexual function and associated psychological conse-
quences; (c) both ED and depression may be consequences of another
underlying condition (e.g., hypothyroidism); and (d) ED and depression
may be coincidentally comorbid because of the association with aging
in both disorders.

Based on findings from the MMAS (1,11), Goldstein (10) has pro-
posed an interactive model to account for the relationship between ED,
cardiovascular disease and depression This model posits a mutally rein-
forcing relationship between these three factors, with additional influ-
ences from demographic, lifestyle, and other factors (e.g., medication
use). As shown, this model posits a mutually reinforcing relationship
between these three factors, with additional influences from demo-
graphic, lifestyle, and other health factors (e.g., medication use). Based
on this model, the author proposes that patients with cardiovascular
disease should be routinely screened for both depression and ED.
Because depression and ED are likely to be associated with the out-
come of treatment for cardiovascular disease, he argues further that
patients with cardiovascular disease and ED should be treated directly
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for their sexual difficulties. Although there is strong evidence for
improved mood after treatment of patients with ED (12), to date this
has not been specifically shown to improve cardiac outcomes in
patients with ED and heart disease.

From a clinical perspective, a number of factors need to be taken
into account. First, the nature and severity of the patient’s depression
should be clinically evaluated. Potential suicide risk, vegetative symp-
toms, and other aspects of the patient’s depression should be carefully
assessed. A psychiatric consultation should be obtained whenever indi-
cated. Because ED may be a presenting symptom of major depression,
the first priority should be a careful mental status assessment and
appropriate referral as needed. After this, specific aspects of the
patient’s erectile and/or other sexual difficulties should be evaluated
and their relationship to the patient’s depression explored. Did the
sexual problems appear before or after onset of the mood disorder? Is
there a loss of libido in addition to ED, and, if so, did these problems
develop in any particular order? Older depressed men commonly expe-
rience loss of libido as a component of their depression, and this may
lead to a secondary loss of erectile function over time. Did the sexual
problems develop or increase in response to antidepressant medication
use? Selective serotonin reuptake inhibitors (SSRIs) and other antide-
pressant drugs have a high rate of adverse sexual side effects (13),
including loss of orgasm, decreased desire, and erection difficulties.
Unfortunately, antidepressant therapy for the patient’s depression may
lead to worsening of the sexual difficulties in many instances.

Case Vignette 2

Max P. is a 64-yr-old construction engineer who suffered a myocardial
infarction (MI) 1 yr ago. The patient has a 15-yr history of hypertension
and coronary artery disease (CAD). The patient has had difficulty in
returning to work since the MI and is reluctant to engage in vigorous
activity despite a satisfactory recovery. The patient and his wife have
had difficulty in resuming sexual activity, and he experiences intermittent
erectile failure. Viagra (50 mg) is moderately effective, although the
patient is reluctant to use the drug because of fear of triggering another
heart attack. He is moderately depressed and has recently begun taking
Zoloft 50 mg/d (Pfizer Inc., New York, NY).

Relationship conflicts can be a contributing factor to the patient’s
depression or ED or may be a result in some cases. Depression or
dysphoric mood impacts negatively on social and interpersonal
relationships. Depressed men typically avoid making new relation-
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ships or may withdraw emotionally or physically from their ongoing
relationships. They are less likely to initiate positive social activities
and often become sexually or socially unassertive. Men with both ED
and depression are especially likely to withdraw from all forms of
sexual expression or physical intimacy, as illustrated by case vignette
2. Partner reactions may be more or less accepting of these changes,
which may, in turn, elicit a range of emotional responses in the patient
ranging from rejection to anger and hostility. These and other couple’s
issues may exacerbate the effects of depression and associated ED in
patients with heart disease.

Despite the complex dynamics involved, recent studies strongly sup-
port the value of direct treatment of erectile difficulties in men with
both depression and ED. In one study involving middle-aged men with
ED and subsyndromal depression (12), we found that direct treatment
of ED with sildenafil led to marked improvements in both erectile func-
tion and mood. Partner relationships were also improved and a high
rate of positive response to sildenafil (>70%) was observed overall
in the study. Other recent studies have shown that depressed men
being treated with SSRIs who develop sexual problems in association
with their antidepressant medication also respond well to treat-
ment with sildenafil (14). Overall, these studies suggest that direct
treatment of ED in men with both depression and ED is likely to be
effective and may have significant positive effects on both mood and
sexual function in these patients. However, the presence of ED in
patients with heart disease should always be regarded as a potential
marker or symptom of depression, which should lead to further clini-
cal investigation of the patient’s depression. Physicians should also
bear in mind that antidepressant medications might cause or exacer-
bate sexual difficulties in depressed patients (13).

THE ROLE OF STRESS AND ANXIETY

In addition to depression, patients with heart disease frequently show
increased levels of anxiety or psychological distress (15). Stress or anx-
iety may be present as part of an overall “type A” personality profile,
or the patient may have a specific anxiety reaction to the diagnosis or
treatment of heart disease. This is especially apparent in patients who
suffer a stroke or MI or who have frequent episodes of angina pectoris
or dyspnea. As illustrated by case vignette 2, “heart” patients are often
concerned that sexual activity could lead to another stroke or heart
attack and may develop a pattern of sexual avoidance and secondary
ED as a result. Patients also typically lack information or education
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about the potential risks associated with sexual activity, and this may
contribute significantly to their anxiety.

Friedman (16) has reviewed the role of anxiety and psychological
distress in mediating sexual problems in patients with heart disease.
This author notes that patients with cardiovascular disease are at
increased risk for anxiety disorders generally and that panic disorder in
particular is common in patients with more severe forms of heart dis-
ease. As with depression, fear or anxiety has been linked to an
increased incidence of ED either directly via increased sympathetic
tone or indirectly via the related effects on sexual avoidance or other
interpersonal or psychological mechanisms. Patients with a history of
MI (and their partners) are often anxious about the potential harmful
effects of sexual activity or other forms of physical activity. These
patients often avoid all forms of sexual activity following their recov-
ery. Table 2 summarizes common anxieties or clinical concerns
encountered in the cardiac patient. 

Friedman (16) has emphasized the need to address these issues
directly in the context of cardiac rehabilitation. He notes that normal
signs of sexual arousal, such as increased heart rate or respiration, may
easily be misinterpreted by male patients or their partners as cardiac
symptoms. Anxious patients are also more likely to experience sexual
performance anxiety, which can lead to a loss of erection or premature
ejaculation. Loss of libido and associated relationship conflict may fur-
ther exacerbate sexual performance difficulties in these patients. Heart
patients with sexual dysfunction may be reluctant to use sildenafil or
other ED therapies because of concerns about the cardiac safety of the
medications. For these reasons, it is strongly recommended that part-
ners be included in the rehabilitation process from the outset and that
sexual issues be addressed whenever necessary. Patients with more
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Table 2
Common Clinical Concerns of the Cardiac Patient

(adapted from ref. 16 )

Increased “life stress” because of coronary event
Increased anxiety and overprotectiveness in the partner
Avoidance of previously unsatisfactory sexual activity
Fear of harming partner
Fear of coital coronary
Fear of “harmful effects of sexual activity”
Anxiety about safety of ED therapy (e.g., sildenafil)



severe anxiety or sexual performance difficulties may benefit from
specialized referral to address these issues.

OTHER PSYCHOLOGICAL
OR INTERPERSONAL FACTORS

Psychosocial determinants of sexual dysfunction are traditionally
divided into immediate and remote causes. Immediate causes include
performance anxiety or fear of failure, lack of adequate stimulation,
and relationship conflicts. Performance anxiety has been especially
emphasized as a major cause of psychogenic ED in patients with or
without medical illness (17). As first described by Masters and Johnson
(18), performance anxiety includes the adoption of a “spectator role” in
which the individual’s attention is focused predominantly on sexual
performance and away from erotic stimulation. This cognitive distrac-
tion from sexually arousing cues was viewed by Masters and Johnson
as central to arousal difficulties in both sexes and formed the basis of
their “sensate focus” approach to treatment. Among the remote or early
developmental causes of arousal disorders, various authors have
emphasized the role of childhood sexual trauma, sexual identity or
orientation issues, unresolved partner or parental attachments, and
religious or cultural taboos.

Interpersonal and relationship factors have also been associated
frequently with ED (19). Communication difficulties, lack of inti-
macy, or trust and power conflicts have been emphasized as frequent
concomitants of arousal difficulties in both sexes. Loss of sexual
attraction has also been implicated in some studies. Relationship
conflicts may be a consequence as well as a cause of ED for many
couples. It has frequently been observed that ED is most sexually
debilitating for couples with limited sexual repertoires and few alter-
natives to intercourse. In particular, performance demands and fear of
failure are increased markedly for individuals or couples who lack
alternative means of sexual satisfaction to penile–vaginal intercourse.
For these individuals, the male’s inability to achieve a firm and last-
ing erection typically results in a complete cessation of all sexual
activity. This, in turn, may lead to diminished sexual desire in one
or both partners and increased distance or conflict in the relationship.
A “vicious cycle” phenomenon frequently ensues, as the loss of
sexual or affectionate interaction is associated with increased perfor-
mance demands and interpersonal distress.

Increased genital stimulation may be necessary for some men to
achieve an adequate erection and may augment the effects of pharma-
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cological therapy. Among older men, in particular, there is an increas-
ing need for direct, tactile stimulation of the penis, along with a
decreasing responsiveness to psychogenic forms of stimulation. Thus,
the older male may require extended manual or oral stimulation of the
penis to achieve adequate erection for intercourse. The female partner
is frequently unaware of this important physiological change in her
partner and may misattribute his lack of arousal to sexual disinterest or
her loss of sexual attractiveness to her partner. When informed of the
need for change in this area, older couples frequently have difficulty in
modifying or adapting their traditional sexual script. Many of these
couples have minimal experience of foreplay or nonintercourse forms
of sexual stimulation.

In considering the role of psychological or psychosocial factors in
ED in older men with heart disease, traditional male attitudes to sexu-
ality need to be considered. Men with erectile difficulties (and their
partners) are often resistant to psychological explanations or interven-
tions. As noted by Zilbergeld (20), men with ED typically experience
both shame and guilt in association with their sexual dysfunction, and
organic explanations of the disorder are obviously more appealing.
These patients frequently present with the request: “Tell me it’s not all
in my head, doc!” For this reason, most men (and their partners) are
more likely to accept a referral for psychological or couple’s counsel-
ing when combined with medical treatment for the disorder.

OTHER SEXUAL DYSFUNCTIONS
Male patients with heart disease (or their partners) may have other

sexual dysfunctions in addition to ED. These include anorgasmia or
delayed ejaculation in the male and arousal or penetration difficulties in
the female. Although precise data are lacking on the relative preva-
lence of these problems in patients with heart disease and ED, many
cases present with concomitant sexual problems in one or both part-
ners. Again, a thorough assessment is important in determining the his-
tory of these problems and their temporal relationship to the patient’s
ED. In some instances, ED may develop secondary to anorgasmia in
the male or in response to chronic penetration difficulties (i.e., dys-
pareunia) in the female partner. Treatment of the male’s erectile diffi-
culties with sildenafil (or other medical therapy) may serve only to
reinitiate or exacerbate these underlying problems. Whenever possible,
these problems should be identified and addressed before the initiation
of medical treatment with sildenafil.

It is particularly important to address penetration or lubrication
difficulties in the female partner before initiation of treatment for the
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male’s ED. In cases of dyspareunia (painful intercourse) or vaginis-
mus (involuntary spasm or contractions of the vagina), a complete
gynecological evaluation for the woman is recommended at the out-
set. Depending upon the severity of the problem and results of the
physical and psychosexual evaluation, medical or sex therapy inter-
ventions should be initiated, and the couple should be counseled to
avoid attempting intercourse initially. The male may wish to try silde-
nafil in conjunction with manual (either self- or partner stimulation)
or oral stimulation but should be strongly discouraged from attempt-
ing intercourse until sufficient progress has been made in treating the
sexual dysfunction in the partner. Some women report a recurrence of
the penetration problem when the male begins to use sildenafil (or
other medical therapy) and intercourse is resumed. Although gener-
ally less debilitating than dyspareunia or vaginismus, arousal or lubri-
cation difficulties might also make resumption of intercourse difficult
or painful for the partner. This is particularly common in post-
menopausal women not taking hormonal replacement. Again, these
problems should be addressed directly before the introduction of
sildenafil or other ED therapies.

Sexual desire problems in either partner can be particularly difficult
to address (21). In some instances, the lack of interest or desire for sex
becomes apparent as a form of “resistance” or noncompliance with the
prescribed medical therapy. If either partner is found to have low desire
that predates or is a major causal factor for the male’s ED, couple’s or
sex therapy should be specifically addressed to this problem. Medical
treatments (e.g., sildenafil) can be prescribed in such cases, although
the primary focus of treatment should be on the underlying sexual
desire disorder. Desire problems can also be caused by undiagnosed
endocrine factors (e.g., hypogonadism), medication use, relationship
conflicts, or depression, as noted above. In each instance, the desire
disorder should be separately addressed either prior to, or in conjunc-
tion with, the patient’s ED.

COMBINING MEDICAL
AND PSYCHOLOGICAL APPROACHES

Case Vignette 3
Bill K. is a 49-yr-old married stockbroker with a history of CAD

and recent coronary bypass surgery. The patient complains of increas-
ing erection difficulties and loss of libido since undergoing his bypass
surgery 2 yr ago. He is currently maintained on statin and β-blocker
therapy, in addition to intermittent use of benzodiazepines for anxiety.
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He reports increasing marital distress and is concerned that his wife
may be having an affair with a colleague at work. The patient has expe-
rienced moderate success in achieving erection with sildenafil (50 mg)
but has not attempted sexual intercourse with his wife for several
months. His libido is markedly reduced and he notes that his wife is
avoiding him sexually and emotionally. The patient feels anxious and
helpless about his situation.

Despite the availability and effectiveness of medical treatments for
ED, there is growing recognition of the limits of pharmacological
therapy in many instances and the need for combining medical and
psychological approaches. At times, treatment of ED with sildenafil or
other medical therapy serves only to reveal or highlight other sexual
problems, such as lack of sexual desire or anorgasmia. Sexual prob-
lems in the partner or other couple’s issues may come to light after
successful (or unsuccessful) use of sildenafil, as demonstrated in case
vignette 3. Leiblum (22) has proposed that success rates with silde-
nafil may be significantly lower in couples for whom there has been
chronic sexual or marital conflict, lack of desire in one or both
partners, or significant psychiatric illness in either partner. Several
authors have recommended combined use of sildenafil and counseling
approaches in such cases, particular in cases of low desire, sexual ini-
tiation difficulties, or the presence of other sexual dysfunctions in either
partner (22). Controlled trials of combination drug and nondrug therapy
for sexual dysfunction unfortunately have not been performed to date.

A careful clinical assessment should be performed in advising a
couple whether or not to begin using sildenafil (or other medical treat-
ment) before, or in conjunction with, counseling for one or more of
the above problems. There are presently no clearcut guidelines or
criteria to be followed in making this decision. In some instances,
a resumption of sexual activity may lead to reduced tension in the
relationship, thereby facilitating more effective communication and
problem solving around couples’ issues. However, in other instances
attempts at sexual intercourse are likely to increase or exacerbate
underlying conflicts or tensions, and should be postponed until signif-
icant progress has been made in other areas. Particularly in cases
involving extramarital affairs or sexual activity outside of the primary
relationship, the introduction of medical treatments for ED should be
handled with special care.

For couples with less serious sexual or relationship problems, physi-
cians or health care clinicians may provide simple guidelines for
enhancing relationship satisfaction and for improving communication
around sexual issues. For example, couples should be encouraged to
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communicate more directly with one another about their sexual prefer-
ences and priorities. Simple suggestions for increasing emotional and
physical intimacy can be offered, such as taking more time to talk
about personal issues and sharing personal feelings more frequently.
Many couples experience romance loss along with sexual intimacy, and
suggestions can be made for developing a more romantic approach to
lovemaking. Some of these recommendations can be provided by a
physician, cardiac nurse, or physician assistant (23). Referral for more
specialized couples or sex therapy is advised when physicians or health
care providers are uncomfortable in addressing couples’ or sexual issues,
or if more serious sexual or relationship problems are encountered.

POTENTIAL BENEFITS OF ADDRESSING
PSYCHOLOGICAL ASPECTS OF ED

There are several potential benefits of addressing psychological
aspects of ED in patients with heart disease. First, compliance is likely
to be better and treatment outcomes improved if these issues are
directly addressed. As noted above, sildenafil is less likely to be effec-
tive in patients with significant performance anxiety, partner conflicts,
lack of libido or other sexual problems. Sexual problems in the partner
should be separately assessed in all cases and appropriate referral
made, when indicated. The presence of ED in patients with heart dis-
ease may be symptomatic of depression or anxiety, and these underly-
ing problems should be separately addressed in all cases. At times,
direct treatment of the patient’s ED with sildenafil or other medical
therapy will result in significant improvements in mood or interper-
sonal functioning (12). In other cases, it will be necessary for patient’s
to be referred for psychiatric evaluation and/or consultation. Addition-
ally, addressing psychological aspects of ED in patients with heart
disease can play an important role in maintaining or enhancing the
patient/physician relationship.

CONCLUSION

Loss of erection is one of the most salient losses or impairments
experienced by many men in response to illness or aging. Men vary
greatly in their ability to compensate or adjust to such losses and in the
psychological coping style they display. The significance of the loss is
also highly variable, as some men experience ED as equivalent to a
loss of masculinity or male identity. ED can also be associated with
significant performance anxiety or concerns about cardiac safety. It can
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be caused by, or impact significantly on, stresses in the partner rela-
tionship. These issues should be carefully assessed in all cases.

There is a complex and clinically important relationship between
depression and ED in heart patients. In general, patients with cardio-
vascular disease are susceptible to various depressive disorders, includ-
ing major depressive disorder, minor depression, and dysphoric mood
disorder. Depression may play a role in the genesis or outcome of the
patient’s cardiovascular disease and may be a contributing factor to the
occurrence of ED. This chapter has reviewed the complex interaction
between cardiovascular disease, ED, and depression, as well as the
need to address all three aspects in all cases. Similarly, we have con-
sidered the role of stress and anxiety in both cardiovascular disease
and ED. Cardiac rehabilitation programs need to include greater
emphasis on risks and benefits of sexual activity, and educational inter-
vention should be provided for both patients and partners.

Finally, we have emphasized the potential value of combining med-
ical and psychological approaches for ED in these patients. By address-
ing psychological or interpersonal issues, treatment compliance is
likely to be enhanced and better outcomes achieved. Even in cases with
a predominant organic (e.g., vascular) ED etiology, attention to psy-
chological factors may lead to more effective use of sildenafil or other
medical therapies.
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INTRODUCTION

The evolution of the management of erectile dysfunction (ED) over
the past quarter century is a reflection of the convergence of dramatic
medical discoveries that encompass both basic and clinical sciences.
Underlying the elegance of simplicity of the current ED management is
the impact of such discoveries as the role of the nitric oxide cyclic
guanosine monophosphate pathway in regulating vascular and penile
trabecular smooth muscle, the role of phosphodiesterase type-5 (PDE5)
in regulating this cyclic guanosine monophosphate, and, ultimately, the
serendipitous discovery of sildenafil citrate, a highly potent and highly
selective inhibitor of this enzyme (1). What was once a field made com-
plex by highly invasive and somewhat artificial diagnostic testing (noc-
turnal erections studies, duplex ultrasonography, and cavernosometry) is



now more effectively and readily managed by generalists and specialists
in much the same way. In fact, the approach to ED management is sur-
prisingly similar around the world. Assessment today is focused on the
history and physical examination in all patients followed by simple
laboratory studies (serum testosterone, lipid profile, and glycated hemo-
globin) in a select few. The First International Consultation on Erectile
Dysfunction, in part sponsored by the World Health Organization, has
recommended a step-wise approach to the management of ED, particu-
larly nonhormonal ED, with initial therapy being oral medications,
followed by local therapies, such as penile injection therapy, intrau-
rethral applications, and vacuum constriction devices (2). The therapy of
last resort in most, but not all, men is the implantation of a penile pros-
thesis. This chapter focuses on medical therapies, particularly first-line
oral medication therapy.

Medical therapy with oral medications today is primarily PDE5
inhibitor therapy with sildenafil citrate. In addition, in Europe, the cen-
trally acting dopamine agonist sublingual apomorphine (Uprima,
Abbott Laboratories, Abbott Park, IL) is available. It is effective in
approximately 30–40% of men with mild or psychogenic ED as well
as select men with organic erectile dysfunction (3,4). It has about 2–6%
of the oral therapy market in Europe. It is not approved in the United
States. The cardiovascular effects of this and other non-PDE5 inhibitor
therapies are discussed in another chapter. In the near future, two new
PDE5 inhibitors, vardenafil and tadalafil, will be available in Europe
and most likely the United States. This chapter focuses on sildenafil but
also examines other PDE5 inhibitors in advanced development.

Local therapies may be considered in patients who fail oral med-
ication, who have specific contraindications to oral therapy, or who
experience adverse events from oral therapy. Intracavernosal injection
therapy is clearly the most effective local pharmacological therapy.
The direct injection into the corpora cavernosa of vasoactive agents,
primarily alprostadil (the synthetic version of prostaglandin E1) is
associated with broad efficacy (60–70%) and relative safety (5). The
side effects associated with injection therapy are primarily local and
include pain, priapism (a prolonged and eventually ischemic erection),
and scar tissue formation over time. The intraurethral application of
alprostadil is an alternative to injection therapy but is associated with
much lower efficacy (30–40%) and systemic (hypotension) as well as
the afore-mentioned local side effects (6). Both of these local therapies
are considerably more expensive than oral therapy. More recently, a
topical therapy of a proprietary combination of alprostadil and a per-
cutaneous absorption enhancer has been in development (7).
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Clearly, the most pervasive and effective therapy for erectile dys-
function is sildenafil citrate. Recently, the 4-yr clinical experience with
sildenafil in the management of erectile dysfunction was reviewed
extensively and is detailed in the following sections (8).

SILDENAFIL CITRATE

Sildenafil citrate (Viagra, Pfizer Inc., New York, NY) was approved
for the management of ED by the United States Food and Drug Admin-
istration in April 1998. It has had a dramatic impact on the breath and
scope of ED management globally. In fact, as of March 31, 2002, more
than 16 million patients with ED have been treated with sildenafil, with
over 100 million prescriptions issued by more than 500,000 physicians
(on file, Pfizer). The following is a summary of the 4-yr efficacy and
safety experience with sildenafil (9).

Overall Efficacy of Sildenafil in the Treatment of ED
POOLED, DOUBLE-BLIND CLINICAL TRIAL RESULTS

The following is an 11-study clinical trial analysis that encompasses
a total of 1329 patients who received placebo and 1338 patients who
received sildenafil (9). Patient characteristics (age, ethnic group, body
mass index [BMI], smoking status, and ED duration and etiology)
were similar for the two treatment groups. Sildenafil treatment was
associated with significantly higher mean scores for individual Inter-
national Index of Erectile Function (IIEF) questions assessing ability
to achieve (Q3, Fig. 1) and maintain (Q4, Fig. 2) an erection satisfac-
tory for sexual performance and for the six questions comprising the
Erectile Function (EF) domain of the IIEF (EF domain, Fig. 3;
p values < 0.02 vs placebo). A significant treatment effect was demon-
strated across all patient subgroups characterized by demographic
factors (Figs. 1A, 2A, 3A) such as race/ethnic group (white, black,
Hispanic, Asian), age (<65 yr and ≥65 yr), and BMI (<30 and
≥30 kg/m2); ED characteristics (Figs. 1B, 2B, 3B), including etiology
(organic, mixed, psychogenic), severity at baseline (mild-to-moderate,
severe), and ED duration (≤2 yr, >2 yr to ≤5 yr, >5 yr); and concomi-
tant occurrence (Figs. 1C, 2C, 3C) of other medical conditions (dia-
betes, ischemic heart disease, peripheral vascular disease, postradical
prostatectomy, hypertension, or depression) or concomitant use of
medications known to be associated with ED (antihypertensives or
antidepressants).

After 12 wk of treatment, 46.5 to 87% of patients in the subgroups
receiving sildenafil indicated that treatment had improved their erec-
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tions compared with 11.3 to 41.3% of patients in subgroups receiving
placebo (p < 0.001). Likewise, in the six trials in which sexual event
log data were collected, significantly greater percentages of attempts at
intercourse that were successful were reported by patient subgroups
receiving sildenafil (52.6–80.1%) compared with patient subgroups
receiving placebo (14.0–34.5%, p < 0.0001).

LONG-TERM EFFECTIVENESS

Effectiveness was maintained in patients electing to continue open-
label treatment with sildenafil for their ED in three long-term extension
studies. In these three studies, a total of 89% of patients who had pre-
viously completed double-blind and open-label extension studies com-
pleted an additional 1 yr of open-label treatment and chose to continue
taking sildenafil. Greater than 95% of these patients reported satisfaction
with treatment effect on erections and improvement in ability to engage
in sexual activity at the end of 1 yr (Fig. 4). Of the 11% of patients
who discontinued treatment, 2% discontinued for treatment-related rea-
sons (1.6% for insufficient response; 0.4% for adverse events).

In one of the three extension studies (n = 979), treatment was
extended for an additional 2 yr. Satisfaction with treatment effect on
erections and improvement in ability to engage in sexual activity was
reported by greater than or equal to 95% of patients at the end of 1, 2,
and 3 yr of open-label treatment with sildenafil (Fig. 5). Most patients
were receiving 100 mg sildenafil (84% at study start, 87% at 1 yr, 87%
at 2 yr, and 88% at 3 yr). Over the 3-yr period, 32% of patients dis-
continued treatment. However, only 6.7% of discontinuations were
treatment-related (5.7% from insufficient response and 1% from
treatment-related adverse events), suggesting that both tolerability and
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Fig. 1. (opposite) Overall baseline mean score and least squares mean ± SE scores
at end of treatment for question 3 (ability to achieve erections) of the Interna-
tional Index of Erectile Function. Scores ranged from 1 (never/almost never) to
5 (always/almost always) with a response of 0 indicating “did not attempt sexual
intercourse.” A shows scores for subgroups characterized by patient characteristics,
B shows scores for subgroups characterized by ED characteristics, C shows scores
for subgroups characterized by concomitant medical conditions/ medications.

BMI, body mass index; IHD, ischemic heart disease; PVD, peripheral vascular
disease; RP, radical prostatectomy; HTN, hypertension; anti-HTNS, antihyperten-
sives. *p < 0.0001, †p < 0.02, ‡p < 0.0002. ED severity categories of mild to
moderate (IIEF erectile domain score, 11–25) and severe ED (IIEF erectile domain
score, ≤10) (from ref. 9).





effectiveness were maintained with long-term sildenafil treatment. The
remaining 25.3% of patients discontinued for reasons not related to
treatment (e.g., nontreatment-related adverse events, lost to follow-up,
withdrawn consent, and protocol violations).

The high level of effectiveness of sildenafil in the broad spectrum of
patient populations with ED reported in these 11 pooled randomized
trials has been mirrored in accounts of sildenafil use in the clinical
practice setting (10–12).

Numerous studies have assessed the effectiveness of sildenafil in
specific patient populations, particularly populations that have been
shown to be at increased risk for ED. The following summaries
examine the populations of interest to the readership of this book (9).

ISCHEMIC HEART DISEASE

Like ED, the rate of ischemic heart disease increases with age, esca-
lating from 0.4% for men aged less than 45 yr to 8% for men ages
45–64 yr to 19% for men 65 yr or older (13). Additional shared risk
factors for ED and cardiovascular disease include hypertension, dia-
betes, dyslipidemia, and smoking. A significant correlation between
the number of occluded coronary vessels and erectile function in
patients with ischemic heart disease has also been demonstrated (14).
As in the pooled analysis reported earlier, a favorable response to silde-
nafil in patients with ischemic heart disease and ED has been observed
in other published reports in this patient population. Sildenafil pro-
duced a significant improvement in erectile function (GEQ and IIEF
Q3 and Q4, p = 0.0001) in a double-blind, placebo-controlled trial of
sildenafil in men with ED and cardiovascular disease who were receiv-
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Fig. 2. (opposite) Overall baseline mean score and least squares mean ± SE
scores at end of treatment for question 4 (ability to maintain erections) of the
International Index of Erectile Function. Scores ranged from 1 (never/almost
never) to 5 (always/almost always) with a response of 0 indicating “did not
attempt sexual intercourse.” A shows scores for subgroups characterized by patient
characteristics, B shows scores for subgroups characterized by ED characteristics,
and C shows scores for subgroups characterized by concomitant medical condi-
tions/medications.

BMI, body mass index; IHD, ischemic heart disease; PVD, peripheral vascular
disease; RP, radical prostatectomy; HTN, hypertension; anti-HTNs. antihyperten-
sives. *p < 0.0001,† p < 0.005.

ED severity categories of mild to moderate (IIEF erectile domain score, 11–25)
and severe ED (IIEF erectile domain score, ≤10) (from ref. 9).





ing β-blockers and/or angiotensin-converting enzyme inhibitors and/or
calcium channel blockers, but not nitrates (15). In an earlier subanaly-
sis of patients with ischemic heart disease and ED who received silde-
nafil (5–200 mg) or placebo for 4 wk to 6 month in nine randomized
trials, sildenafil use was associated with significant improvements in all
efficacy parameters analyzed (GEQ and IIEF Q3, Q4, and EF domain,
p < 0.0001; ref. 13).

Recent guidelines for managing ED in patients with cardiovascular
disease emphasize the need to assess the risk of triggering further car-
diovascular events with the return to sexual activity (16). Patients con-
sidered at low cardiac risk include those who are asymptomatic with
fewer than three risk factors for coronary artery disease (CAD) (exclud-
ing age and gender), postsuccessful coronary revascularization, or post-
myocardial infarction (>6–8 wk) or who have controlled hypertension,
mild valvular disease, mild stable angina, or New York Heart Associa-
tion (NYHA) class I congestive heart failure. The guidelines suggest
that all first-line ED therapies, with the exception of sildenafil for
patients taking nitrates, may be considered for these patients (16).

A recent study using these guidelines reported a favorable treatment
outcome with sildenafil in 70 patients with cardiovascular disease and
ED who were assessed and prescribed sildenafil in a cardiac outpatient
clinic (17). Patients included 18 men with mild stable angina on med-
ical therapy, 6 with controlled hypertension, 41 who had undergone
successful coronary angioplasty or bypass surgery, and 5 with conges-
tive heart failure (NYHA class I/II [n = 4]; NYHA class III/IV [n = 1]);
10 patients also had diabetes. Sildenafil (50-mg dose in 60; 100-mg
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Fig. 3. (opposite) Overall baseline mean score and least squares mean ± SE scores
at end of treatment for the EF domain (questions 1–5 and 15) of the Interna-
tional Index of Erectile Function. Total domain score ranged from 1 to 30; scores
for individual questions ranged from 1 (never/almost never) to 5 (always/
almost always) with a response of 0 indicating “did not attempt sexual inter-
course.” A shows scores for subgroups characterized by patient characteristics, B
shows scores for subgroups characterized by ED characteristics, and C shows
scores for subgroups characterized by concomitant medical conditions/
medications.

BMI, body mass index; IHD, ischemic heart disease; PVD, peripheral vas-
cular disease; RP, radical prostatectomy; HTN, hypertension; anti-HTNs, anti-
hypertensives. *p < 0.0001,†p < 0.001. [from Carson et al., Urology, 2002] ED
severity categories of mild to moderate (IIEF erectile domain score, 11–25) and
severe ED (IIEF erectile domain score, ≤10) (from ref. 9).



dose in 10) was effective in 67 of these 70 patients. Sildenafil was also
generally well tolerated, with only one patient reporting abnormal
vision and three patients reporting headache or flushing. No patients
reported angina during sexual intercourse.

PERIPHERAL VASCULAR DISEASE

Peripheral vascular disease, also called peripheral arterial disease,
an atherosclerotic syndrome resulting in arterial occlusions in vessels
other than the coronary or intracranial vascular beds, affects an esti-
mated 8–12 million people in the United States (18,19). Overall, 86%
of the men with peripheral vascular disease had some degree of ED,
which was quite similar to the high rate of ED reported in 26 of 31
(84%) patients with aorta-iliac occlusive disease (20). Erectile func-
tion improved significantly with sildenafil in men with ED and periph-
eral vascular disease. We noted a twofold increase in mean scores for
IIEF Q3, Q4, and EF domain in men with ED and peripheral vascular
disease over pretreatment scores with sildenafil.

HYPERTENSION

Both systemic vascular disease and antihypertensive drug therapy
are thought to contribute to the increased occurrence of ED in men
with hypertension. ED has been reported in an estimated 8–17% of men
with untreated hypertension and up to 61% of men receiving anti-
hypertensive therapy. Although most classes of antihypertensive agents
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Fig. 4. Patients reporting satisfaction with treatment effect on erections and
improvement in ability to engage in sexual activity at end of 1-yr open-label treat-
ment with sildenafil (from ref. 9).



have been reported to cause ED, nonselective β-blockers, potassium-
sparing and thiazide diuretics, and centrally acting antihypertensives
have been most commonly associated with ED (21). Patient compli-
ance with effective antihypertensive therapy may be compromised if
sexual function is adversely affected by the medication.

Sildenafil has been found to be effective across all efficacy parame-
ters analyzed in the subgroup of men with a history of hypertension as
well as the subgroup of men with ED who were receiving concomitant
antihypertensive therapy. An earlier subanalysis of 10 randomized
sildenafil trials found sildenafil to be equally effective regardless of
whether patients were receiving concomitant antihypertensive therapy
or not (22). Sildenafil treatment was also associated with significant
increases in the ability to achieve and maintain erections compared
with placebo (p < 0.0001) in a double-blind, placebo-controlled study
in men with ED and stable cardiovascular disease; 83% of these men
had hypertension (15). A recently completed double-blind, placebo-
controlled trial specifically assessed the efficacy of sildenafil in 562
men with ED who were taking two or more antihypertensive agents
(two antihypertensives [n = 324], <3 antihypertensives [n = 235], and
unspecified [n = 3]; ref. 23). Mean scores on IIEF Q3, Q4, and EF
domain improved significantly in sildenafil-treated patients compared
with placebo-treated patients, significantly more sildenafil-treated
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Fig. 5. Patients reporting satisfaction with treatment effect on erections and
improvement in ability to engage in sexual activity at end of 1, 2, and 3 yr of
open-label treatment with sildenafil (from ref. 9).



patients reported improved erections (71% vs 18% of placebo-treated
patients), and significantly more intercourse attempts were successful.

DIABETES

A reported 35–70% of men with diabetes also have ED (23). Com-
pared with men without diabetes, ED occurs at an earlier age (24),
and the age-adjusted probability of complete ED is nearly three times
higher in men with treated diabetes. Vasculogenic and neurologic
abnormalities are believed to be the primary causes for ED in diabetic
men (25). Four 12-wk, double-blind, placebo-controlled trials evalu-
ating sildenafil in men with ED and underlying diabetes have been
completed (24–28). In the first two trials (25,28) 259 and 261 patients
were randomized to placebo and sildenafil, respectively. Approxi-
mately 20% of patients had Type 1 diabetes, and 80% had Type 2 dia-
betes. In these studies, 51–56% of sildenafil-treated patients reported
improved erections compared with 10–12% of patients randomized to
placebo. The ability to achieve and maintain an erection sufficient for
intercourse improved, although the mean scores, 2.8–3.2 (1.8–2.0 for
placebo) for IIEF Q3 and 2.7–2.9 (1.6–1.7 for placebo) for IIEF Q4,
were somewhat lower than that seen in the general clinical trial pop-
ulation of patients with ED (1). The remaining two studies separately
evaluated sildenafil in men with ED and Type 2 diabetes (26) or Type
1 diabetes (27). The Type 2 diabetes study included 219 patients ran-
domized to receive sildenafil (n = 110) or placebo (n = 109; ref. 26).
After 12 wk of treatment, mean scores for GEQ; IIEF Q3, Q4, and EF
domain; and the percentage of successful intercourse attempts had
improved significantly for men receiving sildenafil compared with
placebo (p < 0.0001). Moreover, sildenafil was effective in improving
ED even in cases of poor glycemic control or multiple chronic com-
plications. Efficacy was similar in the double-blind, placebo-controlled
study of 188 men with Type 1 diabetes and ED (27).The mean scores
for IIEF Q3, Q4, GEQ, and the percentage of intercourse attempts that
were successful improved significantly from baseline to end of treat-
ment in patients receiving sildenafil compared with those receiving
placebo (p = 0.0001).

A pooled analysis of these four trials allowed for evaluation of
efficacy in subgroups defined by patient age (< 49 yr, 50–64 yr, and
>65 yr), ED duration (<2 yr, 2–5 yr, and >5 yr), diabetes duration
(Type 1 diabetes [< 20 and >20 yr] and Type 2 diabetes [<10 and
>10 yr]), number of diabetic complications (cardiovascular, nephropa-
thy, neuropathy, and retinopathy) and ED severity (mild–moderate or
severe; refs. 29 and 30). Although on-treatment scores for IIEF Q3,
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Q4, and EF domain; GEQ; and percentage of intercourse attempts
that were successful tended to be lower in patients who were older,
who had ED that was severe or of longer duration, or who had dia-
betes of longer duration or with more complications, no significant
differences in treatment effect across subcategories of age, ED dura-
tion, and diabetes duration, diabetic complications, and ED severity
were found (interaction p > 0.05).

Overall Safety Profile of Sildenafil
DOUBLE-BLIND, PLACEBO-CONTROLLED TRIALS

Morales and colleagues (31) were the first to extensively evaluate
the tolerability of sildenafil in phase II/III clinical trials. In these
18 double-blind, placebo-controlled trials, patients were randomized to
receive sildenafil (n = 2722) or placebo (n = 1552) treatment for up to
6 month. Of the 11 trials where study drug was taken on an “as-needed”
basis, five used a fixed-dosing schedule to provide insight on the safety
of sildenafil by dose. Six trials used a flexible-dosing regimen whereby
the starting dose of study drug (50 mg) could be adjusted to 25 mg or
100 mg based on efficacy and tolerability. Flexible-dosing schedules
most closely resemble the dosing patterns used in clinical practice.
In these flexible-dose trials, the incidences of the most commonly
reported adverse effects (AEs; from all causes) were higher in silde-
nafil- vs placebo-treated patients. However, AEs were predominantly
transient and mild or moderate in severity. In both the sildenafil- and
placebo-treated groups, approximately two-thirds of AEs were classi-
fied as mild. Discontinuation rates from AEs of all causes were similar
in the sildenafil (2.5%) and placebo (2.3%) treatment groups. Headache
(1.1%), facial flushing (0.4%), and nausea (0.4%) were the most
common AEs, leading to discontinuation in the sildenafil group, and
headache (0.4%) was the most common AE, leading to discontinua-
tion in the placebo group.

Overall, the results obtained from pooling data from 18 double-
blind, placebo-controlled trials demonstrate that sildenafil is a well-
tolerated oral therapy for ED (Table 2). AEs were mostly transient and
mild to moderate in severity, and the rate of discontinuations from AEs
were low and comparable between patients who received sildenafil and
those who received placebo.

In a retrospective analysis of data pooled from 25 double-blind,
placebo-controlled trials (18 of which were the phase II/III trials),
Osterloh et al. examined the overall efficacy and safety of sildenafil in
close to 6000 patients and in more detail among subgroups of patients
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stratified by existing comorbid conditions such as diabetes, hyperten-
sion, and ischemic heart disease (IHD; ref. 32). The most commonly
reported treatment-related AEs for all patients and for specific comor-
bidities are presented in Table 1. Markedly smaller percentages of
sildenafil-treated patients with diabetes reported headaches (7.7%) and
facial flushing (7.8%) compared with those for all patients combined
(14.6% and 14.1%, respectively). By contrast, slightly larger propor-
tions of sildenafil-treated patients with IHD reported headache (16.9%)
and dyspepsia (8.3%) relative to those for the entire population of
patients (14.6% and 6.2%, respectively). The proportions of patients
reporting visual AEs were similar across sildenafil-treated patient sub-
groups (3.1–5.2%) and compared with all patients combined (5.2%;
ref. 33). Although these data suggest that patients may tolerate silde-
nafil differently based on existing comorbid conditions, the discontin-
uation rates from AEs were low across all subgroups: 1.9% for patients
with diabetes, 2.3% in those with hypertension, and 3.6% in patients
with IHD. The overall discontinuation rate from AEs was 2%.

OPEN-LABEL EXTENSION STUDIES

Patients who were compliant during the double-blind treatment
period were eligible to continue with open-label sildenafil treatment
for up to 2 yr. Morales et al. (31) reported on the tolerability of silde-
nafil in 10 open-label studies (n = 2199); Steers et al. (34) described
the safety results from four of these open-label trials (n = 1008). In
Morales et al. (31), the most frequently reported AEs were mild or
moderate and included headache (10%), facial flushing (9%), dyspep-
sia (6%), and respiratory tract infection (6%). AEs from all causes
accounted for 2% of the discontinuations over a 1-yr period, and
headache was the most common reason for discontinuation. In a sub-
analysis by Steers et al, 7% of patients reduced the dose of sildenafil or
temporarily discontinued treatment because of AEs (34). Serious
adverse events (SAEs) occurred in 7% of patients and two patients died
during the study. One patient died of an acute myocardial infarction
(MI) (he had had a previous MI); the other died from a malignant
melanoma. Neither death was considered treatment related by the
investigators (31) (Table 3).

Ocular Safety of Sildenafil
Although sildenafil is a potent and selective inhibitor of PDE5, it

also has an approximately 10-fold lower affinity for PDE6, which is pre-
sent in high concentrations in the retina. Given that PDE6 is a key enzyme
in the retinal phototransduction process, the overall safety of sildenafil
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Table 1
Most Commonly Reported Treatment-Related Adverse Events for All Patients and by Comorbid Condition (8)

Diabetes n (%) Hypertension n (%) IHD n (%) All Patients n (%)

Placebo Sildenafil Placebo Sildenafil Placebo Sildenafil Placebo Sildenafil
Adverse Event (n = 585) (n = 743) (n = 654) (n = 928) (n = 220) (n = 362) (n = 2373) (n = 3545)

Headache 14 (2.4) 57 (7.7) 14 (2.1) 112 (12.1) 6 (2.7) 61 (16.9) 78 (3.3) 519 (14.6)
Facial flushing 9 (1.5) 58 (7.8) 21 (3.2) 119 (12.8) 1 (0.5) 49 (13.5) 44 (1.9) 499 (14.1)
Dyspepsia 7 (0.3) 38 (5.1) 3 (0.5) 50 (5.4) 1 (0.5) 30 (8.3) 17 (0.7) 221 (6.2)
Abnormal vision 1 (0.2) 23 (3.1) 2 (0.3) 47 (5.1) 3 (1.4) 19 (5.2) 8 (0.3) 185 (5.2)
Dizziness 4 (0.7) 9 (1.2) 10 (1.5) 23 (2.5) 0 (0.0) 5 (1.4) 25 (1.1) 79 (2.2)
Rhinitis 2 (0.3) 11 (1.5) 2 (0.3) 26 (2.8) 0 (0.0) 6 (1.7) 4 (0.2) 93 (2.6)

IHD, ischemic heart disease.
Adapted from Padma-Nathan et al., Urology, 2002.
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in the visual system has been evaluated extensively in preclinical and
clinical trials during the drug’s development and in other well-designed
studies conducted after sildenafil was approved for marketing.

CLINICAL STUDIES

Morales et al. (31) showed that, in the fixed-dose series of studies,
the incidences of all causality and treatment-related abnormal vision
were dose related, ranging from 1.0% at 25 mg to 11.1% at 100 mg of
sildenafil for visual AEs from all causes, and from 0.3–10.7%, respec-
tively, for treatment-related AEs. The majority of all visual AEs were
mild or moderate in severity; only five patients reported SAEs. Only
one patient discontinued treatment solely because of abnormal vision.
In the flexible-dose series, 2.7% of sildenafil- and 0.4% of placebo-
treated patients reported abnormal vision (e.g., blue “haze” around
objects, decreased color discrimination, increased brightness of light)
that were transient and dose related (data on file, Pfizer). Overall,
results from Phase I/II/III acute treatment studies have demonstrated
that there are mild, transient, and reversible changes in blue/green color
discrimination. There were no clinically significant effects on visual
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Table 2
Most Commonly Reported Adverse Events After 3 Yr

of Open-Label Sildenafil Treatment (8)

Treatment Not Treatment
Related Related Total

Adverse Eventa n (%) n (%) n (%)

Coronary artery disease 0 (0.0) 19 (2.0) 19 (2.0)
Prostate disorder 0 (0.0) 12 (1.3) 12 (1.3)
Dyspepsia 9 (0.9) 12 (0.2) 11 (1.2)
Carcinoma 0 (0.0) 19 (0.9) 19 (0.9)
Headache 9 (0.9) 10 (0.0) 19 (0.9)
Myocardial infarction 1 (0.1) 17 (0.8) 18 (0.8)
Abnormal vision 4 (0.4) 10 (0.0) 14 (0.4)
Facial flushing 4 (0.4) 10 (0.0) 14 (0.4)
Rhinitis 3 (0.3) 10 (0.0) 13 (0.3)
Congestive heart failure 0 (0.0) 12 (0.2) 12 (0.2)

aSerious adverse events and observed or volunteered adverse events that resulted in
a change in sildenafil dose or a temporary/permanent discontinuation. Incidence rate
was calculated using the total number of patients assessed for safety (n = 955).



function tests that included visual acuity, electroretinograms, intraocu-
lar pressure, and pupillometry (35–37).

In long-term, open-label studies of up to 2 yr in duration, the over-
all incidence of abnormal vision remained low (2%), and there were no
cumulative changes in visual function or structures in the eye (38,39).
Moreover, none of the patients discontinued because of visual AEs
even after 2 yr of extended treatment. During the long-term, 3-yr, open-
label treatment study, patients reported only four (<1%) occurrences
(i.e., SAEs or AEs resulting in a dosage change) of visual disturbances
and one (0.1%) patient reported conjunctivitis. Two events each were
reported during the first and second years; there were no visual AEs
during the third year. Thus, with up to 4 yr of sildenafil treatment, the
occurrence of significant visual events has remained low.

POSTMARKETING CASE SERIES AND REPORTS

There have been rare reports (five cases) of patients who developed
nonarteritic anterior ischemic optic neuropathy (NAION) after taking
sildenafil (40). Three of the patients developed NAION after using
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Table 3
Discontinuations by Year During 3 Yr
of Open-Label Sildenafil Treatment

Number of discontinuations (%)a

Yr 1 Yr 2 Yr 3 Total

Treatment related
Insufficient response 23 (2.4) 17 (1.7) 16 (1.6) 56 (5.7)
Adverse event 5 (0.5) 3 (0.3) 2 (0.2) 10 (1.0)
Total 28 (2.9) 20 (2.0) 18 (1.8) 66 (6.7)

Not treatment related
Adverse event 30 (3.1) 14 (1.4) 13 (1.3) 57 (5.8)
Lost to follow-up 21 (2.1) 17 (1.7) 18 (1.8) 56 (5.7)
Study violation 14 (1.4) 9 (0.9) 5 (0.5) 28 (2.9)
Withdrawn consent 17(1.7) 16 (1.6) 16 (1.6) 49 (5.0)
Death 1 (0.1) 3 (0.3) 2 (0.2) 6 (0.6)
Other 29 (3.0) 11 (1.1) 12 (1.2) 52 (5.3)
Total 112 (11.5) 70 (7.2) 66 (6.7) 248 (25.3)

Grand Total 140 (14.3) 90 (9.2) 84 (8.6) 314 (32.1)

aPercentages were calculated using the total number of patients enrolled (n = 97).



sildenafil for the first time; two others had been using sildenafil peri-
odically for 1–2 yr. All five patients had optic discs with a small cup-
to-disc ratio (e.g., 0.1). This anatomical configuration is more common
in patients with NAION and has been implicated in the pathogenesis of
the neuropathy. The investigators acknowledged that a definite causal
relationship between sildenafil and NAION cannot be established given
the large number of prescriptions that have been written for sildenafil
and the overlap in the patient populations that are at risk for NAION
and are also likely to be taking sildenafil.

In terms of special patient populations, there have been no reports of
increased visual AEs in patients with diabetes, or preexisting eye dis-
orders, including glaucoma and macular degeneration (41).

SUMMARY

Findings from the combined analysis of 11 double-blind trials of
sildenafil in men with ED and a field experience in over 20 million
men confirm the positive efficacy and safety profile of sildenafil. There
are over 1500 published peer-reviewed articles and abstracts on silde-
nafil supporting the evidenced-based conclusion that it is the first-line
therapy for men with ED until otherwise proven. Therefore, unless a
patient has a specific contraindication (e.g., nitrate use), a trial with
sildenafil is appropriate for virtually every patients presenting with ED.

NEW PDE5 INHIBITORS: EFFICACY, SAFETY,
AND COMPARATIVE PERSPECTIVES

Similar to sildenafil, both vardenafil and tadalafil are both potent
PDE5 inhibitors. They all have a contraindication in men receiving
organic nitrates. The biochemical potency of a PDE5 inhibitor is
described by its IC50—the concentration of the enzyme necessary to
inhibit 50% of the enzyme activity. The IC50 of all three PDE5
inhibitors is within the same range of 1–10 nM. However, vardenafil
appears to be more potent within this range (42,43). Regardless, the
three appear to have equal clinical efficacy. In addition, sildenafil and
vardenafil appear to demonstrate some mild PDE6 inhibitory properties
at high doses. This is associated with mild transient visual disturbances
and, at least in the case of sildenafil, is not associated with any signif-
icant acute or chronic effect in men with normal visual function or in
men with macular degeneration, treated glaucoma, or non-proliferative
diabetic retinopathy. Tadalafil is a PDE11 inhibitor. PDE11 is found in
the anterior pituitary, testes, prostate and heart. It is unresolved as to
whether PDE11 inhibition will cause alterations in sperm function or,
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more importantly, whether it will increase inotropism and myocardial
oxygen consumption.

Vardenafil
Vardenafil is a potent selective PDE5 inhibitor. It is contraindicated

in men taking organic nitrates (44). A North American, phase 3, multi-
center, randomized, double-blind, placebo-controlled, four-arm, parallel-
group comparison of vardenafil 5, 10, and 20 mg vs placebo was recently
published (44). In this study, similar to sildenafil, patients were instructed
to take study medication approx 1 h before intended sexual intercourse.
Vardenafil is both chemically and pharmacologically nearly identical to
sildenafil. It has a similar pharmacokinetic, efficacy and safety profile.
This study consisted of 805 men at 54 study centers who completed
baseline evaluations and were randomized to treatment with either
placebo (n = 197) or vardenafil 5 mg (n = 205), 10 mg (n = 206), or
20 mg (n = 197). Over the course of 26 wk of therapy, 37% of all
patients (297 of 805) discontinued. Of patients randomized to placebo,
54% discontinued, most commonly because of insufficient therapeutic
effect (20%). Of patients randomized to vardenafil, 31% discontinued,
most commonly because they were lost to follow-up (9%). Overall,
patients were diagnosed with ED a mean of 3.6 yr before screening
and experienced symptoms of ED an average of 2.3 yr before the clin-
ical diagnosis was made. Sildenafil had been used previously by 71%
(544 of 762), all of whom experienced improved erections during this
treatment. Only 15 of 256 screening failures were caused by failure to
respond to sildenafil. The following were observed medical conditions
at screening: hypertension (37%), pure hypercholesterolemia (24%),
and Type 2 diabetes.

Successful penetration increased from 40.9% at baseline to 80.5% at
wk 12, and the ability to maintain an erection for successful intercourse
increased from 14.7% at baseline to 64.5% at wk 12. All groups
showed continued improvements vs baseline throughout the 26-wk
treatment period, and differences between scores for placebo-treated
patients and those randomized to vardenafil remained significant at all
time points.

SIDE EFFECTS

In general, treatment with vardenafil was well tolerated (44) Most of
the side effects were mild or moderate in intensity. The most com-
monly reported side effects associated with 20 mg vardenafil are
headaches (18%), and flushing. Visual changes occurred in less than
2% of patients. There was a trend toward a greater decrease in blood

Chapter 5 / Management of ED 83



pressure with vardenafil 10 mg and 20 mg than with placebo and var-
denafil 5 mg. Nevertheless, mean blood pressure decreases in patients
taking 5, 10, or 20 mg vardenafil were small, ranging from –3.6 to
–6.6 mm Hg for supine SBP, –3.5 to –6.5 mm Hg for standing SBP,
–3.5 to –4.8 mm Hg for supine DBP, and –2.1 to –4.5 mm Hg for
standing DBP. It is expected, because of its chemical and pharmaco-
logical similarity to sildenafil, vardenafil will have similar cardiovas-
cular effects, particularly with respect to central hemodynamics.

Tadalafil
Tadalafil (Cialis, Lilly ICOS LLC Bethel, WA) is a potent selective

phosphodiesterase type 5 inhibitor with a mean terminal half-life of
17.5 h (20 h in men over age 65 yr). This is its distinguishing charac-
teristic along with its PDE11 inhibitory properties. Recently, an inte-
grated analysis of five randomized, double-blind, placebo-controlled,
parallel group trials involving 1112 men conducted at 74 centers was
published (45). Patients were instructed to self-administer treatment as
needed before sexual intercourse with no restrictions on food or timing
of sexual intercourse. Men receiving organic nitrates were excluded.
Mean patient age was 59 yr (range, 22–82). Hypertension was present
in 30% of men, and 21% had diabetes.

EFFICACY AND SIDE EFFECTS

The proportion of successfully completed sexual attempts was 75%
in men receiving 20 mg tadalafil compared with 32% on placebo. The
most frequently reported side effects for the 20 mg tadalafil dose were
headache (20%) and dyspepsia (17%), followed by back pain (9%),
nasal congestion (5%), myalgia (7%), and flushing (5%). These events
were mostly mild or moderate. One tadalafil-treated patient (0.1%)
reported an episode of abnormal color vision (45). Tadalafil is a mild
vasodilator and may decrease systemic blood pressure accordingly.
Publications regarding its effects on central hemodynamics, including
coronary blood flow, left ventricular contractility, and myocardial
oxygen consumption, are not yet available. This is a critical issue in
light of its PDE11inhibitory properties.

EUROPEAN LABELING CONTRAINDICATIONS

Tadalafil has recently been approved in Europe. The current Euro-
pean labeling indications reflect this concern regarding the absence of
data on its direct effect on the myocardium. It is not only contraindi-
cated in men receiving organic nitrates but also in men with a unstable
angina or angina occurring during intercourse, a recent MI (within 90 d)
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or stroke (within 5 month), uncontrolled hypertension, uncontrolled
arrhythmias, uncontrolled hypotension, or the patients with Class II–IV
(NYHA) congestive heart failure. In addition, because the inclusion cri-
teria for the trials included men only in the low-risk profile of the Prince-
ton Guidelines, it is suggested by the author that men with three or more
risk factors (excluding gender and age) be evaluated by exercise treadmill
testing before tadalafil use or that they receive sildenafil instead.

COMPARATIVE PERSPECTIVES
ON THE THREE PDE5 INHIBITORS

It would appear that vardenafil is identical to sildenafil in clinically
meaningful terms—it is identical with respect to efficacy, adverse event
profile, and pharmacokinetics. Tadalafil is a longer-acting PDE5
inhibitor with PDE11 inhibitory properties. The effect of chronic PDE11
inhibition on subfertile men and on the heart remains to be determined
in future studies. The duration of action of tadalafil appears to be
at least 36 h (46) but, in fact, this one distinguishing property has
not been examined further. It is probably true that it is effective for
three half-lives (60 h) but also may have nitrate interaction for five
half-lives or 100 h (men over 65 yr). Thus, tadalafil may also be inap-
propriate for men that are infrequently sexually active. It may be more
suited for chronic dosing than for on-demand therapy where rapid
action, such as associated with sildenafil, is needed. Only extensive
field experience will tell if these new compounds will fare as well as
sildenafil. Regardless, these new entrants in the class will offer more
therapeutic options for our patients and should further expand the prac-
tice of sexual medicine.

CONCLUSION

The current management of ED has been revolutionized by the
advent of oral medical therapy. The evidence-based support for first-
line therapy is in favor of PDE5 inhibitors, and within this class the
greatest efficacy, safety, and field experience would support sildenafil
as the therapy of choice.
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INTRODUCTION

Cyclic nucleotides (cAMP and cGMP) play pivotal roles in a vast
array of intracellular signaling pathways. Until the 1990s, cylic adeno-
sine monophosphate (cAMP) was thought to be the most important
cyclic nucleotide involved in regulation of smooth muscle activity in
the cardiovascular and other organ systems. However, in the mid-to-late
1980s, scientists at Sandwich (the European Research Center of Pfizer
Inc.) developed an interest in cyclic guanosine monophosphate (cGMP),
which is now recognized as an important intracellular messenger that
initiates complex signaling cascades, thereby regulating diverse physio-
logical processes, such as vascular smooth muscle tone, homeostasis of



intestinal fluid and electrolytes, and phototransduction in the retina
(1,2). Cellular levels of cGMP are controlled by the relative activities
of guanylyl cyclases, which catalyze the synthesis of cGMP from
guanosine triphosphate (GTP), and secondly by phosphodiesterases
(PDEs), which hydrolyze cGMP to GMP. Nitric oxide (NO), a potent
activator of soluble guanylyl cyclases (sGCs), is a central component
of the cGMP-signaling pathway (Fig. 1). Other stimuli, such as atrial
natriuretic peptide, can elevate cGMP by stimulating membrane bound
guanylyl cyclase (3,4).

Nitrates directly elevate cGMP levels. This underlies their vascular
smooth muscle relaxation and antianginal effects (5). However, agents
that directly raise NO levels could cause unwanted problems as a result
of increased free radical formation (6). Furthermore, the clinical utility
of nitrates is limited by numerous factors, including the development of
tachyphylaxis (7). Although the mechanism of induction of tachyphy-
laxis still is not resolved fully, scientists in Sandwich hypothesized that
if they could develop an agent that worked further down the NO/cGMP
pathway, that is, an agent that directly elevated cGMP levels without
affecting NO levels, then it could have the beneficial properties asso-
ciated with nitrates but, perhaps, without inducing tachyphylaxis.

In the mid-1980s, five families of PDEs were characterized, and a
program was started to assess the feasibility of developing a potent and
selective inhibitor of cGMP-specific phosphodiesterase type-5 (PDE5;
8). PDE5 was chosen as the target because it was known to be present
in vascular smooth muscle and in platelets. In theory, a selective
inhibitor of PDE5 should elevate cGMP levels in both locations, result-
ing in vasodilatory effects and inhibition of platelet aggregation, prop-
erties that could be useful in treating various cardiovascular conditions,
including angina.

In 1989, UK-92,480, now better known as sildenafil citrate (Viagra;
Pfizer Inc., New York, NY), was synthesized in Sandwich; laboratory
studies showed it to be a potent and selective inhibitor of PDE5 (8).
With the initial lead indication as angina, clinical development com-
menced in 1991 with single-dose healthy volunteer trials. These were
fairly uneventful, although at doses of 150 mg and 200 mg, some
minor and transient visual side effects were reported. Subsequent inves-
tigations (see “Vision”) revealed these side effects to be the result of a
weak inhibitory effect of sildenafil on PDE6, a cGMP-specific PDE
exclusively located in photoreceptor cells. However, during the seventh
clinical trial, in which healthy volunteers received placebo or various
doses of sildenafil three times per day for 10 consecutive days, erec-
tions were reported as an adverse event (8).
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Fig. 1. The NO/cGMP signaling pathway showing stimuli promoting synthesis of cGMP, downstream intracellular signaling
targets modulated by cGMP, and role of PDEs in cGMP breakdown. This pathway mediates relaxation of vascular smooth
muscle and penile erection. PDE5 is the target for sildenafil and other PDE5 inhibitors in the treatment of ED. NO, nitric
oxide; PDE, phosphodiesterase; cGMP, cyclic guanosine monophosphate; GMP, guanosine monophosphate; GTP, guanosine
triphosphate.



It was not immediately obvious that such observations would have
important clinical findings because the drug regimen producing this
effect was quite intensive. Moreover, increased erectile activity in
young healthy males would not necessarily translate into an ability to
increase erectile response in older men with various medical illnesses
affecting the health of blood vessels and the integrity of nerves.

However, simultaneously, Ignarro and others were reporting that NO
is the neurotransmitter released from cavernous nerves during sexual
stimulation (9), and NO diffuses into smooth muscle cells of the
penis, stimulating the production of cGMP and leading to corpus cav-
ernosum smooth muscle relaxation, vasocongestion, and erection
(10,11). It remained to be shown that PDE5 was present in the smooth
muscle of the corpus cavernosum, but the Pfizer team assumed this
must be true if the erections reported in the volunteer study were drug-
related. Moreover, the publication by Ignarro et al. was important
because it indicated that if sildenafil was indeed facilitating the erectile
response, then sexual stimulation was a prerequisite for this drug effect.
The role of sexual stimulation probably explains the absence of reports
of erections in earlier studies and had important implications for the
design of clinical studies in men with ED.

In 1993, the first pilot study of sildenafil in men with ED was
started, and, in late 1994, sildenafil entered phase IIB clinical trials.
Sildenafil was first approved for the treatment of ED in 1998 and, inter-
estingly, after a few years on the market and further preclinical and
clinical studies, not only is PDE5 inhibition firmly established as a
treatment of ED but there is renewed interest in the potential of PDE5
inhibition as a possible therapeutic approach to a number of cardio-
vascular conditions. The remainder of this chapter focuses on the
mechanism of action of sildenafil in relation to the NO/cGMP signal-
ing pathway and the relevance of this mechanism to erectile function.

NO/CGMP SIGNALING PATHWAY

Nitric Oxide
Organic nitrates have been a mainstay in the symptomatic manage-

ment of coronary artery disease (CAD) since Brunton and Murrell used
them to relieve angina in Britain in the mid-1800s (12). The organic
nitrates mediate hemodynamic and antianginal actions via vasodilation of
capacitance veins and conductive arteries (7). However, a century passed
before it was determined that NO, liberated after denitration of the
organic nitrate prodrug, was the active moiety in organic nitrates (13).
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ENDOGENOUS SYNTHESIS

From the 1980s onward, the endothelium began to be recognized
not simply as a passive internal lining of blood vessels but for its active
ability to modulate the tone of the adjacent smooth muscle by secret-
ing a chemical signal. The chemical factor was known originally as
endothelium-derived relaxing factor because of its source and vascular
smooth muscle relaxation activity (14), but in 1987 it was recognized
that NO and endothelium-derived relaxing factor were one and the
same entity (15,16).

NO is produced by the catalytic actions of NO synthase (NOS) on
the substrate L-arginine. There are three types of NOS: two calcium-
dependent, low-output enzymes (type I or neurogenic [nNOS] and type
III or endothelial, constitutive [eNOS]) and a calcium-independent,
high-output enzyme (type II or inducible [iNOS]; 17). All three iso-
forms have been found in vascular smooth muscle cells, depending on
the blood vessel type (18). In the corpus cavernosum of the human
penis, the cavernous nerves express nNOS, and eNOS and iNOS are
present in smooth muscle cells (19,20) and endothelial cells (21).

PHYSIOLOGICAL EFFECTS

NO diffuses rapidly across cell membranes. Some of the many bio-
chemically transformed species of NO are highly reactive and include
transition metals such as hemoglobin (Fe2+)–NO and oxygen super-
oxide, which produces the potent and toxic oxidant peroxynitrite (6).
However, most of the nonlytic effects of NO are mediated by cGMP. In
the NO/cGMP signaling pathway, released NO helps to regulate blood
flow and blood pressure through actions on vascular smooth muscle; it
is also involved in inhibition of platelet aggregation and adhesion and
probably in inhibition of vascular smooth muscle proliferation (5).

The use of NOS antagonists, such as N-monomethyl-L-arginine,
helps to elucidate some of the physiological effects of NO. Inhibition
of NO synthesis with an NOS antagonist increases total peripheral
resistance and mean arterial pressure and decreases heart rate and car-
diac index (22–24). Interestingly, in earlier studies using animal
models, small doses of NOS inhibitors inhibited erections (25).

Guanylyl Cyclases
Guanylyl cyclases are a family of membrane-bound or soluble

enzymes that catalyze the conversion of GTP to cGMP (3,4). They
respond to diverse signals, including peptide ligands and changes in
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intracellular calcium concentrations. However, NO is the chief activa-
tor of sGC (Fig. 1; 26). sGC is found in the cytoplasm of almost all
mammalian cells, and NO binds directly to the heme group of sGC to
form a ferrous-nitrosyl-heme complex (Fig. 2; 2). cGMP and pyrophos-
phate are the sole products of catalysis of GTP (27).

Cyclic Guanosine Monophosphate
CELL SIGNALING

cGMP interacts with cGMP-dependent protein kinases (PKGs),
cGMP-regulated ion channels, and cGMP-regulated PDEs (Fig. 1;
1). Increased availability of intracellular cGMP has different physio-
logical and functional outcomes depending on the type, combination,
and intracellular localization of cGMP targets and on the cGMP-
metabolizing activity of PDEs (2). This complex interaction of cellu-
lar processes involves multiple intracellular signaling pathways,
“crosstalk” between pathways, and feedback loops, which gives rise to
a great diversity of responses that can be cell and tissue specific.
cGMP signaling to protein kinases and ion channels is discussed
below, and the interaction of cGMP with PDEs is discussed in
“Substrate Selectivity.”

Protein kinases catalyze the phosphorylation of target proteins, and
PKG is the principal mediator of cGMP signals. Phosphorylation has
been demonstrated in vitro for many proteins, but only a few have been
recognized clearly as physiological substrates, indicating the impor-
tance of intracellular localization or compartmentalization.

The principal family of cyclic nucleotide-gated ion channels regu-
lates the influx of Ca2+ and Na+ into cells. All are regulated by intra-
cellular and/or extracellular Ca2+ and are activated by both cGMP and
cAMP, although certain isotypes are more sensitive to one or the other
of the cyclic nucleotides (2). Cyclic nucleotide-gated ion channels are
involved in the physiology of vascular smooth muscle relaxation. They
are also the means by which cGMP regulates retinal phototransduction
in rod and cone photoreceptors and by which cGMP and cAMP regu-
late olfaction (28).

PHYSIOLOGICAL EFFECTS

Intracellular levels of cGMP affect numerous cellular functions,
including extent of smooth muscle relaxation, intestinal fluid and elec-
trolyte homeostasis, initiation of visual signal phototransduction, neu-
trophil degranulation, and inhibition of platelet aggregation (29).
Regulation of vascular smooth muscle motility is a major function of
cGMP generated via the NO/cGMP signaling pathway.
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cGMP mediates vascular smooth muscle relaxation via reduction of,
and desensitization to, intracellular Ca2+. Reduction of intracellular
Ca2+ is mediated by PKG phosphorylation of proteins associated with
Ca2+-gated channels. Desensitization of the contractile apparatus to
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Fig. 2. Soluble guanylyl cyclases are heterodimers that possess a heme prosthetic
group with a pentacoordinated ferrous (Fe2+) core that forms an imidazole axial
bond with His105 of the β-subunit. NO activates sGC by directly binding to the
sixth position of the ferrous core, breaking the bond between iron and histidine,
dissociating it from the axial imidazole ligand, and displacing the iron from the
plane of the porphyrin ring. NO, nitric oxide; sGC, soluble guanylyl cyclase;
cGMP, cyclic guanosine monophosphate; GTP, guanosine triphosphate. Repro-
duced with permission from Lucas et al. (2).



Ca2+ is effected via cGMP-dependent protein kinase I α, which inter-
acts with myosin light chain phosphatase to dephosphorylate myosin
light chain (30).

PDEs and PDE5
PDEs are intracellular enzymes that are of critical importance for

regulating the levels of cyclic nucleotides (cAMP and cGMP) in the
cell. They constitute a large superfamily, are highly regulated by sev-
eral signaling pathways, exert their inhibitory activity mainly via
hydrolysis of the 5′-nucleoside monophosphate (but may also func-
tion as a means of sequestration of cGMP), and are targeted by many
drugs (29,31).

DESCRIPTION, CLASSIFICATION, AND NOMENCLATURE

The PDE superfamily contains two classes, but all mammalian PDEs
are contained in Class I (31). Class I contains 11 families and 21 sub-
families, each from separate genes, among which there are more than
59 variations/isoforms (Table 1). The individual PDEs are differentiated
by their substrate selectivities (cGMP and/or cAMP), mechanisms of
regulation, tissue distribution, inhibitor selectivity, and subcellular
localization (Table 2; 32).

PDE5 was first purified two decades ago by Francis et al. (33). This
group has undertaken much of the subsequent work on this enzyme
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Table 1
PDE Nomenclature and Families

Subfamily
PDE family (no. of splice variants) Substrate

1 A (4), B (1), C (5) cAMP/cGMP
2 A (3) cAMP/cGMP
3 A (1), B (1) cAMP/cGMP
4 A (8), B (3), C (4), D (5) cAMP
5 A (3) cGMP
6 A (1), B (1), C (1) cGMP
7 A (3), B (1) cAMP
8 A (5), B (1) cAMP
9 A (6) cGMP
10 A (2) cAMP/cGMP
11 A (4) cAMP/cGMP

PDE, phosphodiesterase; cAMP, cyclic adenosine monophosphate; cGMP, cyclic
guanosine monophosphate.



Table 2
Physiological and/or Functional Roles of PDEs

PDE
family Role(s) Evidence (31,35,43–45,115,116)

11 Vascular smooth muscle Broad distribution, but highest levels in
proliferation; Ca2+ proliferating vascular smooth muscle
modulation of olfaction. cells, testes, heart, and neural tissues (e.g.,

olfactory epithelial cells); binding and
inactivation by Ca2+/calmodulin.

12 Regulation of Ca2+ channels, Broad distribution, but highest levels 
olfaction, platelet aggregation, in brain and adrenal cortex.
and aldosterone secretion.

13 Cardiac contractility, insulin Broad distribution, but particular 
secretion, and lipolysis abundance in adipose tissue, liver, cardiac

muscle, vascular smooth muscle, and platelets;
inhibited by drugs with cardiotonic,
vasodilatory, thrombolytic, and antiplatelet
aggregation properties; stimulated by insulin,
leptin, and insulin-like growth factor.

14 Immunological and Broad distribution, highest levels in neural
inflammatory signaling and endocrine tissue; inflammatory cells
processes; smooth muscle to participate in the pathogenesis of
tone; depression inflammatory diseases (i.e., asthma and

chronic obstructive pulmonary disease),
preferentially express PDE4.

15 Penile erection; smooth muscle Abundant distribution in smooth muscle;
tone of vasculature, airways, clinical efficacy of the PDE5-specific
and gastrointestinal tract. inhibitor, sildenafil, for treatment of ED.

16 Vision Distribution in rod and cone photoreceptor
cells; some visual defects related to PDE6
mutations.

17 T-lymphocyte activation and Distribution is predominantly in 
proliferation; skeletal muscle T-lymphocytes (PDE7A1); PDE7 mRNA
metabolism. is abundant in skeletal muscle tissue,

T-lymphocytes, and B-lymphocytes, but
protein and activity are readily measurable
only in T-lymphocytes.

18 T-cell activation. PDE8A mRNA widely expressed (highest in
testis); PDE8B is specific to thyroid gland
(117).

19 Possibly maintains basal mRNA widely expressed, particularly 
intracellular cGMP levels or in spleen, intestine, kidney, heart, and 
natriuresis and vascular tone. brain.

10 Unknown. Human PDE10 widely distributed.
11 Sperm capacitation; other mRNA occurs at highest levels in skeletal 

functions unknown. muscle, prostate, kidney, liver, pituitary and
salivary glands, and testis; protein localized to
vascular smooth muscle cells, cardiac
myocytes, corpus cavernosum of the penis,
prostate, and skeletal muscle (118,119).

PDE, phosphodiesterase; cGMP, cyclic guanosine monophosphate.



and has published several excellent reviews (29,31). Their working
model of PDE5 illustrates the dimeric structure common to all mam-
malian PDEs (Fig. 3).

SUBSTRATE SELECTIVITY

Certain PDEs are specific for cGMP (PDEs 5, 6, and 9), and others
are specific for cAMP (PDEs 4, 7, and 8); both cAMP and cGMP are
substrates for the “dual-specificity” PDEs (PDEs 1, 2, 3, 10, and 11),
as measured in vitro (Table 1). PDE5 is a cGMP-binding, cGMP-
specific PDE (34) that is particularly abundant in smooth muscle. The
PDE5 catalytic site has a significantly higher affinity for cGMP
(Km approximately 1–5 µM) than for cAMP (Km approximately 300 µM),
but cAMP can be hydrolyzed if the concentration is artificially main-
tained high enough and it is the only in vitro substrate available (31).
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Fig. 3. Working model of PDE5: The regulatory domain in the amino-terminal
portion contains a phosphorylation site and two allosteric cGMP-binding sites, a
and b, that are theorized to be involved in a cGMP negative-feedback loop. The
catalytic domain in the carboxyl-terminal portion contains 2 Zn2+-binding motifs,
A and B, and a cGMP-binding substrate site. cGMP, cyclic guanosine monophos-
phate; PDE5, phosphodiesterase type-5. Reproduced with permission from Corbin
and Francis (29).



However, under normal physiological conditions, only cGMP is
hydrolyzed by PDE5. PDE11 is the most similar to PDE5 based on
amino acid sequence analysis (50% identity in the catalytic domain;
35). However, PDE5 is cGMP-binding and cGMP-specific, whereas
PDE11 is a dual-specificity PDE. Three splice variants of the PDE5A
family have been identified. PDE5A1, PDE5A2, and PDE5A3 have
similar cGMP catalytic activities, with binding rate constants for the
catalytic site of 6.2, 5.75, and 6.06 µM, respectively (36).

MECHANISMS OF REGULATION

Various mechanisms regulate PDE activity, and most of these are
known to be active with PDE5. As theorized by Corbin and Francis (29),
several specific mechanisms appear to interact in a complex manner to
regulate PDE5 through negative feedback: (a) increased intracellular
cGMP concentration stimulates increased cGMP catalysis by PDE5
because of mass action (increased substrate availability); (b) binding of
cGMP at the PDE5 catalytic site enhances cGMP binding at PDE5
allosteric sites, inducing a conformational change in PDE5; (c) cGMP
binding at PDE5 allosteric binding sites increases phosphorylation of
PDE5 by PKG, which leads to (d) further increases in cGMP catalysis.
Compartmentalization between cells can physically segregate different
cyclic nucleotide signaling pathways and prevent crosstalk, for example,
between PDE3, which is expressed within the cardiac myocyte,
and PDE5, which is not (37,38). Furthermore, compartmentalization
within the cell can also serve to limit crosstalk between signaling path-
ways involving PDEs, as has been recently and well characterized for
PDE4 (39).

TISSUE DISTRIBUTION AND INTRACELLULAR LOCALIZATION

Intracellular localization of PDEs can affect their ability to influ-
ence or be influenced by other components of cyclic nucleotide sig-
naling pathways (37) and, therefore, can determine the physiological
and functional role of a PDE. Some PDEs are localized primarily in
either the particulate fraction (PDEs 6 and 7A2) or the cytoplasmic
fraction (PDEs 5 and 8) of the cell, whereas others are distributed more
evenly in both compartments (e.g., PDEs 3 and 4; 31), which is deter-
mined by the isoform in question. Certain PDEs appear to be expressed
selectively in different tissues, and PDE5 is relatively less widely dis-
tributed compared with many other PDEs (31). PDE5 is abundant in
vascular smooth muscle of all tissues, including penis and lung. It is
also present in platelets and visceral smooth muscle (gastrointestinal
and urogenital tracts; 33,40–43). Recent PDE localization studies using
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immunohistochemistry have confirmed that PDE5 is highly expressed
in vascular medial smooth muscle and smooth muscle bundles (38,
44,45). Among cardiovascular tissues, PDE5 activity was found in
the saphenous vein (along with activity for PDEs 1 and 4), the mesen-
teric artery (along with activity for PDEs 1, 2, 3, and 4), and coronary
vascular smooth muscle tissue but not in the cardiac ventricle or car-
diac myocytes (38,46). Two PDE5 isoforms, PDE5A1 and PDE5A2,
have been isolated from penile and nonpenile tissues, whereas PDE5A3
has been reported to be detected only in tissues with substantial
amounts of smooth muscle (36). Parums et al. (38,46), using a specific
polyclonal antibody against PDE5 and immunohistochemistry tech-
niques, have not been able to detect PDE5 in human cardiac myocytes.
However, there have been reports of PDE5 in cardiac myocytes in the
dog (47). Senzaki et al. used chemifluorescent immunohistochemistry
to demonstrate PDE5A expression in both the vasculature and
myocytes of normal and failing dog hearts, but the possibility of a false
positive signal caused by epifluorescence in cardiac tissue cannot be
discounted (47).

INHIBITOR SELECTIVITY

Competitive inhibitors of PDE are analogs of cyclic nucleotides that
bind to the substrate-binding site and directly decrease the rate of sub-
strate catalysis. Noncompetitive inhibitors bind to different, nonactive
sites and, therefore, indirectly decrease the rate of substrate catalysis,
perhaps by effecting conformational changes in the PDE molecule.
Inhibitors do not interact with the cGMP-binding allosteric sites (33).

Some nonselective PDE inhibitors, for example, zaprinast (35), may
exhibit inhibitory effects on multiple PDE families, but others are quite
selective for a specific PDE (Table 3). Selectivity is dependent on how
the inhibitor molecule fits into the catalytic site of the PDE enzyme
molecule, which will vary between PDE families and will be dependent
upon inhibitor structure. Therefore, structurally related molecules gen-
erally will have similar selectivity profiles, for example, sildenafil and
vardenafil, which are potent PDE5 inhibitors with moderate selectivity
over PDE6 (Table 3). In contrast, structurally unrelated molecules may
have different selectivity profiles. For example, although sildenafil and
tadalafil are both potent PDE5 inhibitors, only tadalafil has moderate
selectivity over PDE11. The specific role that PDE5 plays in control-
ling vascular smooth muscle relaxation in the corpus cavernosum of
the penis has now become apparent with the demonstration that silde-
nafil selectively increases penile levels of cGMP (48).
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PDE5 INHIBITION BY SILDENAFIL

Chemistry and Pharmacology of Sildenafil
Sildenafil is a highly selective competitive inhibitor of PDE5

(Fig. 4). The pyrazolopyrimidinone nucleus of sildenafil is similar to
the guanosine base of cGMP, the endogenous ligand of PDE5. The
propyl, methyl, and ethoxyl groups of the pyrazolopyrimidinone
nucleus enhance the specificity of sildenafil for PDE5 compared with
PDEs 1 and 3 (49). Substitution of a polar sulfonamide group off the
ethoxyphenyl moiety also increases the specificity of sildenafil for
PDE5 and increases solubility of the drug (49).
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Table 3
PDE Inhibition and Selectivity

Geometric mean IC50 values (µM)
(fold selectivity vs PDE5 in brackets)

PDE6
Compound PDE1 PDE2 PDE3 PDE4 PDE5 (rod)

Sildenafil 0.281 >30 16.2 7.68 0.00350 0.037
(80) (>8570) (4630) (2190) (11)

Tadalafil >30 >100 >100 >100 0.00674 1.26 
(>4450) (>14,800) (>14,800) (>14,800) (187)

Vardenafil 0.070 6.20 >1.0 6.10 0.00014 0.0035 
(500) (44,290) (>7140) (43,570) (25)

PDE6
(cone) PDE7A PDE8A PDE9A PDE10A PDE11A

Sildenafil 0.034 21.3 29.8 2.61 9.80 2.73 
(10) (6090) (8510) (750) (2800) (780) 

Tadalafil 1.30 >100 >100 >100 >100 0.037 
(193) (>14,800) (>14,800) (>14,800) (>14,800) (5)

Vardenafil 0.0006 >30 >30 0.581 3.0 0.162 
(4) (>214,000) (>214,000) (4150) (21,200) (1160)

IC50s were determined using either native enzyme purified from human tissue (PDE1,
heart; PDEs 2, 3, and 5, corpus cavernosum; PDE4, skeletal muscle; PDE6, retina) or
using recombinant human enzymes expressed in S f 9 cells (PDEs 7–11) and purified by
anion-exchange chromatography.

PDE, phosphodiesterase; IC50, drug concentration necessary to inhibit 50% of enzyme
activity.

Adapted from Gbekor et al. (50).



The cGMP catalytic activity of all three isoforms of PDE5 is inhib-
ited by sildenafil, with essentially identical 50% inhibitory concentra-
tions (IC50) for isoforms cloned from human penile tissues (36). In an
attempt to define the complete biochemical selectivity profile of silde-
nafil, molecular cloning techniques and enzyme activity assays in the
presence and absence of sildenafil and other competitive PDE5
inhibitors were used to determine the IC50 for PDEs 1 through 11
(Table 3; 50). The results indicate that sildenafil exerts a high degree of
selectivity for PDE5 and a minor inhibitory action against PDE6. PDE6
is present exclusively in rod and cone photoreceptors, and sildenafil
has about 10-fold less inhibitory activity against it than PDE5 (42,51).
This lower inhibitory action of sildenafil against PDE6 can result in a
transient blue tinge to vision or an increased perception of light in a
small minority of patients, most often when taken at higher doses (see
“Vision”). Based on the selectivity of sildenafil for PDE5, doses
approved for treating ED have little or no clinically significant effect on
physiological processes mediated by other PDEs.

Relevance to Erectile Function
Penile erectile tissue consists of the corpus cavernosum and the

corpus spongiosum, which are composed of sponge-like, interconnected
trabecular spaces lined by vascular epithelium and smooth muscle and
surrounded by a thick fibrous sheath, the tunica albuginea. Relaxation of
the smooth muscle cells allows increased blood flow into, and expan-
sion of, the penis (52). Pressure of the expanded corpus cavernosum

102 Osterloh and Phillips

Fig. 4. Comparison of the structure of the competitive PDE5 inhibitor, sildenafil,
with that of native substrate, cGMP. cGMP, cyclic guanosine monophosphate;
PDE5, phosphodiesterase type-5.



against the inflexible tunica albuginea reduces the outflow of venous
blood and causes further pressure increase, resulting in erection.

During sexual stimulation, noncholinergic, nonadrenergic, auto-
nomic nerve endings, and also endothelial cells in the arteries and sinu-
soids of the corpus cavernosum, release NO, which diffuses into the
vascular smooth muscle cells. The generation of neurally derived NO,
leading to formation of cGMP, relaxes penile vessels and corpus cav-
ernosum and mediates penile erections (25). Although neurally derived
NO is important in initiating erection, endothelial release of NO is
important in maintaining erection (53). The main cGMP-hydrolyzing
PDE activity detected in human corpus cavernosum is PDE5, with
PDEs 2 and 3 also being detected at lower levels; PDE9 and PDE11
also have been detected by reverse transcriptase polymerase chain reac-
tion and immunohistochemistry, respectively (45,48,51,54,55).

In vitro studies in rabbits demonstrated that sildenafil increases
cGMP levels in corpus cavernosum, and the increase is augmented in
the presence of sodium nitroprusside, an NO donator (48). Further-
more, in vivo studies in dogs with sildenafil demonstrated a dose-
dependent enhancement of corpus cavernosum relaxation and
intracavernosal pressure, and hence penile erection, in response to
endogenously released NO after cavernous nerve stimulation (56). This
indicates involvement of PDE5 in the NO-mediated relaxation path-
way and enhancement of nitrergic relaxation of corpus cavernosum by
sildenafil. Sildenafil enhanced the electrical field-stimulated relaxation
of human corpus cavernosum in a concentration-dependent manner
(Fig. 5; ref. 51). Despite the coexpression of PDE11 with PDE5 in the
vascular smooth muscle and smooth muscle bundles of corpus caver-
nosum, PDE11 has been shown to play no role in NO-mediated relax-
ation of corpus cavernosum (45).

Sildenafil is rapidly absorbed after oral administration, achieving
maximum plasma concentrations (Cmax) within 1 h; concentrations
decline in a biexponential manner with a mean terminal half-life of
3–5 h (55). Approximately 95% of absorbed sildenafil is bound to
plasma protein, leaving the remainder circulating in plasma as unbound
free drug available for interaction with PDE5 at its intracellular recep-
tor (57,58). Administration of a 100-mg dose of sildenafil achieves a
Cmax of unbound free sildenafil of approximately 40 nM (55,58), which
is well below the IC50 values of sildenafil for most PDEs but is suffi-
cient to achieve greater than 95% inhibition of the PDE5 catalytic site
if equilibration occurs between the plasma and the cell (Table 3).

Modulating cGMP levels have a rapid effect on erectile function,
and the window of opportunity for use of sildenafil in men with ED is
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consistent with its pharmacokinetic profile. This was demonstrated in
randomized, double-blind studies using penile rigidity monitoring
devices in a controlled laboratory environment to quantify the magni-
tude, time to onset, and duration of the erectile response to sildenafil
treatment (59,60). Within 30 min of receiving sildenafil 50 mg, 71% of
17 men experienced onset of erection in response to visual sexual stim-
ulation. In a second study, erections rigid enough for penetration
occurred at least 4 h after sildenafil administration, which is consis-
tent with the mean drug elimination half-life of 3–5 h. Further studies
have indicated that a significant proportion of patients can obtain erec-
tions for up to 12 h after taking an oral dose of sildenafil (60).

Clinical Utility of Sildenafil in the Treatment of ED
Sildenafil improves erectile function in a high percentage of indi-

viduals with ED (59,61). Sildenafil is well-tolerated and effectively
enhances the penile erectile response to sexual stimulation, improving
the satisfaction and quality of life of patients and their partners
(62–65). A brief overview of the current state of knowledge of the clin-
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Fig. 5. Effect of sildenafil on electrical field stimulation-induced relaxation of con-
tracted human corpus cavernosal tissue strips. Tissues were contracted with phenyle-
phrine (10 µM) before electrical field stimulation (1–16 Hz). Effects of sildenafil at
10 nM and higher were significantly different from those of control groups.
*p <0.05; ***p <0.001. Reproduced with permission from Ballard et al. (51).



ical properties of sildenafil follows. Some of the information will be
highlighted for the insight it provides on the actions of sildenafil on
the NO/cGMP pathway.

PREREGISTRATION

At the time of regulatory submission in September 1997 in the
United States, the pharmacokinetics, efficacy, and safety of sildenafil
had been studied in greater than 60 clinical trials, which enrolled over
5000 men (66). Phase III trials, most of which incorporated a double-
blind treatment period lasting for 12 or 24 wk, showed sildenafil to be
an effective, on-demand treatment of ED in men with various associated
medical conditions. The main exclusion criteria were recent onset of
serious cardiovascular disease (>6 month) and use of nitrates, but patients
with stable cardiovascular disease (e.g., controlled hypertension, previ-
ous myocardial infarction, stable exertional angina) were not excluded.

Men in whom the cause of dysfunction was thought to be predomi-
nantly psychogenic had the highest response rates to the global effi-
cacy question, “Did treatment improve your erections?” (sildenafil
84%; placebo 24%). Among patients with predominantly organic
causes of ED, the overall response rate was 68% (vs 19% for placebo),
but the rate was 59% (vs 16% for placebo) in patients with diabetes
mellitus and 43% (vs 15% for placebo) in a nonselected group of
patients post prostatectomy. In numerous long-term studies (lasting
36–52 wk), only 5% of patients discontinued sildenafil treatment
because of lack of efficacy.

The main adverse events were headache and facial flushing, fol-
lowed by indigestion and nasal congestion (61); given the selectivity of
sildenafil over all human PDEs (Table 3), these events are almost cer-
tainly PDE5 mechanism related. Transient visual symptoms, mainly
disturbances of color vision, occurred predominantly with the 100-mg
dose and at the time of peak plasma concentrations and are almost cer-
tainly caused by transient inhibition of PDE6 in rods and cones. Across
the whole clinical trial database, serious adverse events occurred in a
similar incidence with sildenafil and placebo, and none were consid-
ered related to sildenafil therapy. The main contraindication to silde-
nafil therapy is coadministration with nitrates, because, as described,
both nitrates and sildenafil act on the NO/cGMP pathway and the com-
bination can lead to excessive vasodilatory effects (67,68).

POSTMARKETING

Since its launch in the United States in April 1998 for treatment of
ED, sildenafil has received regulatory approval in more than 110 coun-
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tries. The postmarketing clinical experience is extensive: over 100 mil-
lion prescriptions issued to over 20 million patients and over 500 mil-
lion tablets distributed worldwide. In addition, preclinical and clinical
study of sildenafil has continued, with new publications relating to
sexual medicine as well as to cardiology, respiratory medicine, and
reproductive medicine (69–88). Documentation of efficacy in the treat-
ment of ED has now been extended to patients with multiple sclerosis
(89), Parkinson’s disease (90), untreated symptoms of minor depres-
sion (91), spina bifida (92), and in patients with prostate cancer treated
with radiotherapy (external beam or local; 93–95). Encouraging data
indicate efficacy of sildenafil in the treatment of patients following
major surgery: prostatectomy (96,97), heart transplant (98), and renal
transplant (99). Although a recent publication suggested that some
patients might experience loss of efficacy with prolonged use (100),
other reports indicate that the efficacy of sildenafil is maintained over
periods of a year or longer (101,102).

INSIGHTS INTO THE NO/CGMP SYSTEM

It is interesting to consider the clinical profile as summarized above
in the light of current knowledge of sildenafil’s action on the
NO/cGMP system. The subjectively assessed efficacy of sildenafil is
significantly greater than that of placebo regardless of whether ED is
organic or psychogenic in origin (Table 4; 62). The high response rates
(84%) in patients without recognized organic disease indicates that
amplification of cGMP levels is an efficient way of treating ED of pre-
dominantly psychogenic cause in individuals with relatively healthy
vascular and neurologic systems. In patients with organic illnesses such
as hypertension and CAD, response rates are only slightly lower
(60–70%), indicating that amplification of cGMP can be effective in
overcoming the effects of vascular disease and associated medications
in impairing the relaxation of the corpus cavernosum smooth muscle.
The lower response rates in diabetics (approximately 50–60%) than for
most other organic diseases may reflect pathological processes at mul-
tiple sites (large vessels, small vessels, peripheral nerves).

Clinical data indicate the importance of a neural pathway that is at
least partially intact for the therapeutic action of sildenafil. Provided
there is some innervation, sildenafil can often be very effective. For
example, response rates of approximately 80% have been observed in
patients with spinal cord injury (103). Many patients with spinal cord
injury have high level cord lesions and experience reflexogenic erec-
tions induced by various stimuli. Reflexogenic erections occur because
there is an intact sensory and autonomic pathway below the cord lesion
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(via the sacral segments of the spinal cord) but generally are short-
lived and insufficient for sexual intercourse. Administration of silde-
nafil amplifies the signal leading to a reflexogenic erection and, in
many patients, allows this to be maintained for intercourse. The par-
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Table 4
Mean Scores of Responses to Questions 3 and 4 of the International
Index of Erectile Function and Global Efficacy Question Responses

for Men Receiving Sildenafil or Placebo in a Randomized,
Double-Blind, 12-Wk Flexible-Dose-Escalation Study

Pathophysiology of ED

Percent
Treatment group Baseline End-of-treatment change p value

IIEF a question 3 (ability to achieve)
Organic

Placebo (n = 90) 2.0 ± 0.2 2.0 ± 0.2 0
Sildenafil (n = 81) 1.8 ± 0.2 3.6 ± 0.2 100 <0.001

Psychogenic
Placebo (n = 24) 2.2 ± 0.2 2.3 ± 0.4 5
Sildenafil (n = 19) 2.0 ± 0.2 4.3 ± 0.4 115 <0.001

Mixed
Placebo (n = 24) 2.3 ± 0.3 2.8 ± 0.3 22
Sildenafil (n = 38) 2.3 ± 0.3 3.6 ± 0.3 57 0.08

IIEF a question 4 (Ability to maintain)
Organic

Placebo (n = 90) 1.4 ± 0.1 1.4 ± 0.2 0
Sildenafil (n = 80) 1.4 ± 0.1 3.3 ± 0.2 136 <0.001

Psychogenic
Placebo (n = 24) 1.7 ± 0.2 1.9 ± 0.3 12
Sildenafil (n = 19) 1.6 ± 0.2 3.8 ± 0.4 138 <0.001

Mixed
Placebo (n = 24) 1.8 ± 0.3 2.3 ± 0.4 28
Sildenafil (n = 38) 1.6 ± 0.2 3.7 ± 0.4 131 0.005

GEQ (Did the treatment improve your erections?)
Placebo (n = 118) 19%
Sildenafil (n = 136) 74% <0.001

aBased on a scale of 1 (almost never or never) to 5 (almost always or always), with 0
representing “did not attempt intercourse.” Values are means ±SE. Percent differences are
between the final and baseline mean scores. p values are calculated according to analysis
of covariance (ordered categorical variable), with baseline score, age, smoking, and dura-
tion and cause of ED as covariates. IIEF, International Index of Erectile Function; GEQ,
Global Efficacy Question.

Adapted from Goldstein et al. (62).



tially intact innervation of the penis is also the reason why sildenafil is
effective in patients with spina bifida and other neurological conditions
such as multiple sclerosis (89,92).

An intact neural pathway is also key to the efficacy of sildenafil in
patients who have had radical prostatectomy. A review of early clinical
trials determined that only 43% of 87 patients with ED after radical
retropubic prostatectomy responded to sildenafil therapy (61). The low
response rate is thought to reflect surgical damage to the cavernous
nerves, resulting in an inability to activate the NO/cGMP signaling
pathway (62). If, during surgery, no attempt is made to spare the micro-
scopic cavernous nerves that course round the prostate, then sildenafil
is completely ineffective, consistent with the complete disruption of
the nitrergic innervation of the penis. However, if nerve-sparing surgery
is undertaken, then sildenafil can be effective, although patients gener-
ally have to wait several months to a year or more after surgery before
an acceptable response is obtained. This is consistent with some degree
of nerve damage during surgery and slow recovery of neural supply
postsurgery. In men with ED after radical retropubic prostatectomy,
sildenafil response rates as high as 80% were reported if the surgery
incorporated bilateral nerve-sparing procedures, 50% for unilateral
nerve-sparing surgery, and 15% for non-nerve-sparing surgery (104).

Actions of Sildenafil on the NO/cGMP
Pathway in Other Systems

Sildenafil is a highly potent and selective inhibitor of PDE5 and a
weak inhibitor of PDE6. Thus, in addition to the fact that PDE5 inhi-
bition underlies the therapeutic effect, virtually all of the adverse
effects attributed to the drug can be explained in terms of PDE5 or
PDE6 inhibition. The adverse events most commonly associated with
sildenafil treatment in clinical trials were headache, flushing, dyspep-
sia, nasal congestion, and mild transient visual effects in a small
number of patients (105). These reflect PDE5 inhibition in the sys-
temic vasculature, esophagogastric sphincter, and the nasal mucosa and
transient inhibition of PDE6 in the retinal photoreceptor cells. For
vision and for the cardiovascular system, the molecular basis for poten-
tial sildenafil effects is discussed briefly below.

VISION

As noted previously (see “Chemistry and Pharmacology of
Sildenafil”), sildenafil exerts a minor inhibitory action against PDE6,
which is present exclusively in rod and cone photoreceptors. Sildenafil
PDE6 IC50s were 37 nM (rods) and 34 nM (cones) compared with a
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PDE5 IC50 of 3.5 (Table 3). Peak plasma concentrations of free silde-
nafil achieved with the maximum therapeutic dose of 100 mg may
reach the PDE6 IC50, which may result in a mild, transient blue tinge
to vision or an increased perception of light in a small minority of
patients (105,106). However, rapid elimination of sildenafil (half-life of
3–5 h) limits systemic drug exposure, so adverse effects are usually
transient, lasting minutes to a few hours. There have been no long-term
consequences of prolonged PDE5/6 inhibition in animals exposed to
very high doses of sildenafil. In long-term clinical and postmarketing
studies, there was no consistent pattern of adverse events to suggest
that intermittent partial inhibition of PDE5 or PDE6 by sildenafil can
induce changes to the retina or other structures of the eye (104,107).

CARDIOVASCULAR

In the systemic vasculature, endothelial release of NO is important
in modulating smooth muscle activity. Consistent with the presence of
PDE5 in vascular smooth muscle and the role of the NO/cGMP sig-
naling pathway in the regulation of blood pressure (108,109), silde-
nafil has modest transient vasodilatory effects (88). Although the
effects of sildenafil alone are modest, it potentiates the hypotensive
effects of nitrates via its effect on the NO/cGMP signaling pathway
(68). Although there appears to be a limit to the degree of vasodilation
that can be achieved by inhibiting PDE5, when the NO/cGMP pathway
is also augmented by endogenous sources of NO, the coadministration
of sildenafil can result in excessive vasodilation. Thus, administration
of sildenafil to patients using organic nitrates, either regularly or inter-
mittently, in any form, is contraindicated. Although amplification of
the NO/cGMP system via PDE5 inhibition appears to have only
modest effects on the systemic circulation (in the absence of an exoge-
nous source of NO), the same may not be true in the pulmonary circu-
lation and in localized areas of the systemic circulation affected by
various disease processes. For example, in certain forms of pulmonary
arterial hypertension, where there is considerable hypertrophy of the
smooth muscle of the pulmonary arteries and arterioles, PDE5 inhibi-
tion appears to show tremendous promise as a treatment to improve
symptoms and functional capacity of severely disabled patients. A more
extensive review of the hemodynamics of PDE5 inhibition is provided
in Chapter 8.

PDE3 is present in cardiac muscle and PDE3 inhibitors such as mil-
rinone potentiate the cardiac contractile response by augmenting cAMP
levels in the cardiac myocytes (110). PDE3 is a dual-specificity PDE
(catalyzes both cAMP and cGMP), and cGMP exerts feedback inhibi-
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tion on PDE3 (111). A report that supratherapeutic levels of sildenafil
stimulate the production of cAMP in isolated human cardiac muscle
raised some questions that PDE5 inhibition by sildenafil could indi-
rectly increase myocyte contractility via elevation of cGMP levels and
consequent inhibition of PDE3 (112). However, this theory has been
refuted by in situ hybridization and immunohistochemistry studies,
which did not find PDE3 and PDE5 colocalization in cardiac myocytes
(38,46), ruling out the potential for crosstalk in the cardiac myocyte.
More importantly, preclinical and clinical studies show that sildenafil
does not have a direct positive inotropic action on the human heart
(113,114). The safety of PDE5 inhibition in cardiac patients is
reviewed in Chapter 9.

CONCLUSION

Regulation of vascular smooth muscle tone is the major function of
cGMP generated via the NO/cGMP signaling pathway. This pathway
controls relaxation of penile vessels and corpus cavernosum and medi-
ates penile erections. The central role of PDE5 in regulating the avail-
ability of cGMP in the NO/cGMP signaling pathway, and the less
broad tissue distribution of PDE5 compared with other PDEs, makes it
an ideal target for pharmacological intervention. The selectivity of
sildenafil for PDE5 further contributes to a high degree of specificity,
resulting in an effective and well-tolerated treatment for ED.
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PDE5 AND OTHER PHOSPHODIESTERASE FAMILIES

Mammalian cyclic nucleotide phosphodiesterases (PDE) are a super-
family of enzymes that currently consists of 11 families named
PDE1–PDE11 (Fig. 1; ref. 1). Some of these families contain multiple



genes so that now there are known to be more than 20 PDE genes, and
splicing variation of most of the genes yields even more PDEs with a
final total of more than 50 isoforms (2). Some of the PDEs degrade
cyclic guanosine monophosphate (cGMP), some degrade cyclic ade-
nine monophosphate (cAMP), and some degrade both cyclic
nucleotides. These enzymes vary in tissue distributions and are believed
to have different physiological roles. PDE1, PDE2, PDE3, PDE4, and
PDE7 are present in cardiac tissue, and PDE1, PDE2, PDE3, PDE4,
PDE5, and PDE11 are present in vascular smooth muscle.

The domain structure of each PDE is represented by the generic dia-
gram shown in Fig. 1 (1). Most PDEs are dimers containing two of
these structures, but the functions of the dimeric structure are unknown.
For some of the PDEs, the monomeric form retains all of the salient
functions of the dimeric form in vitro (3). Each PDE contains a regu-
latory domain in the more amino terminal portion of the protein and a
catalytic domain located in the more carboxyl terminal portion. The
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Fig. 1. Model for domain structure, regulatory features, and catalytic specificities
of PDE families. cGMP, cyclic GMP; cAMP, cyclic AMP; GAF, cyclic GMP-
Anabaena adenylyl cyclase-Escherchia coli FhIA, a domain present in many
proteins that binds various ligands.



regulatory domains vary widely among the PDEs. These domains
can contain Ca2+/calmodulin-binding sites, GAF (named for cGMP-
binding PDEs, Anabaena adenylyl cyclase, Escherichia coli FhIA; ref.
4) domains that bind cGMP or perhaps other ligands, and phosphoryla-
tion sites; all of these can contribute to regulation of the respective PDE.
The regulatory domains may also contain a component that provides
for selective intracellular anchoring and localization of the PDE in a
particular region of the cell. As will be described below, although the
regulatory domains are not directly involved in interaction with PDE
inhibitors, they may have profound impacts on PDE inhibitor effects.

The catalytic domains contain the molecular components for binding
cGMP and cAMP and then degrading these nucleotides. The catalytic
domains are homologous, that is, evolutionarily related, in all of the
PDEs, which means that all of the PDE catalytic domains have similar
amino acid sequences and similar modes of action. However, they also
exhibit much dissimilarity, as exemplified by the aforementioned dif-
ferences in cyclic nucleotide specificities. These differences have been
exploited by the pharmaceutical industry, which has designed and syn-
thesized specific PDE inhibitors for several PDE families. Prominent
among these inhibitors are milrinone for PDE3, rolipram or Ariflo™

(Bayer, GlaxoSmithKline) for PDE4, and sildenafil (Viagra™, Pfizer, Inc.,
New York, NY), vardenafil (Levitra, Bayer, Germany; GlaxoSmithKline,
UK), or tadalafil (Cialis, Lilly, Indianapolis; ICOS Bethel, WA) for
PDE5. In general, these inhibitors have structural similarity to cGMP or
cAMP and compete with the cyclic nucleotide for the catalytic domain of
the respective PDE. Sildenafil, tadalafil, and vardenafil are relatively spe-
cific for inhibiting PDE5. Because this enzyme degrades cGMP, its inhi-
bition fosters cGMP elevation in tissues where this enzyme is present in
sufficient amounts and where cGMP synthesis is stimulated.

PDE5 CATALYTIC DOMAIN

The PDE5 catalytic domain is believed to contain a single site for
interaction with cGMP (Fig. 2). Once cGMP is bound to the catalytic
site, the catalytic machinery surrounding the molecule breaks the cyclic
phosphate bond to form linear 5′-GMP, which is then released. The
catalytic machinery includes at least one bound Zn2+ (5) and possibly
other divalent cations, as well as key amino acids involved in the
catalytic process (6,7). Because PDE5 inhibitors such as sildenafil,
vardenafil, and tadalafil have molecular features resembling those of
cGMP, they can occupy the site, but unlike cGMP they are not
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degraded during occupation of the site. In other words, they are nonhy-
drolyzable competitive inhibitors of cGMP. Their potencies in occupy-
ing the site (IC50s approximately 0.1–6 nM) can be compared with
the potency of cGMP in occupying the site (Km approximately 1 µM).
Therefore, potent PDE5 inhibitors such as these possess about
1000–10,000 times higher affinity for the catalytic site than does the
natural substrate cGMP (ref. 8; Corbin et al., in press). This is the mol-
ecular basis of their efficacy to enhance tumescence in men with erec-
tile dysfunction (ED) (9,10). When PDE5 inhibitors occupy the catalytic
site, cGMP cannot enter the site to be degraded by the catalytic machin-
ery. This effect synergizes with increased cGMP synthesis because of
stimulation by nitric oxide (NO) release in the penis, and results in
penile erection. A similar synergism can occur in vascular smooth
muscle outside the penile corpus cavernosum, which is the reason that
combination of PDE5 inhibitor and nitrates is contraindicated.

PDE5 IN VASCULAR SMOOTH MUSCLE

Cyclic GMP and PDE5 have important roles in vascular smooth
muscle (Fig. 3; refs. 11–14). NO diffuses into smooth muscle cells to
stimulate soluble guanylyl cyclase, an enzyme that synthesizes cGMP
from GTP. Atrial natriuretic factor, a hormone derived mainly from
cardiac tissue, stimulates a membrane-bound guanylyl cyclase to
increase cGMP in this tissue. Elevation of cGMP by either agent acti-
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vates cGMP-dependent protein kinase (PKG), which phosphorylates
several proteins to cause lowering of the intracellular Ca2 or reduction
in Ca2+ sensitivity. Because smooth muscle contraction is dependent
on the Ca2+ level, lowering of Ca2+ produces relaxation of the muscle,
resulting in dilation of the vessel. This can enhance local blood flow,
decrease heart filling and work, or reduce systemic blood pressure. The
effect increases coronary artery blood flow as well.

With regard to the penile vasculature, relaxation of smooth muscle
caused by cGMP elevation increases blood flow into the cavernosal
sinusoids, and causes sinusoidal expansion and venous occlusion,
which together cause penile erection (8). Therefore, cGMP is the mol-
ecular trigger for penile erection. Activation of the cGMP-signaling
pathway in the penis may be insufficient to elicit an erection when
nerve stimulation, blood flow, or other functions are compromised.
Because PDE5 degrades cGMP, this enzyme is normally responsible
for dampening or terminating the pathway, meaning that penile erection
is inhibited. PDE5 inhibitors, provided to the cavernosal smooth
muscle cell by the blood flow, penetrate into these cells and inhibit
PDE5. When cGMP synthesis is also increased, these two processes
together potentiate cGMP elevation and penile erection. cGMP eleva-
tion brought about by PDE5 inhibitors is almost entirely dependent on
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concomitant stimulation of synthesis of cGMP, which explains why
sildenafil efficacy requires simultaneous stimulation of cGMP synthe-
sis by penile NO release caused by sexual arousal. The reasons that
sildenafil selectively affects penile vascular smooth muscle over that
of extra-penile tissues could be because (a) sexual arousal selectively
provides the local NO stimulus with which PDE5 inhibition is syner-
gistic in penis, and (b) PDE5 is highly abundant in penile corpus
cavernosum (15).

SELECTIVITY OF PDE5 INHIBITORS FOR PDE5
AND POTENTIAL SIDE EFFECTS

Most of the reported side effects of sildenafil, tadalafil, and varde-
nafil (headaches, flushing, lowering of blood pressure) can probably
be explained by the presence of PDE5 in vascular smooth muscle out-
side the penile corpus cavernosum (16). PDE5 and the other compo-
nents of the cGMP pathway described earlier for the penis are known
to be present in most vascular smooth muscle, including that of coro-
nary vessels. These PDE5 inhibitors may cross-react to some extent
with other PDEs or other proteins to produce side effects in patients.
The potency of a PDE inhibitor is referred to as IC50 (inhibitor con-
centration 50%), which is the concentration of inhibitor that inhibits
the respective PDE by 50% in vitro, not in vivo. It should be empha-
sized that the lower the IC50, the more potent the inhibitor. Sildenafil
and tadalafil have similar IC50 values, and vardenafil has a significantly
lower value (16). Efficacy of a PDE5 inhibitor in producing penile
erection is dependent in part on its IC50, but it is also strongly influ-
enced by other factors including its pharmacokinetic properties. Selec-
tivity of an inhibitor for one PDE over another PDE can be assessed by
comparing IC50 of the inhibitor for these two PDEs. Absolute values for
IC50 reported in the literature vary widely apparently because of the
use of different sources of enzymes and conditions for assays (16).
Sildenafil IC50 ranges from 1 to 6 nM. This drug has more than 1000
times lower IC50 for PDE5 than for PDE2, PDE3, PDE4, PDE7, PDE8,
PDE9, PDE10, or PDE11. It is very unlikely that sildenafil would
cross-react with these PDEs to produce side effects in patients. Silde-
nafil has 100 times lower IC50 for PDE5 than for PDE1, so cross-
reaction with this enzyme is also unlikely. However, this value is only
10 times lower for PDE5 than for retinal rod PDE6. Retinal PDE6 is a
direct mediator of vision, and it is likely that cross-reaction of sildenafil
with the PDE6 family could explain visual disturbances reported by
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some patients (16). Newly described PDE5 inhibitors such as varde-
nafil and tadalafil may have less cross-reaction with PDE6. Cross-
reaction of tadalafil with PDE11 is possible, but the functions of this
enzyme are not clear at this time.

COULD PDE5 INHIBITORS AFFECT THE HEART?

During the first years after launch of sildenafil, and contrary to lack
of effects of this drug on heart rate or cardiac index during clinical
tests (17), there was some speculation that this drug could have dele-
terious effects on the heart. Some of the concern was the result of
the clinical history of milrinone, a PDE3 inhibitor known to produce
heart complications (18). Effects of several positive inotropic and
chronotropic agents, such as adrenergic compounds, are mediated by
elevation of cAMP in myocardial cells. Conversely, effects of negative
inotropic and chronotropic agents, such as acetylcholine, are mediated
by lowering of cAMP. Because milrinone inhibits PDE3 in myocardial
cells, and this enzyme degrades cAMP, continual synthesis of cAMP in
the absence of degradation causes cAMP elevation, which produces a
positive inotropic effect. This effect is believed to underlie the heart
complications that are sometimes seen with milrinone. However, it
should be emphasized that PDE5, not PDE3, is the target of sildenafil
in men. Despite common evolutionary origins of PDE3 and PDE5,
these enzymes are quite distinct in several features. PDE5 degrades
only cGMP, and PDE3 is believed to degrade mainly cAMP in cells.
PDE3 can hydrolyze cGMP, albeit weakly, and cGMP competes with
and inhibits cAMP hydrolysis. Sildenafil is selective for PDE5 over
PDE3 by more than 4000-fold (16), and it does not seem possible that
there could be any cross-reaction on PDE3 at recommended doses of
sildenafil. Thus, there is no scientific basis to consider sildenafil as a
substitute for milrinone in its clinical effects. This should also apply
to other PDE5 inhibitors if they exhibit a high selectivity for PDE5
over PDE3.

Although the physiological role of cGMP in myocardial cells is still
debated, most studies suggest that elevation of this cyclic nucleotide
causes a negative inotropic effect (19), that is, opposite to that of
cAMP. Based on this, it seems unlikely that PDE5 inhibitors could pro-
duce milrinone-like effects in the heart. It has been proposed that the
negative inotropic effect of cGMP elevation is caused by the lowering
of myocardial cell Ca2+ (20), which is the same overall mechanism for
cGMP-induced relaxation of vascular smooth muscle cells. The latter
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effect is believed to be responsible for the increased coronary artery
flow seen with sildenafil.

Some studies have tested sildenafil effect on isolated dog (21,21a)
or human cardiac muscle in organ baths. In neither case was there a
significant effect on contractility at concentrations of the drug higher
than the free sildenafil concentration would be in plasma of men after
a 100-mg dose. In these experiments, either epinephrine, milrinone, or
a nonspecific PDE inhibitor (3-isobutyl-1-methylxanthine) was used as
a positive control to establish that the tissue was responding to positive
inotropic agents.

CROSS-TALK

Another mechanism that has been mentioned as a route of potential
effect of sildenafil or other PDE5 inhibitor on the heart is through
a phenomenon called cross-talk. In this case, cross-talk refers to an
interaction between PDE3 and PDE5. Most of the evidence for this
interaction is derived from studies using platelets (22). Elevation of
either cAMP or cGMP in platelets inhibits aggregation. Agents that
cause cGMP elevation may block platelet aggregation directly through
activation of PKG, or they may do so indirectly through cross-talk or
cross-activation of PKA. Elevated cGMP interacts with PDE3 to inhibit
the hydrolysis of cAMP, leading to cAMP elevation, which directly
blocks platelet aggregation by cAMP activation of PKA. In summary,
cross-talk results in elevation of cAMP after elevation of cGMP. The
process necessitates that both PDE3 and PDE5 reside in the same cell
because cAMP and cGMP are not believed to pass from one cell to
another in significant amounts. There is no doubt that PDE3 is present
in myocardial cells, and PDE1, PDE2, PDE4, and PDE7 have also
been reported to be present in this tissue. Most studies report the
absence of PDE5 or presence of very low levels of this enzyme in these
cells. Some (21,23–27) of these studies have utilized Northern analysis,
which is an indirect method because it measures the mRNA coding for
PDE5. The actual amount of a particular protein often does not corre-
late well with the amount of mRNA for that protein. More direct meth-
ods are Western analysis, which uses antibodies against the PDE5
protein, and measurement of enzyme activity. In most reported Western
analyses, actual quantification of enzyme protein was not done. By the
enzyme activity approach, we have detected very low levels of PDE5 in
heart muscle homogenates (21a). We could not rule out that the activ-
ity observed was derived from cell types other than myocardial cells,
particularly since this preparation would also contain the smooth
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muscle from coronary vessels. This criticism would also apply to most
studies using mRNA analysis.

ROLE OF THE REGULATORY DOMAIN OF PDE5
IN NEGATIVE FEEDBACK CONTROL

OF THE CYCLIC GMP PATHWAY

The regulatory domain of PDE5 contains two GAF domains, at least
one of which, GAFa, functions as a highly selective allosteric site for
cGMP binding (Fig. 4; refs. 28,29). Cyclic GMP stimulates PDE5 cat-
alytic activity by binding to this site, but the bound cGMP is not
degraded as it is when bound to the catalytic site. Sildenafil and possi-
bly other PDE5 inhibitors do not interact directly with this site and pro-
duce their salient effects by interacting with the catalytic domain of the
enzyme as discussed earlier. Four other PDE families (PDE2, PDE6,
PDE10, and PDE11) also possess GAF domains (1,30–34). In addition
to PDE5, two other PDE families (PDE2, PDE6) have been shown to
bind cGMP (35,36). Binding of cGMP to the GAF domains of PDE2
stimulates catalytic activity of this enzyme by increasing affinity of the
catalytic site for the substrate, cAMP or cGMP (37). The regulatory
domain of PDE5 is phosphorylated by cGMP-dependent protein kinase
(PKG) at Ser-92 (bovine) both in vitro and in intact cells (38–42). Reg-
ulation of phosphorylation of this site is substrate-directed because
occupation of a GAF domain by cGMP is required for phosphorylation
by PKG. Phosphorylation causes stimulation of both catalytic activity
and cGMP binding to the GAF domain (43,43a). It has been proposed
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that these effects are responsible for negative feedback regulation of
active cGMP levels in cells.

Elevation of cGMP has been shown to cause increased PDE5 activ-
ity that is associated with cGMP-sensitive phosphorylation (39–41).
Elevation of cGMP is required for phosphorylation of PDE5 by PKG,
and this process stimulates degradation of cGMP by the catalytic site as
well as sequestration of cGMP in the GAF domain (43), both of which
represent negative feedback on the cGMP pathway. Negative feedback
regulation of cGMP would be enhanced if cGMP binding to the GAF
domain also directly stimulates the catalytic domain. This was pre-
dicted earlier from the principle of reciprocity (44), which states that if
a ligand allosterically stimulates binding of a second ligand molecule,
then binding of the second ligand should stimulate binding of the first
ligand (45,46). Binding of 3-isobutyl-1-methylxanthine or a PDE5
inhibitor, such as sildenafil to the catalytic domain, has been shown to
stimulate binding of cGMP to a GAF domain, and direct evidence that
binding of cGMP to a GAF domain stimulates the catalytic domain
has recently been presented. Okada and Asakawa recently reported that
cGMP stimulates PDE5 catalytic activity when measured using a
fluorescent cGMP analog that is specific for the catalytic site of the
enzyme (47). They suggested that this stimulation occurs through
cGMP binding to the GAF domains. This suggestion is supported by
studies in our laboratory showing that cGMP binding to the GAF
domains stimulates radiolabeled sildenafil binding to the catalytic
domain (48). This observation has profound implications for PDE5
inhibitor efficacy as will be described later.

The consequence of negative feedback control of the cGMP pathway
in the penis would be to dampen or terminate penile erection. The exis-
tence of such an intricate concert of mechanisms for this feedback
implies that the cGMP elevation that produces penile erection is tightly
limited. Apparently, vascular smooth muscle cells cannot readily tolerate
excessive or persistent elevation of cGMP. Moreover, the feedback mech-
anism would theoretically potentiate reversal of erection, that is flaccidity.

NEGATIVE FEEDBACK CONTROL OF PDE5
ENGENDERS GREATER PDE5 INHIBITOR EFFICACY

From a physiological viewpoint, the negative feedback system
described earlier would be inhibitory for penile erection because cGMP
levels would be lowered by this process. From a pharmacological
viewpoint, the efficacy of PDE5 inhibitors should theoretically be
enhanced by this system (Fig. 5). This would occur because PDE5
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inhibitors increase the cGMP level, and there would be increased
cGMP binding to the GAF domain. This, in turn, would increase the
catalytic domain binding affinity for sildenafil or presumably other
PDE5 inhibitors. The improved affinity for the inhibitor is fostered by
the feedback mechanisms initiated by cGMP elevation. As these PDE5
inhibitors bind to the catalytic domain to cause cGMP elevation, this
elevation causes further inhibitor binding and higher cGMP elevation,
which stimulates further penile erection. In other words, were it not
for the presence of negative feedback control of the cGMP pathway,
much higher doses of the inhibitors would be required to produce
penile erections.
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INTRODUCTION

Sildenafil citrate (Viagra™; Pfizer, Inc., New York, NY) is the first of
a series of orally active phosphodiesterase (PDE) type-5 inhibitors that
have and will continue to transform the treatment of erectile dysfunc-
tion (ED) (1). Initially advocated as a potential alternative to oral
nitrates for the treatment of stable angina pectoris, sildenafil’s short
half-life and its modest nitrate-like hemodynamic properties were not
seen as a clinical advance. Sildenafil’s role in the treatment of ED fol-
lows from erections in healthy volunteers being recorded as “adverse
events.” The subsequent recognition that vascular disease accounts for
greater than 70% of ED cases and that cardiac disease, either docu-
mented or silent, is a frequent cause of ED refocused attention on silde-



nafil’s hemodynamic properties, initially in the context of safety but
more recently as a form of therapy (2). Therefore, because PDE5 is
present in smooth muscle cells throughout the vasculature, the potential
for PDE5 inhibition reducing the degradation of guanosine monophos-
phate has widespread implications throughout the vascular system.

HEMODYNAMIC STUDIES (SILDENAFIL)

Coronary Disease Patients
As part of the original anginal protocol, an intravenous hemody-

namic study was performed in eight men with stable angina and proven
severe coronary disease at angiography (3). Intravenous sildenafil at a
cumulative dose of 40 mg was administered over a 60-min interval
between two supine bicycle exercise tests.

All antianginal medications, including vasodilating drugs and also
diuretics, were uneventfully withdrawn 48 h before the study. A
pulmonary artery catheter and arterial line were inserted for pressure
monitoring. An initial bicycle exercise test determined the workload to
angina and whether exercise could be maintained for 4 min. A baseline
hemodynamic data set was recorded during a second 4-min bicycle
exercise test. After a 20-min rest period, additional baseline resting
hemodynamic recordings were made over a 15-min period. Sildenafil
was then infused over four 15-min periods at doses of 5, 5, 10, and
20 mg. After the final infusions, resting hemodynamics were recorded
and then repeated after a 4-min bicycle exercise test (supine as before).
Plasma levels of sildenafil taken after the final infusion ranged from
950–2023 ng/mL—similar to 100–200 mg of oral sildenafil.

Sildenafil, in effect, behaved like a nitrate (Table 1). At rest, there
was a small fall in wedge pressure (1.6 mmHg), pulmonary artery
pressure (4.6 mmHg), and systolic (9 mmHg) and diastolic (8 mmHg)
arterial pressure compared with baseline. Heart rate was unchanged as
was cardiac output measured using thermodilution techniques. On exer-
cise, the falls in wedge and pulmonary artery pressure increased as
would be predicted (vasodilatory response) with also a 12/5 mmHg fall
in arterial pressure and a small (7%) reduction in cardiac output. The
study identified a modest decrease in central filling pressures with a
reduction in peripheral blood pressure in keeping with mixed vasodila-
tory properties. There were no adverse events.

Healthy Volunteers
Numerous studies have been performed in healthy volunteers (age

range 18–81 yr) evaluating the effects of sildenafil on heart rate and
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blood pressure (1,3). In a single-blind four-way crossover trial, eight
healthy volunteers were randomly assigned to receive three escalating
single doses of 20, 40, and 80 mg of sildenafil (3). In a second study,
eight healthy male volunteers were evaluated in a single-blind four-
way crossover dose-escalation study of 100, 150, and 200 mg silde-
nafil and randomly selected placebo (3). There was no evidence of a
dose–response effect on cardiovascular variables with the mean maxi-
mum reduction in supine blood pressure (8/6 mmHg) occurring 1–2 h
after oral dosing and at the end of the infusion period. There were no
orthostatic effects recorded. Blood pressure readings were back to base-
line within 5 h of receiving sildenafil. In the oral study, there was a
5 beats/min reduction in heart rate after 100 mg sildenafil, but no
changes were noted in the intravenous study. In these studies, silde-
nafil was again seen to be a modest vasodilator with a balanced effect
on arterial resistance and venous compliance.

Comment
The data from hemodynamic studies in volunteers and those with

coronary disease are compatible with the original concept of silde-
nafil having nitrate-like properties, which could be advantageous to
the ischemic patient. A modest vasodilator affecting both preload and
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Table 1
Effects of Sildenafil on Mean Hemodynamic Parameters at Rest

and During Exercise in Patients With Stable Ischemic Heart Disease

After 4-Min
At Rest Exercise Test

Sildenafil Sildenafil
Baseline (40 mg, IV) Baseline (40 mg, IV)

Parameter (n = 7) (n = 8) (n = 8) (n = 8)

PAOP (mm Hg) 8.1 ± 5.1 6.5 ± 4.3 36.0 ± 13.7 27.8 ± 15.3
PAP (mm Hg) 16.7 ± 4.0 12.1 ± 3.9 39.4 ± 12.9 31.7 ± 13.2
RAP (mm Hg) 5.7 ± 3.7 4.1 ± 3.7 NR NR
Systolic SAP (mm Hg) 150 ± 12 141 ± 16 200 ± 37 188 ± 30
Diastolic SAP (mm Hg) 74 ± 8 66 ± 10 85 ± 10 80 ± 9
Cardiac output (L/min) 5.6 ± 0.9 5.2 ± 1.1 11.5 ± 2.4 10.2 ± 3.5
Heart rate (beats/min) 67 ± 11 67 ± 12 102 ± 12 99 ± 20

Values represent the mean ± 2D.
IV, intravenous; NR, not recorded; PAP, pulmonary acterial pressure; PAOP,

pulmonary arterial occluded pressure; RAP, right artrial pressure; SAP, systemic arterial
pressure.



afterload with no significant effect on heart rate cardiac output or sys-
temic or pulmonary vascular resistance, sildenafil, in this population,
is not surprisingly associated with no increased hemodynamic risks.
The possibility of these properties being used in specific treatment
groups (e.g., pulmonary hypertension and cardiac failure) has led to
considerable scientific interest, which has translated into clinical ben-
efit (see Chapter 13).

TADALAFIL AND VARDENAFIL

Tadalafil differs from vardenafil and sildenafil in having a longer
half-life (17 h), which may delay safe subsequent nitrate use (5,6).
Both drugs, as a result of their mechanism of action, have mild vasodi-
lating properties similar to sildenafil. Tadalafil has been evaluated in
more detail (10 and 20 mg) in both healthy volunteers and phase III
trials, and no statistically significant hemodynamic effects were
recorded in comparison with placebo (7).

NITRATE INTERACTION

The synergistic effect between sublingual and oral nitrates is well doc-
umented and applies to all PDE5 inhibitors. It is unpredictable and not
inevitable, but, because the scale of pressure drop can be substantial, the
contraindication to simultaneous use is without exception (1,7,8).

ARTERIAL STIFFNESS

In the early original hemodynamic studies, forearm blood flow and
venous compliance was evaluated (3). A placebo-controlled trial was
performed using escalating brachial artery infusions of sildenafil up to
300 µg/min in 12 healthy volunteers.

Mean ratios of cannulated to noncannulated forearm blood flow
increased with the infusion rate of sildenafil compared to placebo
equating to a reduction in forearm vascular resistance (Fig. 1). From a
baseline of 1.1%, a cuff pressure of 20 mmHg produced a maximum
increase in forearm volume of 1.4% (26% increase), and at 40 mmHg
the volume increased from baseline 1.9% to 2.3% (23% increase). No
changes occurred during placebo infusions.

Subsequent studies have identified benefits on brachial arterial
flow both acutely and chronically (Chapter 13), suggesting potential
long-term benefits on endothelial function (9). Arterial stiffness pre-
dicts mortality in hypertension and can be evaluated using pulse wave
velocity studies (10,11). In stiff arteries, whether atherosclerotic hyper-
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Fig. 1. Changes in forearm blood flow and venous compliance during intraarterial infusion of sildenafil and placebo in healthy men.
(A) represents the ratio of cannulated-to-noncannulated forearm blood flow in subjects administered increasing doses of sildenafil. (B)
represents percent changes in forearm volume in subjects treated with increasing doses of sildenafil and using two different cuff
pressures, 20 mm Hg or 50 mm Hg. The baseline infusion (0) consisted of dextrose (5%) norepinephrine and mannitol (5%). Data
are presented as mean values ± SD; n = 8 per group. Reproduced with permission from ref. 3.



tensive or both, the pulse wave velocity is faster than in more com-
pliant arteries. Central aortic pressure waveforms can be derived from
the radial artery. A forward wave occurs during systole and is followed
by a reflected wave returning to the central circulation. In health,
the reflected wave is in diastole, but with stiffness the wave is more
proximal and the pulse wave velocity increases. A second augmented
systolic peak may occur and the pulse pressure widen. The augmenta-
tion index (AI) represents the pressure difference between the two
peaks with the pulse pressure as the denominator and is expressed as a
percentage.

Sildenafil significantly lowers the AI in hypertensive patients as well
as those with risk factors for ED (11). Systolic aortic and diastolic pres-
sures fell by 14.4 and 9.6 mmHg, respectively, with the AI reduced 13%
(12). Although this effect could be a blood pressure-lowering effect, it
could also be explained by sildenafil having a direct effect on endothe-
lial function, which would be in keeping with its mechanism of action
and the initial forearm, flow studies. Furthermore, brachial arterial flow
mediated dilatation was improved in diabetics who were not hyperten-
sive after both acute (25 mg) and chronic oral sildenafil therapy (9).

HEMODYNAMIC PROPERTIES AND CLINICAL USE

In hypertensive patients there is a blood pressure-lowering effect
that is greater the higher the baseline blood pressure when sildenafil vs
placebo is added to background hypertensive therapy (11). The maxi-
mum reductions were 24 ± 10 vs 6 ± 8 mmHg (p < 0.05) in systolic
and 8 ± 5 vs 3 ± 2 mmHg (p < 0.05) in diastolic pressure, readings
comparable with the expected response from conventional hyperten-
sive therapy.

Effects in pulmonary hypertension and cardiac failure are reviewed
in Chapter 13. The overall impression is of a potent and potentially
important new class of drugs for managing cardiovascular disease.

CONCLUSION

Hemodynamically, the PDE5 inhibitors are balanced nitrate-like
vasodilators. Their use in patients with ED (not taking nitrates) is safe
and potentially beneficial for the cardiovascular patient (1). In disease
states where the nitric oxide–cyclic guanosine monophosphate path-
way (cGMP) is impaired, by preventing degradation cGMP PDE5
inhibitors may be a mechanistic and functional solution (part or full) to
the clinical endpoint problem. This might include patients with hyper-
tension, cardiac failure, pulmonary hypertension, and arterial stiffness.
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Sildenafil, the original oral PDE5 inhibitor, has come full circle from
cardiac drug to ED therapy and back to cardiac drug. ED stands for
endothelial as well as erectile dysfunction, and PDE5 inhibitors may
turn out to be therapy for both. The mode of action of PDE inhibitors
with reference to endothelial function might translate into a role chron-
ically in preventative vascular disease.
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INTRODUCTION

Oral phosphodiesterase-5 (PDE5) inhibitors have been shown to be
effective oral agents for the treatment of organic, psychogenic, and
mixed erectile dysfunction (ED). There are numerous PDE isoforms
throughout the body (1). PDE5 is concentrated in genitalia but is also
found in systemic arteries and veins throughout the body as well as in
smooth muscle cells in the gastrointestinal tract and platelets (2–4).

HOW DO PDE5 INHIBITORS WORK?

During sexual stimulation, nitric oxide (NO) is released from nerve
cells and endothelial cells in the corpus cavernosum of the penis



(Figs. 1 and 2). NO stimulates the enzyme guanylate cyclase to cat-
alyze the formation of cyclic guanosine monophosphate (cGMP) (5–7).
By reducing influx of calcium into smooth muscle cells, cGMP even-
tually results in relaxation of smooth muscle cells of the arteries, arte-
rioles, and sinusoids of the corpus cavernosum (6). The vascular
structures relax and sinusoids fill up with blood, much like a sponge
filling with water. Corporal blood pressure approaches or exceeds mean
arterial pressure. The subtunica venous plexus becomes compressed
under the tunica albuginea, resulting in a venous–occlusive mechanism
that maintains penile erection. PDE5 degrades intracellular cGMP, ter-
minating its smooth muscle-relaxing effects. PDE5 inhibitors, such as
sildenafil, tadalafil, vardenafil, and others in development, prevent the
breakdown of cGMP by PDE5 (8). cGMP levels increase and allow
better vasodilation of the vascular structure of the corpus cavernosum.
These agents have been shown in randomized, placebo-controlled, mul-
ticenter trials to improve ED in a high percentage of men with ED
(9–12). They are effective in men with ED on the basis of atheroscle-
rosis (vascular), neurogenic, endocrine, and psychogenic causes (13).
They are effective in men with ED who have hypertension and are on
antihypertensive medicines (14). Their efficacy rates are somewhat
lower in men with diabetes or in men who have undergone radical
prostate surgery without nerve sparing.
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Fig. 1. Nitric oxide (NO)-cyclic guanosine monophosphate (cGMP) mechanism of
penile erection and the NO-enhancing effect of the phosphodiesterase type-5
(PDE5) inhibitor sildenafil. GTP, guanosine triphosphate; NANC, nonadrenergic-
noncholinergic neurons. From Zusman (16); used with permission.



SILDENAFIL (VIAGRA)

Sildenafil was the first of the oral PDE5 inhibitors approved for
ED. This agent has been studied in greatest detail regarding cardio-
vascular safety (15,16). Sildenafil was studied initially as a potential
antianginal agent because its hemodynamic profile resembles that of
a weak nitrate. As mentioned, the enzyme PDE5 is found not only in
the corpus cavernosum of the penis but also in the smooth muscle
cells of arteries and veins throughout the body. Hence, administra-
tion of a PDE5 inhibitor will result in some degree of systemic
vasodilation of arteries and veins. Intravenous sildenafil at 80 mg
reduced systolic blood pressure by –9.2 mmHg and diastolic blood
pressure by –6.7 mmHg in healthy men (3). Reductions in blood
pressure were transient with return of blood pressure within 5 h.
Sildenafil reduced systemic vascular resistance but, interestingly, had
no effect on heart rate. In another study, oral doses of sildenafil (100,
150, and 200 mg) were administered to healthy men (3). Mean max-
imal blood pressure decrease was –10/–7 mmHg occurring 3 h after
dosing (Fig. 3A). Of note, decrease in blood pressure did not corre-
late with dose, in that the 200-mg oral dose did not decrease pressure
to a greater extent than the two lower doses. There was no orthosta-
tic drop in blood pressure compared with placebo. Cardiac index
increased slightly but transiently after the 100 and 200 mg doses of
sildenafil but did not change significantly vs placebo from 1–12 h
after oral therapy (Fig. 3B). Other studies documented similar small
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Fig. 2. Mechanism of endothelium-dependent vasodilation and the effect of
organic nitrates and nitric oxide (NO) donors. cGMP, cyclic guanosine monophos-
phate; PDE, phosphodiesterse. From Zusman (16); used with permission.



falls in blood pressure in middle-age volunteers receiving sildenafil
(ref. 16; Fig. 4).

Thus, sildenafil is a weak vasodilator, and, because its hemodynamic
effects resemble to some extent a weak nitrate, it initially was tested as
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Fig. 3. Hemodynamic changes after the administration of increasing oral doses of
sildenafil in healthy men. A, Supine systolic blood pressure changes from baseline;
B, mean supine cardiac index. Values are mean ± SD; n = 8 per group. From ref. 3;
used with permission.



an antianginal agent. Sildenafil was not effective as an antianginal
agent, but during clinical trials testing its efficacy, the interesting side
effect of improved erections was discovered and this finding eventually
became the indication for the drug.
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Fig. 4. Mean decreases in supine systolic (A) and diastolic (B) blood pressure
over time in middle-aged volunteers. Values represent the mean ± SD, n = 16 per
group; p < 0.05 for overall treatment effect of sildenafil groups compared with
placebo group. There were no significant differences among the groups receiving
different sildenafil doses. From ref. 16; used with permission.



Sildenafil has been shown to be effective in men with ED who have
either coronary artery disease (CAD) or hypertension. In one study,
sildenafil improved erections in 70% of men with ED who had chronic
CAD (Fig. 5; ref. 17). In another study, sildenafil improved erections in
72% of men with hypertension (14). It was effective in men on and
not on antihypertensive medicines.

As reviewed in detail elsewhere in this volume, sildenafil was shown
to have no deleterious effects on coronary artery blood flow, coronary
artery diameter, or coronary vascular resistance in both experimental
and clinical trials, including one clinical trial of patients studied in the
catheterization laboratory (18). Of note, sildenafil did improve coro-
nary artery vasodilator reserve in response to adenosine. Sildenafil was
shown to have no deleterious effects when it was administered to
patients undergoing exercise stress tests (19,20). In one study, silde-
nafil actually improved exercise tolerance in patients with CAD (19).
In none of these studies did sildenafil appear to induce ischemia
or shorten the time from onset of exercise to ischemia or worsen
ST segment or echocardiographic evidence of ischemia.

Because sildenafil is a mild vasodilator, some physicians have
expressed concern about administering the drug to patients already on
antihypertensive medicines. However, the data available to date suggest
that sildenafil is safe in patients on antihypertensive medicines. In one
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Fig. 5. Percentage of patients with erectile dysfunction and ischemic heart dis-
ease reporting improved erections after treatment with placebo or sildenafil in nine
double-blind, placebo-controlled studies. *p < 0.0001 for the comparison with
placebo. From ref. 17; used with permission.



study, Zusman and coworkers (21) analyzed changes in blood pressure
in men who were already on usual antihypertensive medicines (diuret-
ics, β-blockers, α-blockers, calcium channel blockers, angiotensin con-
verting enzyme inhibitors). Patients received either placebo or sildenafil
on top of their usual antihypertensive medicines. The mean drops
in systolic blood pressure and diastolic pressure were modest at
–3.6/–1.9 mmHg with sildenafil vs –2.2/–2.0 mmHg in the placebo arm.
There was no clinically significant change in heart rate in either group.
In a double-blind, placebo-controlled, crossover study patients took their
usual dose of the long-acting dihydropyridine calcium channel blocker
amlodipine (5 or 10 mg/d) and 2 h later took a single oral dose of silde-
nafil (100 mg) vs placebo (22). The sildenafil–amlodipine combination
was associated with a greater decrease in mean maximum supine and
standing blood pressure compared with placebo–amlodipine. Mean
maximal changes from baseline in standing systolic blood pressure/
diastolic blood pressure were –19.8/–11.1 mmHg for amlodipine plus
sildenafil vs –9.9/–3.5 mmHg for placebo–amlodipine alone. Thus, the
declines in blood pressure observed when sildenafil was given to
patients already on antihypertensive medicines were similar to the drops
in blood pressure observed in patients that received sildenafil who were
not on antihypertensive medicines.

There were no increases in sildenafil-related side effects (flushing,
hypotension, dizziness) in patients taking antihypertensive medicines vs
patients not taking antihypertensive medicines (14). Syncope and
hypotension were seen infrequently in patients taking sildenafil plus anti-
hypertensive drugs, and there was no increase in these events even when
patients were taking two or three or more antihypertensive medicines. A
very important observation in this recent analysis was that patients on
sildenafil plus 1, 2, or ≥3 antihypertensive medicines did not demonstrate
any increase in angina, myocardial infarction, or coronary death (14).

Thus, although an early consensus statement from the American
College of Cardiology (ACC) and the American Heart Association
(AHA) recommended caution in prescribing sildenafil to patients on
multiple or complicated antihypertensive regimens (23), the available
data suggest that, in most cases, sildenafil is quite safe in these patients.
However, common sense dictates that if a patient is frankly hypotensive
or frankly hypovolemic then it would not be prudent to administer any
type of vasodilator, including a PDE5 inhibitor.

In 2003, there was a change in the package insert regarding sildenafil
and α-blockers. A label precaution was added suggesting that sildenafil
doses greater than 25 mg not be given within a 4-h period of α-blockers.
This was owing to a study in which some patients who simultaneously
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received 4 mg of doxazosin plus 50 or 100 mg of sildenafil had sympto-
matic hypotension. The 25 mg dose of sildenafil, when coadministered
with 4 mg doxazosin, was not associated with hypotension.

Shortly after release of sildenafil, there were reports that some men
who used the drug died. The concern became whether sildenafil per se
was inducing cardiac events. A recent analysis by the Food and Drug
Administration (FDA) of these early reports suggests that the number
of cardiac events in patients on sildenafil was well within, if not below,
expected rates for this population of men (24). A small number of these
early deaths were likely associated with the concomitant use of organic
nitrates, an issue that is addressed in more detail later.

In a 1998 meta-analysis by Morales et al. (15), safety data from
18 double-blind, placebo-controlled studies of 2722 sildenafil and 1552
placebo patients were reported. There were no increased rates of
myocardial infarction (MI) or other serious cardiovascular events in
the sildenafil group compared with the placebo group. Mild vasodila-
tor side effects, such as headache, were more common in the sildenafil
group (16%) vs the placebo group (4%); flushing was more common in
the sildenafil group (10%) than the placebo group (1%). MI, angina,
and coronary artery disorder occurred in about 6% of both groups.

In another analysis, Zusman et al. (16) showed that the incidence of
MI was 1.7 per 100 patient-years exposure to sildenafil in double-blind
studies vs 1.4 per 100 patient-years of placebo, whereas the incidence
of MI in patients on sildenafil as part of open-label studies was 0.7 per
100 patient-years (Fig. 6). Of note, the timing of onset of strokes and
MIs did not reveal a pattern suggesting a close temporal relationship to
the last dose of sildenafil. Most cardiac events occurred days after
sildenafil was taken.

A more recent analysis by Mittleman et al. (25) reported data from 30
double-blind, placebo-controlled studies and 23 open-label studies (6884
patient-years of sildenafil exposure) in which rates of MI and all-cause
death per 100 patient-years were low and did not differ from placebo.

An important recent analysis is the Prescription Even Monitoring
Study of the English National Health Service, reported by Shakir et al.
(26). This study looked at the incidence of fatal MI or ischemic heart
disease among men in the United Kingdom on sildenafil vs men not on
sildenafil. Of 5600 men on sildenafil, (15% of whom had diabetes)
the all-cause mortality rate was 30% lower than that of the general
population of English men. The rate of fatal and nonfatal MI was also
low in men who were taking sildenafil at 0.6 per 100 patient-years.
Importantly, the age distribution of men taking sildenafil (mean age:
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57.4 yr) was similar to that of men in clinical trials of sildenafil in the
United States.

Thus, despite some anecdotal reports that have suggested that silde-
nafil may be associated with cardiac events, analysis of placebo-
controlled studies, open-label studies, prescription event-monitoring
studies, and even the FDA’s own spontaneous event-reporting studies
have not suggested a causal role sildenafil in precipitating cardiac
events (27–29). Finally, a 4-yr update on the safety of sildenafil again
showed no evidence for an increase in death or cardiac events among
patients taking sildenafil (30).

Nitrates and Sildenafil
The one contraindication to the use of the PDE5 inhibitor, sildenafil,

and probably the other PDE5 inhibitors in development is the use of
organic nitrates. Organic nitrates include the antianginal medicines,
such as nitroglycerin (sublingual, spray, patch, paste, oral buccal, intra-
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Fig. 6. Incidence of serious cardiovascular (CV) adverse events in patients with
sildenafil or placebo in phase II/III studies. Incidence is expressed as the rate per
100 patient-years of treatment ± 95% confidence interval (CI). Serious CV events
include any CV event resulting in death or permanent disability or considered to
be life-threatening or causing hospitalization or prolongation of a hospital stay,
and include MI, angina, and other coronary artery disorders. From ref. 16; used
with permission.



venous, virtually all preparations), long-acting nitrates, such as isosor-
bide mononitrate and isosorbide dinitrate, and also so-called “poppers”
(amyl nitrite or amyl nitrate) that are used recreationally to enhance
vasodilation during sexual activity. These organic nitrates are NO
donors and thus catalyze the formation of cGMP (Fig. 2). Recall that
PDE5 inhibitors prevent the breakdown of cGMP. By using the two
types of substances together (NO donor plus PDE5 inhibitor), there
may be a large build up of cGMP and marked vasodilation of the sys-
temic arteries and veins (again PDE5 is found in the smooth muscle
cells of the systemic arteries and veins). Sildenafil given alone to
healthy young men causes mild vasodilation with a slight decrease in
systemic arterial pressure (–8.0 mmHg/–5.5 mmHg). However, in one
study, when these men received a sublingual dose of nitroglycerin on
top of sildenafil, there was a synergistic fall in systolic pressure (–26 to
–51 mmHg) and diastolic pressure, and men developed vasodilator side
effects of dizziness, headache, and nausea, resulting in their “spitting-
out” of the sublingual nitroglycerin tablet (22). Similar findings were
observed when sildenafil was administered to men taking isosorbide
mononitrate. Sildenafil plus isosorbide mononitrate decreased standing
mean maximal systolic blood pressure by 52 mmHg vs a 25 mmHg
change with placebo. The combination of sildenafil plus isosorbide
mononitrate decreased standing diastolic pressure by 29 mmHg vs
15 mmHg with placebo–isosorbide mononitrate (31). Therefore, these
studies suggest that PDE5 inhibition plus organic nitrate results in a
synergistic drop in blood pressure (Fig. 7). Because of this finding,
sildenafil is absolutely contraindicated in patients taking organic
nitrates. In an early FDA report of men who died on sildenafil, a small
number of the deaths occurred in men who took sildenafil while on
organic nitrates (24). Pfizer Pharmaceuticals sent letters to emergency
rooms notifying them of the problem with the combination of silde-
nafil plus nitrates. Guidelines issued by the ACC/AHA recommend that
patients who complain of angina that have used sildenafil not be treated
with a nitrate within 24 h of sildenafil use (23). In these circumstances,
a non-nitrate antianginal/anti-ischemic agent should be used. These
include β-blockers, calcium channel blockers, oxygen, aspirin, mor-
phine heparin, and, if indicated, lipid-lowering agents such as statins.
Patients that have a full-blown acute MI while on sildenafil may
receive usual and standard therapy, except for nitroglycerin, including
intravenous nitroglycerin. Thrombolytics and antiplatelet agents can be
used as well as angioplasty and/or stenting but not nitroglycerin (23).

An early theoretical concern regarding sildenafil and cardiac patients
was that it might have a milrinone-like effect on the heart that could
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induce cardiac arrhythmias. Milrinone is a PDE3 inhibitor that
increases ventricular contractility and is a vasodilator. However, it also
can exacerbate arrhythmias. PDE5 has not been observed within human
cardiomyocytes, whereas PDE3 is present in cardiac myocytes. Theo-
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Fig. 7. Mean changes from baseline (±SE) in systolic blood pressure (A) and dias-
tolic blood pressure (B) on d 5 after sublingual administration of a 500-µg tablet
of glyceryl trinitrate (GTN) to healthy men who had received sildenafil
(25 mg, three times a day) or placebo for 4 d and a 25-mg dose of sildenafil or
placebo on d 5. During placebo treatment, 8 of 12 men completed the 15-min
GTN challenge compared with 0 of 12 men during treatment with sildenafil.
DBP, diastolic blood pressure; SBP, systolic pressure. From ref. 22; used with
permission.



retically, if both PDE5 and PDE3 were present within a cardiomyocyte,
then there could be “cross-talk” between them. If PDE5 were inhibited
(for example by sildenafil), then there would be an increase in cGMP,
which is a known inhibitor of PDE3. Inhibition of PDE3 results in an
increased accumulation of cyclic adenosine monophosphate (cAMP),
which can increase contractility and stimulate arrhythmias, that is, a
milrinone effect (27). However, careful immunohistochemistry results
show that PDE5 is contained within vasculature and microvasculature
of the heart but not within the cardiomyocytes per se. Because cGMP
and cAMP do not cross the cell membrane, then the concept of cross
talk between PDE5 and PDE3 is unlikely to be an issue in the heart.
Furthermore, in experimental studies, we did not observe an increase in
cardiac arrhythmias during ischemia when sildenafil was present
(32,33). Finally, sildenafil did not exhibit an increase in contractility of
isolated cardiac muscle whereas milrinone (through a PDE3 inhibitor
effect) did (4).In summary, sildenafil is a highly effective oral PDE5
inhibitor that improves erectile function in men with ED, including
men with vascular disease, such as CAD and hypertension. Because
PDE5 is found in smooth muscle cells of systemic arteries and veins,
sildenafil is a mild afterload and preload reducer. The drug results in
mild falls in systolic and diastolic blood pressure and has minimal
adverse effects (flushing, headache, nasal congestion, dyspepsia)
related to relaxation of smooth muscle cells. In general, the drug’s
effects on coronary flow are neutral, and the drug does not exacerbate
ischemia or prolong the QT interval. Sildenafil is safe to administer to
patients with hypertension and is effective in these patients even when
they are receiving antihypertensive medicines. Data from placebo-
controlled and open-label trials do not suggest an increase in adverse
cardiovascular events in patients receiving sildenafil. Finally, sildenafil
(and newer PDE5 inhibitors) are contraindicated in patients receiving
nitrates.

TADALAFIL (CIALIS)

Tadalafil is a potent and selective PDE5 inhibitor. Like sildenafil, it
has been shown to be highly effective in treating ED because of vari-
ous causes (34). The molecular structure of tadalafil differs substan-
tially from that of sildenafil or vardenafil. It has a half-life of 17.5 h
and, therefore, is considerably longer acting than either sildenafil or
vardenafil. In healthy volunteers, tadalafil had little effect on blood
pressure. The mean maximal changes from baseline in standing blood
pressure vs placebo after a 20-mg dose of tadalafil was –4.6 mmHg in
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standing diastolic blood pressure and –0.2 mmHg in standing systolic
blood pressure. There was no change in heart rate (35).

In patients with CAD, who typically had higher baseline blood pres-
sures than normal volunteers, standing systolic blood pressure
decreased by 2 mmHg on placebo vs approx 7–8 mmHg on 10 mg of
tadalafil (36). Standing diastolic blood pressure decreased 2 mmHg on
placebo and 4 mmHg for 10 mg of tadalafil at Tmax (2 h after drug
administration). Thus, tadalafil was associated with small decreases in
standing systolic and diastolic blood pressure in patients with chronic
stable angina, a group known to be at risk for developing ED. In
general, the fall in diastolic pressures reported in these studies was
similar to those observed with sildenafil, whereas the reductions in sys-
tolic blood pressure with tadalafil tended to be less marked. Changes in
diastolic blood pressure tended to be less marked in the supine posi-
tion. These observations are consistent with known mild vasodilator
effects of PDE5 inhibitors.

A series of studies were performed to determine whether there was
a tadalafil–organic nitrate interaction similar to that reported with silde-
nafil. Again, the one contraindication to the use of sildenafil is in men
who are taking organic nitrates.

In one study, chronic stable angina patients received sublingual
nitroglycerin 2 h after tadalafil 5 mg or 10 mg or placebo (36,37). On
the following day the patients received a repeat dose of nitroglycerin
to evaluate the possibility of a prolonged interaction because of
tadalafil’s long half-life. Mean maximum changes from prenitrate
baseline were –28 mmHg in standing systolic blood pressure of
patients that received placebo plus 0.4 nitroglycerin, –36 mmHg on
tadalafil 5 mg plus nitroglycerin; and –31 mmHg on tadalafil 10 mg
plus nitrate. The –36 mmHg was significant regarding a noninferior-
ity analysis. Changes in standing diastolic blood pressure after nitrate
plus placebo, 5 mg of tadalafil, and 10 mg of tadalafil were –13, –18,
and –17, respectively. On the second day (nitrate alone) there were
no differences compared to placebo. There also were no significant
differences among placebo or tadalafil after nitroglycerin in sitting
systolic or diastolic blood pressure or heart rates on d 1 or d 2.
Although the change in mean maximal pressure in standing systolic
blood pressure was not that impressive in tadalafil (–36, –31 mmHg)
vs placebo (–28 mmHg:) groups, additional analyses were performed
to better characterize outliers.

An outlier who might demonstrate a clinically significant fall in
blood pressure was defined as a patient who demonstrated a decrease
in systolic pressure of >30 mmHg from baseline, an absolute sys-
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tolic blood pressure of <85 mmHg, a decrease in diastolic blood
pressure of >20 mmHg from baseline, or an absolute diastolic blood
pressure of <45 mmHg. On d 1, the incidence of outliers was greater
for tadalafil 5 mg and 10 mg vs placebo for standing systolic blood
pressure <85 mmHg: 13 (26%) and 11 (22%) patients in the tadalafil
5 mg plus nitrate and tadalafil 10 mg plus nitrate groups vs placebo
plus nitrate 1 (2%) patient (p ≤ 0.001 and p ≤ 0.01 for tadalafil 5 mg
vs placebo and 10 mg vs placebo, respectively). Also for the category
change from baseline in standing diastolic blood pressure >20 mmHg,
19 (38%) of the tadalafil 5 mg plus nitrate (≤0.001 vs placebo) and 15
(30%) tadalafil 10 mg plus nitrate patients (≤0.01) achieved this vs 4
(8%) of placebo patients. There were no significant differences in the
other outlier criteria in standing blood pressure among groups. On d 2
there were no statistically significant differences in patients reaching
outlier criteria among the treatment groups (36,37).

This study suggested that tadalafil was associated with minimal-to-
small effects on further decreasing mean blood pressure in the setting
of sublingual nitroglycerin. However, on d 1, the frequency of outliers
was greater with tadalafil vs placebo, indicating that, in some patients,
tadalafil will augment the decrease in blood pressure associated with
nitrates. Therefore, tadalafil, like sildenafil, carries an organic nitrate
contraindication.

A second study (36,37) in which tadalafil was given to patients on
the long-acting nitrate isosorbide mononitrate showed more outliers
than placebo, but the results were less dramatic than with sublingual
nitroglycerin. A third study (38) was a placebo-controlled three-way
crossover study examining the hemodynamic effects of 0.4 mg sub-
lingual nitroglycerin administered after placebo, tadalafil 10 mg, or
sildenafil 50 mg in healthy men and women ages 55 yr and older.
Nitroglycerin was administered at expected time of Cmax for tadalafil
(2 h) and sildenafil (1 h). Subjects were re-evaluated on day 2 at
which time they received repeat nitroglycerin but no PDE5 inhibitor,
to evaluate for potential of any prolonged interaction.

On d 1 the mean maximal drop in standing systolic blood pressure
was 25 mmHg for tadalafil, 25 mmHg for placebo, and 29 mmHg for
sildenafil (sildenafil was significantly different vs placebo). However,
the frequency of outliers on d 1 was higher for both tadalafil and silde-
nafil vs placebo. For example, standing systolic blood pressure was
<85 mmHg in 23 (47%) tadalafil 10 mg patients, 23 (46%) sildenafil
50 mg patients vs 12 (24%) of placebo patients (p < 0.05 for both
tadalafil and sildenafil vs placebo). Supine systolic blood pressure on
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d 1 was <85 mmHg in 18 (36%) patients on 50 mg sildenafil (p < 0.05
vs placebo) vs 9 (18%) tadalafil and 3 (6%) placebo patients. On d 2,
the number of outliers in both the tadalafil and sildenafil treatment
groups was lower than on d 1. Subjects in the supine position on d 2
did not show an excess of outliers in either the tadalafil or sildenafil
group compared with placebo. A recent analysis suggested that tadalafil
augmented the blood pressure-lowering effect of sublingual nitroglyc-
erin when nitroglycerin was administered at timepoints to 24 h fol-
lowing the last dose of tadalafil. However, this interaction was no
longer detectable when nitroglycerin was administered 48 h or beyond,
after tadalafil administration (38a). Electrocardiographic analysis of
patients on tadalafil did not show a prolongation of the QT interval.
Also, QTC was not prolonged (35,37).

In the placebo-controlled phase III studies 291 of 1328 (21.9%) of
patients had an underlying cardiovascular disorder (35). About 10% had
evidence of ischemic CAD. Also, 58.9% had at least one cardiovascular
risk factor including diabetes in 34% of patients, hypertension in 30%,
and hyperlipidemia in 21% of patients. Compared with placebo, tadalafil
did not significantly increase the incidence of adverse cardiovascular
events. The overall safety database for tadalafil included over 4000 par-
ticipants and over 2700 patients who were in phase II, phase III, and
open-label studies. There were six reports of MI in the tadalafil-treated
patients for an incidence rate of 0.39 MIs per 100 patient-years in the
tadalafil-treated patients vs 1.1 per 100 patient-years in the placebo
patients. The incidence rate of MI in a similar age-standardized British
male population is 0.6 per 100 patient-years. Thus, there was no signal
in these data suggesting that tadalafil was increasing rates of MI (35).
During the tadalafil trials there were six deaths; three of these were
reported as cardiac deaths. The calculated cardiac mortality in tadalafil-
treated patients was less than 2.0 per 1000 patient-years, which is simi-
lar to the cardiac mortality rates reported in an age-standardized general
population of British males (2.6 per 1000 patient-years).

In a recent analysis, tadalafil was administered to men with CAD
undergoing exercise tolerance tests. Tadalafil had no adverse effects on
exercise duration or development of ST change (39).

In conclusion, tadalafil in healthy individuals caused no or minimal
drops in mean maximal systolic and diastolic blood pressure. Tadalafil
did cause small decreases in standing mean systolic and diastolic blood
pressure in patients with CAD, consistent with known systemic vasodi-
lating effects of PDE5 inhibition. Nitrate interaction studies showed
that there were modest additive effects of tadalafil on nitrate-induced
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reductions in mean blood pressure. Because a subset of patients were
outliers in that, in general, they dropped their blood pressure to clini-
cally unacceptable levels when tadalafil was given with organic
nitrates, as with sildenafil, tadalafil should not be used in combination
with nitrates. Overall safety database for tadalafil from a large number
of participants in clinical studies showed that morbidity and mortality
rates from serious cardiovascular events in patients with tadalafil were
similar to placebo as well as similar to rates reported for the population
of men with ED.

A series of cardiovascular safety studies were carried out in patients
taking various antihypertensive agents plus tadalafil (40). The addition
of tadalafil to patients on enalapril, metoprolol, or bendrofluazide was
associated with little or no further drop in blood pressure compared to
placebo. For example, mean difference between tadalafil 10 mg and
placebo in standing systolic blood pressure in patients on enalapril was
–3 mmHg; and difference between these in change in standing diastolic
pressure was –4 mmHg. Mean difference between tadalafil 10 mg and
placebo in patients on metoprolol was –7 mmHg for standing systolic
blood pressure and –4 mmHg for standing diastolic blood pressure.
For patients on the diuretic bendrofluazide, the mean difference
between tadalafil 10 mg and placebo was –6 mmHg for standing sys-
tolic blood pressure and –4 mmHg standing for diastolic blood pres-
sure. In these interaction studies with enalapril, metoprolol, and
bendrofluazide, there no deaths or serious cardiovascular adverse
events associated with tadalafil.

A randomized, double-blind, placebo-controlled, crossover study
was performed assessing the effects of a single dose of tadalafil 20 mg
with placebo in health volunteers who were receiving amlodipine.
Ambulatory blood pressure monitoring was used. No significant inter-
action was observed between tadalafil and amlodipine. There was no
difference in outlier drops in blood pressure between placebo and
tadalafil (40).

In a group of patients with difficult to control hypertension who were
taking angiotensin receptor blockers, tadalafil administration was asso-
ciated with lower systolic blood pressure than placebo. The mean dif-
ference between tadalafil 20 mg and placebo in maximum change in
systolic blood pressure was –8 mmHg; the maximum change in diastolic
blood pressure was –4 mmHg. There were more outliers in the tadalafil
plus angiotensin receptor blocker group vs the placebo plus angiotensin
receptor blocker group. However, tadalafil was well tolerated, and there
were no reports of serious or severe adverse events related to drop in
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blood pressure. Mean blood pressure measures taken in these patients
(not necessarily temporally related to tadalafil use) did not show signif-
icant differences between patients on placebo vs tadalafil.

Mean maximal post-baseline drops in standing systolic blood pres-
sure and standing and supine diastolic blood pressures were greater
following administration of tadalafil 20 mg vs placebo during treat-
ment with doxazosin 8 mg. There was a difference from placebo of
–4/–3 mmHg in the supine position and –10/–5 mmHg in the standing
position. In healthy subjects, administration of tadalafil and tamsu-
losin 0.4 mg resulted in blood pressure reductions that were not dose-
related or clinically meaningful. The use of tadalafil with α-blockers
is contrainindicated except for 0.4 mg tamsulosin.

In placebo-controlled phase III studies 272 (28.7%) of tadalafil-
treated patients and 105 (27.7%) of placebo-treated patients were
receiving antihypertensive therapy. Incidence rates of treatment-
emergent cardiovascular events were similar between patients who did
and did not receive concomitant antihypertensive therapy. Most car-
diovascular events were infrequent and occurred in less than 1% of
patients. Flushing was more common with tadalafil (3.4–4.4%) com-
pared with placebo (2.2–0%) as expected. Flushing was similar for
tadalafil patients who were taking antihypertensives (4.4%) vs those
were not (3.4%). Dizziness occurred in 1.8% of patients on tadalafil
plus an antihypertensive agent vs 2.7% of patients on tadalafil who
were not on antihypertensive therapy. Syncope was reported in two
placebo patients on antihypertensive medicines but no tadalafil
patients on antihypertensive medicines. Importantly, tadalafil with or
without antihypertensive therapy was not associated with an increase
in MI, hypotension, postural hypotension, heart failure, angina, or
arrhythmia compared with placebo.

In summary, in patients taking concomitant antihypertensive
therapy, tadalafil administration may result in no or, in general, mild
additional reduction in blood pressure, which is not likely to be clini-
cally meaningful. This small additive drop in blood pressure, observed
in some patients, is consistent with the vasodilator properties of PDE5
inhibition. Analysis of placebo-controlled phase III studies did not
show a difference in adverse events in patients taking tadalafil with or
without the concomitant use of antihypertensives. Appropriate clinical
advice should be given when prescribing tadalafil to patients educating
them of a possible additional decrease in blood pressure when taking it
with concomitant antihypertensive medications. Except for tamsulosin,
tadalafil should not be used in patients on α-blockers.
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VARDENAFIL (LEVITRA)

Vardenafil is a new PDE5 inhibitor that, like sildenafil and tadalafil,
is highly effective in the treatment of ED (11). Its molecular structure
is similar to sildenafil, and it has a half-life that is similar to sildenafil
at about 4 h. There are less cardiovascular data available for vardenafil
vs sildenafil or vardenafil. Its effect on blood pressure and heart rate in
normal volunteers is minimal. One preliminary study done in normal
healthy volunteers in the sitting position suggested that there was no
nitrate interaction (41). However, whether this would be true in patients
with cardiovascular disease or risk factors for cardiovascular disease
in the standing position is not known. When vardenafil was released in
the United States, it received a nitrate contrainindication, as will be
likely for the entire class of PDE5 inhibitors.

In patients with hypertension, who usually start out with a higher
baseline blood pressure than normal volunteers, vardenafil was associ-
ated with a small fall in blood pressure and small increase in heart rate
compared to placebo. In all hypertensive patients, vardenafil reduced
mean standing systolic blood pressure by –4.6 mmHg and mean stand-
ing diastolic blood pressure by –3.1 mmHg; it increased heart rate by
2 beats/min (42). In contrast, placebo reduced mean standing systolic
blood pressure by –0.1 mmHg, mean standing diastolic blood pressure
by –0.02 mmHg, and heart rate by –0.2 beats/min. There was no dif-
ference in response to vardenafil in patients on or not on antihyperten-
sive medicines (which included angiotensin converting enzyme
inhibitor, calcium blocker, β- or α-blockers, diuretics, and angiotensin
receptor blocker). In patients not on antihypertensive medicines, var-
denafil reduced standing systolic blood pressure by –4.2 mmHg, mean
standing diastolic blood pressure by –2.6 mmHg, and increased heart
rate by 2.0 beats/min. In patients taking one or more antihypertensive
medicines, vardenafil reduced mean standing systolic blood pressure
by –5.1 mmHg, mean standing diastolic blood pressure by –3.7 mmHg,
and increased heart rate by 1.9 beats/min. Importantly the incidence of
adverse cardiovascular events—angina, arrhythmia, MI, or syncope—
was low and similar in placebo vs vardenafil-treated patients with or
without concomitant use of antihypertensive medicines (42,43). The
conclusion of this study was that concomitant antihypertensive medi-
cines plus vardenafil use did not result in changes in blood pressure or
elevations of heart rate of clinical concern compared to changes
observed with vardenafil alone. In another study it was observed that
vardenafil was well tolerated in men with ED on antihypertensive med-
icines and was highly effective in improving erectile function (44). Var-
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denafil (5, 10, and 20 mg) significantly improved erectile function
domain, penetration, and maintenance of erection rates in these men. 

However, vardenafil is contrainindicated in patients taking α-blockers
based on hypotension that occurred when vardenafil was administered to
patients on terazosin and to a lesser extent on tamsulosin in one study.

Vardenafil caused small increases in QT interval in healthy men at
both therapeutic (10 mg) and supratherapeutic (80 mg) doses. It is rec-
ommended that patients with congenital QT prolongation and patients
receiving class IA (quinidine, procainamide) antiarrhythmic agents or
class II (amiodarone, sotalol) antiarrhythmic agents avoid vardenafil.

In a double-blind, crossover, single-dose study of men with CAD
who had reproducible exercise tolerance tests, either vardenafil 10 mg
or placebo was given 1 h prior to an exercise treadmill test (5–10
METS; ref. 45). Vardenafil did not alter total treadmill exercise time or
time to angina pectoris. However, vardenafil did significantly prolong
the time to ST-segment depression ≥ 1 mm (381 ± 108 s with varde-
nafil vs 334 ± 108 with placebo; p = 0.0004). Vardenafil was well tol-
erated in these men. Facial flushing and headache were the most
common side effects reported. Changes in heart rate and blood pressure
were similar between vardenafil and placebo. The study concluded that
vardenafil did not impair the ability of patients with stable CAD to
exercise at levels that were similar to those for sexual activity.

In general, then, vardenafil, like sildenafil and tadalafil, is a mild
vasodilator, is, in general, safe to administer in patients on antihyper-
tensive medicines (except α-blockers), and does not exacerbate ischemia.
None of the PDE5 inhibitors have been shown to definitely precipitate
MI. However, as reviewed elsewhere in this book, there is a small but
finite increased risk of a cardiovascular event with sexual activity and
any drug or therapy that enables men with ED to now engage in sexual
activity will expose them to that risk. In general, PDE5 inhibitors are
withheld from unstable cardiac patients or those on organic nitrates. The
Princeton Consensus Statement (46) and Guidelines of the ACC/AHA
(23) serve as useful general approaches to the management of sexual
dysfunction in the cardiac patient. These guidelines, which are reviewed
elsewhere in this volume, should be kept in mind when physicians are
considering prescribing PDE5 inhibitors for ED.

POTENTIAL NEW THERAPEUTIC
OPTIONS FOR PDE5 INHIBITORS

The PDE5 inhibitor sildenafil was developed initially as a cardiovas-
cular agent, that is, an antianginal agent. As mentioned earlier, it was not
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a useful antianginal medicine, but the serendipitous find of improved
erections became the focus of the drug. Recently, therapies for cardio-
vascular disorders again have become a focus of research regarding the
PDE5 inhibitors. Several studies have suggested that sildenafil may be
a useful treatment option for the condition of pulmonary hypertension.
Lung tissue is rich in PDE5. Sildenafil reduced hypoxia-induced
increases in pulmonary artery pressure without significantly affecting
systemic blood pressure (47). A recent case report of a 21-yr-old man
with pulmonary hypertension illustrated the potential benefit of silde-
nafil in patients with this entity. The young man received up to 100 mg
of sildenafil five times a day. After 3 months of sildenafil therapy, his
pulmonary artery pressure fell from 120 mmHg to 90 mmHg (48).

In one clinical trial of patients with pulmonary hypertension, pul-
monary artery pressure fell by 9.4 ± 1.3 mmHg with administration of
the prostacyclin analogue iloprost but fell to a significantly greater level
(by 13.8 ± 1.4, p < 0.009) when sildenafil was coadministered with
iloprost (49). As pulmonary hypertension, especially primary pul-
monary hypertension, is such a difficult entity to treat, new effective
therapy with an agent such as sildenafil would be a welcome addition.

PDE5 inhibitors may have a potential role in the treatment of con-
gestive heart failure. It is known that in patients with congestive heart
failure there may be impaired endothelium-dependent, NO-mediated
vasodilation. Patients with impaired endothelium-dependent vasodila-
tion and congestive heart failure demonstrated improved brachial arte-
rial flow-mediated vasodilation after transient blood pressure cuff
occlusion with 25 or 50 mg of sildenafil vs placebo (50).

Another potential use of PDE5 inhibitors in cardiovascular medi-
cine is antihypertensive therapy. Studies to date suggest that these
agents induce mild-to-moderate reductions in blood pressure in patients
with hypertension. It is conceivable that this group of drugs, which
work through a unique mechanism of action compared with existing
antihypertensive agents, could be a useful add-on therapy.

CONCLUSION

In conclusion, PDE5 inhibitors, such as sildenafil, tadalafil, and var-
denafil, are highly effective oral agents for the treatment of ED. They
appear to be effective in men with underlying cardiovascular disease,
including chronic stable angina and hypertension. These agents are
mild vasodilators and result in small, but usually clinically insignifi-
cant, drops in blood pressure. When administered to patients already on
antihypertensive medicines, they are associated with small additive
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drops in blood pressure. However, because PDE5 inhibitors prevent the
breakdown of cGMP whereas NO donors, such as organic nitrates,
increase the production of cGMP, administering PDE5 inhibitors to
patients who take organic nitrates is absolutely contraindicated. When
PDE5 inhibitors plus organic nitrates are taken together, there may be
a large build-up of cGMP with synergistic drops in blood pressure. To
date,evidence does not support an increase in MI or cardiac death
resulting from the use of PDE5 inhibitors per se. Caution is advised in
using these agents in the unstable cardiac patients as per guidelines set
forth by the ACC/AHA and the Princeton Consensus Guidelines.
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CORONARY CYCLIC GUANOSINE
MONOPHOSPHATE-HYDROLYZING ACTIVITY

Nitric oxide (NO) produced by the endothelium diffuses into the vas-
cular smooth muscle, where it activates soluble guanylyl cyclase (sGC);
the resultant increase in cyclic guanosine monophosphate (cGMP)



causes vasodilation of the resistance arteries through modulation of cal-
cium channels and by decreasing the calcium sensitivity of the vascular
smooth muscle contractile proteins (1). The response to guanylyl cyclase
activation is terminated by enzymatic hydrolysis of cGMP. Coronary
artery vascular smooth muscle cGMP-hydrolyzing activity is mainly the
result of phosphodiesterase-1 (PDE1), a calmodulin-dependent PDE,
and PDE5, which is a calcium-calmodulin independent cGMP-specific
PDE (2). Of the total cGMP hydrolyzing activity, PDE1 constituted
73% in porcine and approximately 80% in bovine normal epicardial
coronary artery (3). Vinpocetin, a selective inhibitor PDE1, has been
shown to cause concentration-dependent relaxation of isolated arterial
vessel segments (4). Similarly, the PDE5 inhibitors zaprinast, E4021,
and sildenafil caused relaxation of isolated porcine or canine normal
epicardial coronary artery segments in vitro that was associated with an
increase of vascular cGMP concentration (5–7). Comparable results
have been obtained in vivo where E4021, 10 µg/kg/min iv, a dose that
produced no change in aortic pressure, caused epicardial coronary artery
dilation in awake pigs with a 2.9 ± 0.5% increase in coronary diameter
(6). The findings indicate that selective inhibition of either PDE1 or
PDE5 alone can cause an increase in coronary cGMP content with
resultant vasodilation and imply that either PDE pathway alone may be
insufficient to maintain normal cGMP levels. It should be noted that
these findings apply to epicardial coronary arteries, and that measure-
ments of PDE activity and cGMP content in coronary resistance vessels
(where blood flow is regulated) are not available.

EFFECT OF PDE5 INHIBITION ON CORONARY FLOW

PDE5 Inhibition During Basal Conditions
Because inhibition of PDE5 can augment vascular smooth muscle

cGMP levels, the effect of PDE5 inhibition might be expected to mimic
the effect of NO. Administration of NO donors or intra-arterial infusion
of authentic NO can cause dilation of coronary resistance vessels with
a modest increase of coronary blood flow (8,9). Nevertheless, inhibi-
tion of NO synthesis with competitive inhibitors of arginine did not
decrease coronary blood flow in either anesthetized or awake dogs, prin-
cipally because NO inhibition tended to increase myocardial oxygen
consumption (10). Blockade of NO production did cause a slight but
significant decrease of coronary venous oxygen tension, indicating that
endogenous NO exerts a slight vasodilator effect on the coronary resis-
tance vessels (10). In chronically instrumented normal awake dogs stud-
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ied during resting conditions, PDE5 inhibition with sildenafil (2 mg/kg)
caused a 7 ± 2 mmHg decrease of mean aortic pressure (p < 0.05), with
no significant change of heart rate, left ventricular (LV) systolic pressure
or LVdP/dtmax (11). Sildenafil did cause coronary vasodilation with a
19 ± 6% increase in myocardial blood flow (p < 0.05) but no change of
myocardial oxygen consumption. The finding that inhibition of cGMP
degradation caused a modest increase of coronary blood flow implies
that some degree of basal guanylyl cyclase activity exists in coronary
vessels during resting conditions.

PDE5 Inhibition During Exercise
In the normal heart, coronary blood flow is closely matched to

myocardial oxygen requirements so that, even during resting condi-
tions, 75–80% of the oxygen is extracted from the blood traversing
the coronary capillaries (12). Because of the limited ability for a fur-
ther increase in oxygen extraction, increased myocardial oxygen
requirements during exercise must be met by essentially parallel
increases of coronary blood flow. This increase of blood flow during
exercise is mediated by metabolic vasodilation of the coronary resis-
tance vessels. The principal sites of resistance to blood flow are at the
level of the small arteries (100–400 µm in diameter) and the coronary
arterioles (60–120 µm; refs. 13 and 14). Metabolic vasoregulation
appears to occur principally at the level of the arterioles; increases of
myocardial metabolic demands result in opening of ATP-sensitive
potassium channels (KATP) on the coronary arteriolar smooth muscle
cell membrane (15). The resultant efflux of potassium causes a
decrease in membrane potential that closes voltage-dependent calcium
channels in the sarcolemma of the smooth muscle cells. The conse-
quent decrease of cytosolic calcium causes relaxation of the vascular
smooth muscle with arteriolar dilation and an increase of coronary
flow. The small arteries (100–400 µm in diameter) account for
approximately 40% of the total resistance to flow in the coronary cir-
culation (14). These resistance arteries appear to be insensitive to the
metabolic state of the myocardium but can undergo endothelium-
dependent NO-mediated vasodilation in response to the increased shear
forces that result when blood flow is increased by metabolic vasodilation
of the arterioles (16). The increased blood flow during exercise would be
expected to cause increased endothelial shear forces and an increase in
coronary NO production. In agreement with this, direct measurements of
the arterial and venous products of NO metabolism (nitrite + nitrate =
NOx) have demonstrated that NO production across the coronary cir-
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culation increases during exercise (17). In chronically instrumented
dogs, the increase of coronary flow in response to exercise was
slightly augmented by PDE5 inhibition with sildenafil; during control
conditions, left anterior descending coronary artery blood flow
increased from 1.19 ± 0.03 mL/min per g at rest to 2.30 ± 0.18 during
treadmill exercise that increased heart rates to approximately
230 beats/min, a 1.11 ± 0.10 mL/min per g increase (11). After silde-
nafil, coronary flow increased from 1.35 ± 0.09 mL/min per g at rest to
2.69 ± 0.28 during the heaviest level of exercise, an increase of 1.34 ±
0.14 mL/min per g (p < 0.05 comparing control with sildenafil; Fig. 1).
This difference, although statistically significant, was small and indicates
that inhibition of PDE5 does not substantially alter the resistance vessel
dilation that occurs during exercise. Furthermore, sildenafil did not sig-
nificantly change the relationship between oxygen delivery to the heart
and myocardial oxygen consumption, indicating that this agent did not
interfere with normal physiologic regulation of coronary blood flow
during exercise.

The failure of inhibition of PDE5 to increase coronary blood flow
relative to myocardial oxygen demands is likely explained by reciprocal
vasomotor adjustments at several levels within the coronary microcir-
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Fig. 1. Effect of PDE5 inhibition with sildenafil on myocardial blood flow in
chronically instrumented dogs. Measurements were obtained at rest and during a
three-stage graded exercise treadmill protocol. Myocardial blood flow increased in
proportion to the increase in oxygen consumption during exercise; sildenafil did
not significantly change myocardial oxygen consumption, myocardial blood flow,
or the relationship between oxygen consumption and blood flow. Reproduced with
permission from ref. 11.



culation. In chronically instrumented awake dogs, blockade of NO syn-
thesis caused epicardial coronary artery constriction but had little effect
on coronary blood flow (18). Using intravital microscopy to directly
visualize coronary microvessels in the beating canine heart, Jones and
associates (19) observed that inhibition of NO synthesis did cause con-
striction of the small coronary arteries (>100 µm in diameter) but this
was counterbalanced by vasodilation of the arterioles (<100 µm in
diameter), demonstrating that compensatory vasomotor adjustments
occurred in sequential segments of the coronary microvasculature to
maintain blood flow after inhibition of NO production. Thus, in the in
vivo heart, the vasodilation produced by cGMP occurs principally at
the level of the coronary arteries, including the resistance arteries,
whereas regulation of coronary blood flow in response to myocardial
metabolic needs is principally a function of the coronary arterioles. The
available data indicate that inhibition of PDE5 does not interfere with
metabolic coronary vasoregulation at the level of the arterioles.

EXERCISE-INDUCED INCREASES OF HEMOGLOBIN

Exercise normally results in an increase of blood oxygen carrying
capacity as the result of an increase in hematocrit. This increase in
hematocrit is the result of a decrease in plasma volume secondary to
extravasation of fluid from the capillaries, as well as α-adrenergically
mediated splenic contraction in animals, such as dogs and horses, in
which the spleen has a muscular capsule; during exercise, contraction
of the splenic capsule expresses erythrocyte-rich blood into the gen-
eral circulation, thereby causing an increase of hemoglobin (20). In
chronically instrumented dogs, PDE5 inhibition with sildenafil caused
an approximately 10% decrease in hemoglobin both at rest and during
exercise, although this agent did not interfere with the increase of
hemoglobin that occurred during exercise (11). The slight decrease of
hematocrit following sildenafil was matched by slightly higher coro-
nary blood flow rates at rest and during exercise so that oxygen deliv-
ery to the myocardium was unchanged. Nitroglycerin has been
demonstrated to cause splenic dilation in dogs, suggesting cGMP-
mediated relaxation of the splenic capsule smooth muscle (21). The
decrease in hemoglobin after sildenafil administration in dogs sug-
gests that this agent caused cGMP-dependent relaxation of the splenic
capsule with trapping of circulating erythrocytes in the spleen. This
effect of sildenafil is likely to be limited to species in which the spleen
is surrounded by a muscular capsule (i.e., dog, horse) and likely would
not occur in human subjects (12).
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EFFECT OF PDE5 INHIBITION
ON CORONARY REACTIVE HYPEREMIA

Transient myocardial ischemia results in intense coronary resistance
vessel dilation and is followed by a period of increased blood flow
termed reactive hyperemia. There is evidence that endogenous NO con-
tributes to coronary reactive hyperemia; thus, in open chest and awake
dogs, inhibition of NO synthase decreased total reactive hyperemia
blood flow principally by attenuating the late phase of the hyperemic
response (10). Because the influence of NO is likely to be mediated by
guanylyl cyclase, the effect of PDE5 inhibition with sildenafil on the
coronary reactive hyperemia was studied in chronically instrumented
awake dogs (11). Sildenafil caused no change in the peak flow rates,
the duration of the reactive hyperemic response, or the total volume of
excess blood flow during the reactive hyperemia that followed a 10-s
coronary occlusion. The failure of sildenafil to augment reactive hyper-
emia could be the result of an alternate pathway for degradation of
cGMP, such as PDE1. Alternatively, it is possible that vasomotor
adjustments at the level of the coronary arterioles counter any increase
in cGMP-mediated vasodilation of the coronary arteries during the
reactive hyperemic response.

EFFECT OF PDE5
ON ENDOTHELIUM-DEPENDENT VASODILATION

Coronary vasodilators, such as acetylcholine, bradykinin, and sub-
stance P, are dependent on an intact endothelium to produce vasodilation
(22). These agents interact with specific endothelial cell receptors to
cause elaboration of NO, endothelium-dependent hyperpolarizing
factor, and/or prostacyclin, which diffuses to the smooth muscle to
cause vasodilation. In the normal canine heart, PDE5 inhibition with
sildenafil significantly augmented the increase in coronary flow pro-
duced by intraarterial acetylcholine (Fig. 2; ref. 11). This is not sur-
prising, inasmuch as NO degradation products (NOx) have been
demonstrated to increase during intracoronary infusion of acetyl-
choline, demonstrating increased coronary NO production (17). Inter-
estingly, sildenafil did not augment the coronary vasodilator response
to acetylcholine in dogs with congestive heart failure (CHF) produced
by rapid ventricular pacing. This finding is likely explained by reports
that NO bioavailability is decreased in the setting of heart failure and
suggests that in this situation acetylcholine-induced coronary vasodila-
tion is mediated by factors other than the NO/guanylyl cyclase system,
possibly endothelium derived hyperpolarizing factor.
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EFFECT OF PDE5 INHIBITION IN THE PRESENCE
OF A FLOW-LIMITING CORONARY STENOSIS

Effect of a Coronary Stenosis With Intact Endothelium
EFFECT OF A CORONARY STENOSIS

DURING BASAL CONDITIONS

A coronary stenosis sufficiently severe to limit arterial inflow results
in vasodilation of the resistance vessels in the hypoperfused myocardial
region. However, even during ischemia, some degree of vasodilator
reserve can exist at the level of the coronary resistance vessels (23).
When a constrictor on the left anterior descending coronary artery of
open-chest dogs was tightened to decrease mean blood flow to 50%
of baseline, PDE5 inhibition with sildenafil (total dose 1.5 mg/kg iv)
caused no change in blood flow to the ischemic myocardial region
during a 2-h observation period (24).

EFFECT OF A CORONARY STENOSIS DURING EXERCISE

In the clinical setting, transient myocardial ischemia and angina pec-
toris typically occur when a coronary stenosis prevents blood flow from
increasing sufficiently to meet the increased myocardial metabolic
needs during exercise or other stress. When coronary flow is insuffi-
cient to meet myocardial needs, the limited arterial inflow is delivered
preferentially to the outer LV layers, whereas hypoperfusion is most
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Fig. 2. Effect of sildenafil (2 mg/kg po) on the endothelium-dependent vasodila-
tor response to intracoronary acetylcholine in chronically instrumented awake
normal dogs. Acetylcholine caused dose-related coronary vasodilation; sildenafil
significantly augmented the response to acetylcholine. Reproduced with permis-
sion from ref. 11.



severe in the subendocardium (25). This redistribution of blood flow is,
in part, a reflection of the transmural gradient of extravascular forces
that exists across the wall of the left ventricle. Extravascular forces
increase from epicardium to endocardium; the interaction between
these compressive forces and the low intracoronary distending pres-
sure that can exist distal to a flow-limiting stenosis acts to collapse the
intramural coronary vessels forming vascular waterfalls (25). The resul-
tant impedance to blood flow is most marked in the subendocardium
where the extravascular forces are greatest. Factors that increase the
extravascular forces, such as an increase in LV diastolic pressure, will
exaggerate the redistribution of blood flow away from the subendo-
cardium. An additional factor contributing to the redistribution of blood
flow away from the subendocardium relates to the intramural penetrat-
ing arteries that deliver blood from the epicardial arteries to the suben-
docardial vascular plexus (26). In the presence of a coronary stenosis
that has caused the arterioles to undergo metabolic vasodilation, the
penetrating arteries represent an additional substantial locus of resis-
tance for blood flow to the subendocardium. In this situation, alter-
ations of tone in the penetrating arteries have the potential to influence
subendocardial blood flow (27).

The effect of PDE5 inhibition with sildenafil on myocardial blood
flow during exercise in the presence of a coronary stenosis has been
studied in dogs instrumented with a hydraulic occluder and flowmeter
on the left anterior descending coronary artery; a microcatheter allowed
measurement of coronary pressure distal to the occluder (28). During
normal conditions, treadmill exercise that increased heart rates to
approximately 200 beats/min resulted in a near doubling of coronary
flow; in these normal hearts, blood flow was distributed preferentially
toward the subendocardium so that the subendocardial/epicardial blood
flow ratio was 1.34 ± 0.08. When the occluder was partially inflated to
produce a stenosis that prevented coronary flow from increasing, exer-
cise caused a redistribution of the limited blood flow away from the
subendocardium with a decrease in the subendocardial/subepicardial
flow ratio to 0.38 ± 0.07. There was a marked pressure drop across the
stenosis; mean aortic pressure during exercise was 124 ± 7 mmHg,
whereas pressure distal to the stenosis was 57 ± 2 mmHg. The
ischemia resulting from this stenosis caused an increase of LV end-
diastolic pressure during exercise from 12 ± 2 to 17 ± 3 mmHg. Silde-
nafil administered as an oral dose of 2 mg/kg caused no significant
change in arterial pressure during exercise but tended to decrease LV
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end-diastolic pressure in the ischemic ventricle. In the region perfused
by the stenotic coronary artery, sildenafil caused a slight but significant
increase of myocardial blood flow (mean increase: 11%; p < 0.05) at a
coronary pressure distal to the stenosis (57 ± 3 mmHg) equal to that
during exercise prior to sildenafil (57 ± 2 mmHg). The increase in
coronary flow was transmurally uniform, with no change in the suben-
docardial/subepicardial blood flow ratio. Because the perfusion pres-
sure distal to the stenosis was identical before and after sildenafil, the
small increase in blood flow after sildenafil indicated a decrease
in small vessel resistance. This decrease in small vessel resistance
is unlikely to have occurred at the level of the arterioles, because
ischemia would have already caused metabolic vasodilation of
these vessels. It is likely that PDE5 inhibition produced vasodilation
of the coronary resistance arteries (100–400 µm in diameter), which
are unresponsive to the metabolic needs of the myocardium, but where
endothelium-dependent cGMP-mediated vasodilation can occur. Pre-
vious studies have demonstrated that even during ischemia some degree
of vasodilator reserve persists in the coronary resistance vessels, in part
because of adrenergic vasoconstriction that competes with metabolic
vasodilation during exercise (29). Conversely, sympathetic activation
of α2- and β2-adrenergic receptors on the coronary endothelium can
activate endothelial NOS to increase NO production (30,31). Such an
increase of endothelial NO production during exercise might be
expected to amplify the effect of PDE5 inhibition, and might explain
the lack of effect of sildenafil on blood flow in the presence of a coro-
nary stenosis during resting conditions (24). The finding that PDE5
inhibition increased blood flow in the poststenotic myocardial region
during exercise is analogous to reports that nitroglycerin and other NO
donors can increase blood flow to a myocardial region that becomes
ischemic during exercise in the presence of a coronary stenosis (9).
However, the effect of sildenafil was different from that produced by
nitroglycerin or the NO donors, because these agents caused a prefer-
ential increase of blood flow to the subendocardium, likely as the result
of dilation of the penetrating arteries that conduct blood from the epi-
cardial arteries to the subendocardial microvasculature. In contrast,
PDE5 inhibition with sildenafil caused no change in the transmural
distribution of perfusion (28). An alternate possibility for the increase
in poststenotic blood flow is that the tendency toward a lower LV end-
diastolic pressure after sildenafil caused a decrease of the extravascu-
lar forces compressing the intramural microvasculature.
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POTENTIALLY DELETERIOUS EFFECTS OF VASODILATION

IN THE PRESENCE OF A CORONARY STENOSIS

In the above studies of single-vessel coronary artery occlusion in
experimental animals, PDE5 inhibition had no tendency to worsen
myocardial perfusion or to aggravate the subendocardial hypoperfu-
sion that occurs when blood flow was limited by a proximal stenosis.
However, this experimental animal model of single vessel coronary
artery stenosis does not mimic the complex coronary dynamics that
can exist in patients with multivessel coronary disease.

Effects of Resistance Vessel Dilation. Small-vessel dilation has the
potential to exert undesirable effects on blood flow in a region of
myocardium served by a stenotic coronary artery (27). For example, if
a vasodilator causes a substantial decrease of systemic blood pressure,
this will reduce the driving pressure across the stenotic segment,
thereby causing a decrease in blood flow. Conversely, however, sys-
temic venodilation can cause a decrease of LV diastolic pressure that
can enhance blood flow (especially to the subendocardium), because
the extravascular forces that act to impede blood flow distal to a coro-
nary stenosis are directly related to the LV filling pressure.

Effect on Stenosis Severity. An agent that causes coronary resis-
tance vessel dilation that results in a decrease of intraarterial pressure
distal to a stenosis can worsen stenosis severity. Stenotic arterial seg-
ments often demonstrate some degree of compliance and can recoil if
the distending pressure is decreased; the distending pressure within the
stenotic segment is essentially equal to pressure distal to the stenosis
(32). If a pharmacologic agent results in dilation of microvessels distal
to the stenosis, the resultant decrease of distal coronary pressure (dis-
tending pressure) can cause partial collapse of the stenosis and result in
an increase of stenosis severity. The effect of PDE5 inhibition on steno-
sis severity has not been examined in experimental animal models.

Coronary Steal. In the setting of multivessel coronary artery dis-
ease, small-vessel dilators have the potential to cause coronary steal
(27). This can occur when two arteries, one having a significant steno-
sis and the other relatively disease free, are perfused in parallel from a
common coronary artery having some resistance to blood flow. In this
situation, a resistance vessel dilator will increase flow in the relatively
disease-free arterial branch, but this increase in flow will result in an
increased pressure drop across the common proximal artery. Because
the stenosis in the distal artery has already required vasodilation of the
resistance vessels to maintain adequate blood flow, the decreased pres-
sure cannot be countered by additional vasodilation to maintain blood
flow. In this situation, the pharmacologic dilator diverts blood to the
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relatively nondiseased artery at the expense of a decrease in flow in
the perfusion bed served by the stenotic artery. This effect can be seen
in patients with multivessel coronary disease in which potent coronary
resistance vessel dilators, such as adenosine or dipyridamole, can cause
an actual decrease of blood flow in myocardial regions perfused by a
stenotic coronary artery. Because of the relatively weak vasodilator
influence on the coronary resistance vessels, sildenafil is unlikely to
exert this deleterious effect.

Epicardial Steal. A decrease of perfusion pressure distal to a steno-
sis has the potential to divert blood away from the subendocardium as
the result of interaction of the decreased intravascular pressure with
the extravascular compressive forces (27). Consequently, pharmaco-
logic agents that act to cause vasodilation of coronary resistance vessels
could worsen subendocardium hypoperfusion in ischemic myocardial
regions by diverting the limited blood flow toward the subepicardium.
The weak vasodilator influence of PDE5 inhibition on coronary resis-
tance vessels minimizes the likelihood of redistribution of blood flow
from the LV subendocardium toward the outer myocardial layers.

Cyclic Flow Reductions as a Result of Coronary
Stenosis With Endothelial Injury

Folts et al. (33) observed that when a coronary stenosis that causes
a modest reduction of basal blood flow is associated with arterial
injury, spontaneous periodic reductions of coronary flow are often
observed. These cyclic flow reductions are the result of spontaneous
formation of platelet-rich thrombus within the stenotic segment; the
formation of thrombus causes the reduction of blood flow, and subse-
quent dislodgement of the thrombus re-establishes flow. Agents that
inhibit platelet aggregation are effective in reducing or eliminating
cyclic flow reductions. Platelet cGMP can inhibit agonist-mediated cal-
cium flux and decrease fibrinogen binding to the glycoprotein IIb/IIIa
receptor that is essential for aggregation (33). However, in a canine
model of coronary artery injury and stenosis, the PDE5 inhibitor zapri-
nast had no effect on the frequency of cyclic flow reductions (34). Sim-
ilarly, inhaled NO in a concentration of 20 ppm did not decrease the
frequency or duration of flow reductions. However, when inhaled NO
was combined with zaprinast coronary flow reductions were decreased
from 6.7 ± 0.1 to 1.0 ± 0.5 cycles per hour. An antithrombotic effect of
zaprinast is consistent with the finding that PDE5 is present in platelet
cytosol (34); the observation that this antithrombotic effect occurred
only in the presence of exogenous NO implies that activation of guany-
lyl cyclase must occur for PDE5 to have an effect. In agreement with
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this, PDE5 inhibition with sildenafil had no effect on agonist-induced
platelet aggregation in vitro but potentiated the antiaggregating effect of
sodium nitroprusside against platelet-activating factor, collagen, adeno-
sine diphosphate, and the thromboxane A2 mimetic U46619 (7). Using
the coronary stenosis–arterial injury model, Przyklenk and Kloner (24)
observed that the flow-time area (an index of coronary patency) tended
to increase over time in untreated animals, but animals treated with
sildenafil did not demonstrate this modest improvement in the flow-
time area with time. The investigators subsequently demonstrated that
sildenafil prevented the antiaggregatory effect of the adenosine A2
receptor agonist CGS21680 in vitro. The mechanism by which PDE5
inhibition prevented adenosine A2 receptor-mediated inhibition of
platelet aggregation (resulting from stimulation of adenylyl cyclase and
accumulation of cAMP) is unclear.

CONGESTIVE HEART FAILURE

In the normal heart, the principal mechanism for cGMP production
in the coronary vessels involves activation of sGC by NO produced in
the vascular endothelium (1). A second parallel system for cGMP pro-
duction involves activation of particulate guanylyl cyclase by circulat-
ing natriuretic peptides that bind to specific receptors (NPR-A) on
vascular smooth muscle cells (35). In CHF, NO bioactivity is decreased
so that vascular sGC activity would be expected to be reduced (36).
However, CHF is associated with increased circulating levels of atrial
natriuretic peptide (ANP) and brain natriuretic peptide (BNP) that
might be expected to result in increased cGMP production via activa-
tion of particulate guanylyl cyclase (37). If vascular cGMP production
was increased in CHF, then PDE5 inhibition might have a greater effect
in the failing circulation than in the normal heart. We examined the
effect of PDE5 inhibition on coronary and systemic hemodynamics in
dogs in which heart failure was produced by right ventricular pacing at
240 beats/min for 3–4 wk (38). This protocol results in congestive
cardiomyopathy with LV ejection fractions of approximately 30%,
elevated LV filling pressures, and marked exercise intolerance (39).
In animals with CHF, PDE5 inhibition with sildenafil caused a
4- to 5-mmHg decrease in mean aortic pressure and a slight but sig-
nificant decrease of LV end-diastolic pressure at rest and during exer-
cise, but did not alter heart rate, LV systolic pressure, or LVdP/dtmax.
Sildenafil had no significant effect on either coronary blood flow or
myocardial oxygen consumption in the failing heart. Furthermore,
sildenafil did not alter the relationship between coronary flow and
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myocardial oxygen consumption, indicating that inhibition of PDE5
activity did not alter the coupling between resistance vessel vasomotor
activity and myocardial metabolic demands. The finding that sildenafil
failed to increase coronary blood flow in animals with CHF but did
cause a modest increase in coronary flow in normal animals (11) sug-
gests that cGMP is decreased in the coronary microvessels of animals
with CHF. Because CHF is associated with increased plasma levels of
ANP and BNP (37), both of which can cause coronary vasodilation by
activation of particulate guanylate cyclase in vascular smooth muscle,
the findings suggest that responsiveness to the natriuretic peptides is
decreased in the failing heart. The relaxation of isolated coronary artery
segments to ANP and BNP is dramatically decreased in dogs with
pacing induced CHF, whereas relaxation to NO or 8-bromo-cGMP is
maintained, suggesting that natriuretic peptide receptors are downreg-
ulated in response to the persistently elevated circulating levels of natri-
uretic peptide in the setting of heart failure (40). The finding that PDE5
activity contributes little to regulation of coronary vasomotor activity in
animals with CHF implies that the vascular smooth muscle cGMP con-
tent is low, likely as the result of endothelial dysfunction with
decreased NO bioavailability as well as because of downregulation of
vascular smooth muscle natriuretic peptide receptors.
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INTRODUCTION

Erectile dysfunction (ED), defined as the persistent inability to attain
and/or maintain penile erection sufficient for sexual performance,
affects up to 30 million men in the United States (1). Many of these



men also suffer from cardiovascular disease because many of the risk
factors for ED are also established risk factors for coronary artery dis-
ease (CAD). These risk factors include older age, diabetes mellitus,
hypertension, smoking, and dyslipidemia. It is also likely, but not
proven, that oxidative stress resulting in endothelial dysfunction con-
tributes to the pathogenesis of both diseases. The incidence of ED may
also be exacerbated by cardiovascular illness, such as myocardial
infarction (MI) and congestive heart failure (CHF), and by the treat-
ment for CAD, including antihypertensive/antianginal medications such
as β-blockers.

Sildenafil, a phosphodiesterase inhibitor with vasodilator properties,
was originally in development as an antianginal medication. Although
more than a dozen isozymes of phosphodiesterases have been identified
in mammalian tissue, sildenafil selectively inhibits phosphodiesterase
(PDE) type-5, which is found predominantly in the corpus cavernosum
of the penis. Sildenafil effectively blocks degradation of cyclic guano-
sine monophosphate (cGMP) produced in response to nitric oxide
(NO), thereby enhancing vasodilatation and erectile function in men
with ED.

SAFETY AND EFFICACY OF SILDENAFIL
IN CLINICAL TRIALS

The safety and efficacy of sildenafil has been examined in numerous
studies in patients with and without CAD. Greater than 3700 patients
ages 19–87 yr with ED of various causes received sildenafil therapy in
the randomized, placebo-controlled, double-blinded phase II/III clinical
studies completed before Food and Drug Administration approval.
Importantly, exclusion criteria for these initial randomized trials
included recent stroke, MI, or other significant cardiovascular event
within 6 months, poorly controlled diabetes, and concomitant nitrate use.
In the United States, dose–response and dose–escalation clinical trials
(2), sildenafil use resulted in a greater than 80% rate of improved erec-
tion with significant increases in the frequency and rigidity of erections
compared with placebo. The most common side effects of sildenafil use
were headache, flushing, and dyspepsia, which occurred at rates of
6–18%. No serious adverse cardiovascular events were reported.

Concerns regarding the safety of sildenafil use, particularly in
patients with cardiac disease, were heightened by postmarketing sur-
veillance data and anecdotal reports revealing numerous serious car-
diovascular events, including MI and sudden cardiac death, temporally
associated with its use (3). Subsequent analyses suggested that these
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events did not reflect an increase in expected cardiovascular events in
the population with ED (4–7). According to a meta-analysis by Morales
et al. (8), serious cardiovascular events occurred at a rate of 4.1 per
100 patient-years of treatment with sildenafil, compared to 5.7 per
100 patient-years of treatment with placebo. The rate of MI was
1.7 per 100 patient-years of treatment with sildenafil compared with
1.4 per 100 patient-years of treatment with placebo. With greater than
6000 patient-years of treatment experience with sildenafil as of Decem-
ber 31, 1998, the incidence of all cause mortality was 0.46 per
100 patient-years with sildenafil compared with 0.84 per 100 patient-
years with placebo, and the incidence of MI was 0.84 per 100 patient-
years with sildenafil compared with 1.05 per 100 patient-years with
placebo. On follow-up of this meta-analysis, the rate of MI remained low,
at 0.57 per 100 patient-years of treatment with sildenafil, compared with
0.89 per 100 patient-years of treatment with placebo with greater than
13,000 patient-years of treatment experience as of March 31, 2002 (9). It
is important to note that these clinical trials of sildenafil specifically
excluded patients with severe CAD, unstable symptoms, or recent MI.

Further evidence for safety in a more general population is shown in
the first phase of prescription event monitoring in England, reported
by Shakir et al. (10). They reported on 5601 patients with a mean age
of 57 yr who were prescribed sildenafil in England and followed for an
average of 6 month. Nonfatal adverse cardiac events were angina
(n = 9), chest pain (n = 19), ischemic heart disease (n = 5), and
MI (n = 7). Fatal events included MI (n = 6) and ischemic heart disease
(n = 4). The standardized mortality for this cohort of patients was
20 deaths/yr, and, when compared with the expected mortality of the
general population, they found a 30.1% lower mortality in patients
using sildenafil, after adjustment for confounding effects of age. The
results of this study support that there is no evidence of increased risk
of MI or death with sildenafil prescribed to a nonselected diverse pop-
ulation during the first 6 month of use. Further follow-up of this cohort
of patients is expected.

Another way to assess safety in clinical trials of sildenafil is to focus
specifically on patients with coronary disease. Conti et al. (7) reported
the results of a retrospective subanalysis of 11 randomized, double-
blind, placebo-controlled sildenafil trials involving 357 men with
chronic, stable CAD who were not taking nitrates. Sildenafil remained
an effective treatment with improved erections noted in 70% of treated
men compared with 20% with placebo (p < 0.0001). MI rates were
comparable at 3% in both the sildenafil and placebo groups, whereas
serious cardiovascular events occurred in 7% in the sildenafil group and
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10% in the placebo group. The most common adverse effects of silde-
nafil treatment included headache, flushing, and dyspepsia, and their
incidences were comparable with patients with and without CAD. The
overall rate of cardiovascular events was low, but there was no sugges-
tion of an increase in events in these men with CAD. Possible reasons
for the adverse cardiac events noted by postmarketing surveillance
include chance alone with such wide use of sildenafil. In addition, the
physical demand of sex may induce the presentation of cardiac events,
especially in men who have had decreased sexual activity before using
sildenafil. Lastly, although sildenafil is highly selective for PDE5, inhi-
bition of this isozyme, which is present in platelets and vascular
smooth muscle, as well as the weak inhibition of other isozymes pre-
sent in the heart, could potentially cause adverse cardiovascular effects
directly (11). Therefore, to determine the effects of sildenafil on the
cardiovascular system in patients with CAD, researchers have exam-
ined the effect of this drug on systematic, pulmonary, and coronary
hemodynamics, as well as its effects on exercise capacity, on CHF, and
on arrhythmogenesis.

EFFECTS OF SILDENAFIL ON HEMODYNAMICS

The effects of sildenafil on human systemic and pulmonary hemody-
namics was originally studied in healthy volunteers by Jackson et al.
(12). They looked at the effects of both intravenous and oral sildenafil on
hemodynamics of healthy young men (ages 18–45 yr) and in men with
stable CAD (ages 52–70 yr). Sildenafil had a modest effect on blood
pressure in normal subjects, producing an average reduction of about
10 mmHg after a single 100-mg oral dose (the maximum recommended
dose). The maximum decrease was noted within 1 h after ingestion, and
restoration of baseline values occurred within 4–5 h in most subjects.
No significant change in heart rate or cardiac index was observed.

In patients with stable CAD, defined by a positive exercise test,
nuclear test, or stress echo, or noted on angiography, sildenafil admin-
istration resulted in small reductions in right atrial, pulmonary, and sys-
temic pressures. Once again, no significant change in heart rate was
observed after sildenafil use. Overall, the authors concluded that silde-
nafil produced small, transient, well-tolerated decreases in blood pres-
sure, without a significant effect on heart rate or impairment of exercise
cardiac function. The overall effect was that of a mixed vasodilator,
with resultant hemodynamics resembling those produced by modest
nitrate therapy.
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The hemodynamic and coronary effects of sildenafil have been
studied in patients with more severe CAD (13). The study popula-
tion comprised 14 men with a mean age of 61 ± 11 yr who were
referred for percutaneous coronary balloon angioplasty and stent
placement for severe coronary stenosis (>70% arterial diameter steno-
sis) in a single coronary artery. Among these men, there was a preva-
lence of hypertension (57%), diabetes (43%), and smoking (57%).
Before percutaneous coronary intervention, all subjects underwent
systemic, pulmonary, and coronary artery hemodynamic assessments
before and 60 min after a single 100-mg oral dose of sildenafil to
allow for peak effect. All subjects had stable angina, which allowed
the discontinuation of nitrate therapy 24 h before the study. Coronary
hemodynamic assessments were based on results from quantitative
coronary angiography and coronary velocity measurements with a
doppler steerable guide wire inserted in the stenosed coronary artery
and a nonstenosed reference coronary artery.

The systemic and pulmonary hemodynamic effects of oral sildenafil
are shown in Figs. 1 and 2. Oral sildenafil produced mild decreases
(<10%) in systemic and pulmonary arterial pressures but had no effect
on pulmonary capillary wedge pressure, right atrial pressure, or car-
diac output. The slightly smaller reductions in calculated systemic vas-
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Fig. 1. Effects of sildenafil (100 mg) on hemodynamics in 14 men with severe
coronary artery disease. Percent change (mean ± SD) with sildenafil.



cular resistance and pulmonary vascular resistance and in the indexes
of these measures, which are normalized for body surface area, did not
reach statistical significance. The heart rate–systolic blood pressure
double product (a surrogate measure of myocardial oxygen demand)
was statistically lower in men receiving sildenafil. These findings were
similar to those observed by Jackson et al. (12) in healthy volunteers.

The coronary hemodynamics are shown in Fig. 3. Hemodynamics
are notable for no significant changes in average peak coronary flow
velocity, volumetric coronary blood flow, or coronary vascular resis-
tance with the administration of oral sildenafil. On the basis of the
decrease in the heart rate–systolic blood pressure double product, one
might have expected a parallel decrease in coronary blood flow because
of autoregulation. The absence of such a finding in this study may
reflect the inaccuracy of the double product as a true measure of
myocardial demand, variations in the calculated values for coronary
blood flow and resistance, or a vasodilatory effect of sildenafil that
blunts the expected reduction in coronary blood flow. Of interest, base-
line coronary flow reserve, which was lower in the stenosed than in
the nonstenosed arteries (1.26 ± 0.26 vs. 2.19 ± 0.44), increased by
about 13% in both groups of arteries (1.70 ± 0.59 to 1.92 ± 0.72;
p = 0.003) after oral sildenafil administration, as seen in Figure 4.

Coronary flow reserve is the ratio of maximal coronary blood flow
(induced by exercise or adenosine-stimulated arteriolar vasodilatation)
to resting coronary blood flow. It is this ability of the coronary circu-
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lation to augment coronary blood flow in response to increased
myocardial oxygen demand that allows the left ventricle to increase
cardiac output without ischemia. As a coronary artery develops steno-
sis, autoregulatory vasodilatation occurs to maintain coronary blood
flow, limiting the ability to further vasodilate, reducing coronary flow
reserve. In this regard, the reduced coronary flow reserve in the
stenosed arteries is not unexpected. The augmentation of hyperemic
coronary blood flow provided by oral sildenafil in response to intra-
coronary adenosine occurred to similar degrees in both stenosed and
nonstenosed arteries, and the relative coronary flow reserve remained
stable before and after sildenafil use at 0.57. The ability of sildenafil to
increase hyperemic coronary blood flow suggests a beneficial effect of
this agent on the coronary circulation. Although only a small number of
men were studied, none had hypotension, chest pain, or any other side
effect that could be attributed to sildenafil.

Thus, in this study of men with severe CAD, no adverse cardiovas-
cular effects of oral sildenafil could be detected by measurement of
systemic, pulmonary, or coronary hemodynamic variables. Interest-
ingly, hyperemic coronary blood flow after the administration of adeno-
sine, reflected as an increase in coronary flow reserve, increased in all
the men treated with sildenafil. Adenosine dilates coronary resistance
vessels by stimulating the production of cyclic adenosine monophos-
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Fig. 3. Effects of sildenafil (100 mg) on coronary hemodynamics in men with
severe coronary artery disease for both stenosed and reference vessels.



phate. It is possible that adenosine and sildenafil 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 vasodilatation, but our data suggest that further
vasodilatation is possible. Therefore, PDE5 may play an important role
in regulation of coronary blood flow, and sildenafil may have a poten-
tial beneficial effect.

The mechanism of action of sildenafil has also suggested the potential
for a drug interaction with other agents affecting the NO–cGMP
vasodilator pathway. The potential for an adverse reaction with antiang-
inal agents prompted Webb et al. (14) to study the interaction between
sildenafil and nitroglycerin in healthy men (ages 18–45 yr) and between
sildenafil and amlodipine in hypertensive men (ages 26–68 yr). Twelve
men received escalating intravenous nitroglycerin (2.5–4.0 µg/min) or a
single sublingual nitroglycerin tablet 1 h after receiving sildenafil or
placebo in a randomized, double-blind, placebo-controlled, two-way
crossover design. A significant synergistic interaction occurred between
nitroglycerin and sildenafil, with a larger degree of symptomatic
hypotension and a greater than 25 mmHg decrease in blood pressure,
compared to nitroglycerin and placebo (p < 0.01). Furthermore, a four-
fold greater decrease in systolic blood pressure was observed when sub-
lingual nitroglycerin was given with sildenafil than when it was given
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Fig. 4. Effects of sildenafil on coronary flow reserve in men with severe coronary
artery disease.



with placebo. This synergy likely stems from potentiation of silde-
nafil’s effect by donation of NO by nitroglycerin. In the second study,
16 men received sildenafil 100 mg orally or placebo 2 h after their
usual morning amlodipine dose, in a double-blind, two-way crossover
protocol. Sildenafil plus amlodipine resulted in an additive (not syn-
ergistic) 7–8 mmHg reduction in systolic and diastolic blood pressures
compared with placebo plus amlodipine (p < 0.02).

Additional studies have investigated the effects of sildenafil in
patients taking one or more antihypertensive agents (15), such as
diuretics, β-blockers, α1-blockers, angiotensin-converting enzyme
inhibitor, or a calcium channel blocker. The incidence of treatment-
related adverse events was similar to that for sildenafil-treated patients
taking antihypertensives and patients taking sildenafil not on antihy-
pertensives. Furthermore, the incidence of adverse events potentially
related to blood pressure, such as dizziness, hypotension, and syncope,
were similar between the two groups. The study is consistent with the
known mechanism of action of sildenafil and suggests that sildenafil is
an effective and well-tolerated treatment for ED in patients taking con-
comitant antihypertensive medication, including those on multidrug
regimens, as long as the antihypertensive agent is not a NO donor.
There has been a recent precaution regarding the use of sildenafil plus
α-blockers (see Chapter 9).

EFFECTS OF SILDENAFIL DURING EXERCISE
IN PATIENTS WITH CAD

Because sexual intercourse increases myocardial oxygen demand, it
is important to examine the cardiovascular effects of sildenafil in
patients with CAD during exercise. Arruda-Olson et al. (16) studied
105 men (mean age: 66 yr) who had ED and known or highly sus-
pected CAD. Of the study population, 89% had a history of CAD with
either greater than 50% stenosis of a major epicardial vessel, history of
MI, previous positive stress imaging result, or previous coronary artery
bypass surgery. The remaining 11% had a greater than 70% pretest
probability of CAD based on the presence of typical anginal symp-
toms. In a randomized, double-blind, placebo-controlled, crossover
design, subjects performed two symptom-limited supine bicycle
echocardiograms with oral sildenafil (50 or 100 mg) vs placebo 1 h
before exercise. Patients were allowed to continue their cardiac med-
ications, including β-blockers. Baseline resting ejection fraction was
39–68%, with a mean of 56%. Baseline resting wall motion abnor-
malities were present in 60 patients (57%).
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The hemodynamic effects of sildenafil were assessed by exercise
echocardiography. Systolic blood pressure decreased significantly after
sildenafil use (from a mean [SD] of 135 [19] mmHg to 128 [17] mmHg
with a mean difference of –7 mmHg; (95% CI, –9 to –4 mmHg;
p < 0.001). Diastolic pressure and heart rate did not change signifi-
cantly with sildenafil use. Exercise hemodynamic data are summa-
rized in Fig. 5. After exercise, the rate of recovery to baseline was
similar between sildenafil and placebo for systolic and diastolic blood
pressure, and heart rate.

The resting wall motion severity index and ejection fraction did not
change significantly before and after sildenafil use. Reasons for termi-
nation of exercise and electrocardiographic interpretation were similar
with sildenafil and placebo use with symptoms of dyspnea or angina
developing in 69 men taking sildenafil and 70 men taking placebo (p =
0.89). There were no deaths, acute MIs, or ventricular fibrillation asso-
ciated with the exercise studies. In sildenafil and placebo groups, there
was no difference in the numbers of subjects with any ischemia or mul-
tivessel ischemia, or in wall motion severity index during exercise,
ejection fraction, or heart rate at onset of ischemia.

In this study, sildenafil was well tolerated and did not change the
onset, extent, or severity of ischemia, as assessed by exercise electro-
cardiography or echocardiography. There are several limitations to this
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Fig. 5. Effects of sildenafil during exercise echo in patients with coronary artery
disease.



study, including a low rate of ischemic segments (17%), and the fact
that most patients received only 50 mg of sildenafil. Nonetheless, this
study supports the safety profile of sildenafil in patients with CAD.

The effects of sildenafil on exercise have also been studied in
patients with more significant CAD by Fox et al. (17). In this study,
patients with reproducible exercise-induced angina performed exercise
treadmill tests in a double-blinded, parallel-group, placebo-controlled,
multicenter study. Patients performed a baseline exercise test and then
performed a second exercise test after receiving placebo or sildenafil
100 mg 1 h before. In those patients that received placebo, the baseline
exercise tolerance was 396 s with an 18 s (4.7%) increase after
placebo. In those patients that received sildenafil, the baseline exer-
cise tolerance was 373 s with a 36-s (9.8%) increase after sildenafil.
These data further confirm that sildenafil does not adversely affect
exercise capacity in patients with CAD. This study supports the use of
sildenafil in patients with more severe CAD represented by stable
reproducible angina and at a higher dose of sildenafil (100 mg).

EFFECTS OF SILDENAFIL IN PATIENTS WITH CHF

Many patients with CAD will also have left ventricular dysfunction
or CHF. In addition, ED may affect up to 60–70% of heart failure
patients (18). To retain sexual activity some patients may become non-
compliant with medications that they feel exacerbate their ED. Silde-
nafil is an effective treatment for ED even in patients with CHF.
However, concern for the safety of sildenafil in patients with CHF has
led to studies of the effects of sildenafil on vascular tone and on exer-
cise capacity.

Katz et al. (19) studied 39 men and 9 women between the ages of
21and 75 yr with New York Heart Association (NYHA) class II or III
heart failure. Patients were on a stable heart failure regimen, which
was stopped 12 h before study. Flow-mediated, endothelium-dependent
vasodilatation was measured by ultrasound of the brachial artery. As a
prospective, double-blind study, patients received single oral doses of
sildenafil (12.5, 25, and 50 mg) or placebo. After 1 h of ingestion to
correspond with peak plasma levels of oral dosing, brachial artery
diameter and blood flow velocity were measured at rest and after 1, 3,
and 5 min of transient arterial occlusion. Flow-mediated dilatation sig-
nificantly increased in patients receiving sildenafil 25 mg and silde-
nafil 50 mg. Mean brachial arterial blood flow velocity did not
significantly change. There were no adverse cardiovascular events
related to the use of sildenafil in these patients with CHF.
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Bocchi et al. (20) studied the effects of sildenafil on exercise capac-
ity in 24 men with a history of CHF referred for treatment of ED. The
average ejection fraction was 23 ± 7% with predominantly NYHA
class II symptoms. In this randomized, double-blind, placebo-
controlled, two-way crossover study, patients performed both a 6-min
walk test and a maximal exercise test 1 h after receiving sildenafil
50 mg or placebo. As seen in previous studies, sildenafil reduced sys-
tolic and diastolic blood pressure at rest; however, at peak exercise
both with the 6-min walk test and the exercise test there was a simi-
lar increase in systolic and diastolic blood pressure with no difference
between placebo and sildenafil (Fig. 6). However, sildenafil attenu-
ated the heart rate increment during the 6-min walk test and during the
first 8 min of the exercise test and also reduced the VE/VCO2 slope
during both the 6-min walk test and the exercise test. This resulted in
increased maximal exercise capacity with sildenafil. Sildenafil was
associated with more nonspecific adverse constitutional symptoms,
however none of these resulted in discontinuation from the study.
Greater than 80% of patients noted satisfaction with sildenafil for the
treatment of ED. The results of this study support the safety of silde-
nafil in patients with CHF.

EFFECTS OF SILDENAFIL ON ARRHYTHMOGENESIS

Several cases of sudden death have been reported associated with the
use of sildenafil, raising the possibility of arrhythmia in addition to
ischemia. Studies have shown that, even at twice the recommended dose,
sildenafil causes no change in electrocardiogram parameters (21). Recent
studies have examined the effects of sildenafil on repolarization at
supratherapeutic doses. Geelen et al. (22) used a patch clamp technique
in isolated hearts to study the electrophysiologic effects of sildenafil.
This showed that sildenafil could prolong cardiac repolarization by
blocking the rapid component (IKr) of the delayed rectifier potassium
current at supratherapeutic concentrations. Sildenafil is unlikely to reach
these concentrations without the presence of an overdose or in the set-
ting of decreased metabolism. Possible causes of decreased metabolism
include significant hepatic or renal insufficiency, or coadministration
with CYP3A inhibitors such as macrolides or imidazoles. These data
would imply that patients with an overdose or decreased metabolism
need to be followed for QT prolongation and triggered ventricular tach-
yarrhythmias. Also, patients with a “drug-revealed” form of silent con-
genital long QT syndrome would need to be followed carefully.
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Piccirillo et al. (23) note that at normal doses sildenafil has no significant
effect on QT interval or QT dispersion. Thus, at normal doses sildenafil
does not appear to have significant electrophysiologic effects; however,
at supratherapeutic doses sildenafil does seem to alter the hearts elec-
trophysiologic properties. Although arrhythmia is a theoretical concern,
there have been no reports of torsades de pointes or QT prolongation
from the clinical trial database or from postmarketing experience.

POTENTIAL CAUSES OF MORTALITY
IN MEN TREATED WITH SILDENAFIL

Other possibilities which have been raised to explain the postmar-
keting surveillance and anecdotal reports of adverse cardiovascular
events temporally associated with the use of sildenafil include coinci-
dence alone, resulting from the high prevalence of both ED and cardio-
vascular disease in middle-aged men. A second possibility is that
sildenafil enables men who may have been previously both sexually and
physically inactive to engage in sexual activity. The physical activity of
sex is known to be associated with an increased risk of adverse cardiac
events. Muller (24) used a case-crossover study design to show that the
relative risk of MI after sexual intercourse was 2.5 (95% CI 1.7–3.7)
over a 2-h time period after intercourse. Along with this increased risk
of sexual activity itself, there is likely an increased reporting bias of
adverse cardiovascular events caused by the dramatic nature of MI asso-
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ciated with sexual intercourse. The effects of sexual intercourse on heart
rate, blood pressure, and oxygen consumption are similar to moderate
exercise. Using 24-h ambulatory electrocardiographic monitoring, Drory
et al. (25) compared men with CAD having sexual intercourse in their
usual settings to a near maximal exercise test. With intercourse, the peak
heart rate was 118 ± 21 beats/min, whereas with exercise peak heart
rate was 138 ± 19 beats/min. The myocardial oxygen demand of sexual
intercourse was estimated to be equivalent to briskly climbing two
flights of stairs or the equivalent of five to six metabolic equivalents.
Importantly, this study validated the use of stress testing to peak heart
rate as a test of the likelihood of sexual activity provoking ischemia.

Lastly, sildenafil itself could have adverse cardiovascular effects. As
reviewed earlier, sildenafil can have a significant effect on blood pres-
sure with concomitant nitrate use. However, as described earlier, silde-
nafil has a safe profile in terms of hemodynamics, exercise capacity,
and arrhythmogenesis in patients with both ischemic heart disease and
CHF. Based on the available evidence, sildenafil is unlikely to directly
cause adverse cardiovascular events.

CONCLUSION

The data presented in this chapter fail to show a direct cardiovascu-
lar mechanism for the adverse events reported during postmarketing sur-
veillance. Except for a mild decrease in vascular resistance, sildenafil
does not have any adverse effects on systemic, pulmonary, or coronary
hemodynamics in normal men and men with severe cardiovascular dis-
ease. It is likely that some adverse cardiac events may be the result of
interactions with nitrates, which are contraindicated. However, other
antihypertensive medications and multiple antihypertensive regimens
appear to be safe. The studies of sildenafil with exercise testing show no
adverse effects on hemodynamics and no change in exercise capacity,
both in patients with coronary disease and in patients with CHF. Lastly,
sildenafil at normal doses has been shown to have a benign electro-
physiologic profile. From these studies, sildenafil itself is unlikely to
be a cause of adverse cardiovascular events and is a safe and effective
agent for the treatment of ED in patients with cardiovascular disease.

REFERENCES
1. NIH Consensus Development Panel on Impotence. NIH Consensus Conference:

impotence. JAMA. 1993;270:83–90.
2. Goldstein I, Lue TF, Padma-Nathan H, et al. Oral sildenafil in the treatment of

erectile dysfunction. N Engl J Med 1998;338:1397–1404.

192 Rohatgi and Herrmann



3. Viagra (sildenafil citrate) [revised package insert]. New York, NY: Pfizer; June,
1999.

4. Zusman RM, Morales A, Glasser DB, et al. Overall cardiovascular profile of silde-
nafil citrate. Am J Cardiol. 1999;83(Suppl 5A):35C–44C.

5. Kloner RA. Cardiovascular risk and sildenafil. Am J Cardiol 2000;86(Suppl):
57F–61F.

6. Morales A, Gingell C, Collins M, et al. Clinical safety of oral sildenafil citrate
(Viagra) in the treatment of erectile dysfunction. Int J Impotence Res 1998;10:
69–74.

7. Conti RC, Pepine C, Sweeney M. Efficacy and safety of sildenafil citrate in
the treatment of erectile dysfunction in patients with ischemic heart disease.
Am J Cardiol 1999;83(Suppl):29C–34C.

8. Morales A, Gingell C, Collins M, et al. Clinical safety of oral sildenafil citrate
(Viagra) in the treatment of erectile dysfunction. Int J Impotence Res 1998;
10:69–74.

9. Pfizer data on file, unpublished.
10. Shakir SA, Wilton LV, Boshier A, et al. Cardiovascular events in users of sildenafil:

results from first phase of prescription event monitoring in England. Br Med
J 2001;322:651–652.

11. Wallis RM, Corbin JD, Francis SH, et al. Tissue distribution of phosphodiesterase
families and the effects of sildenafil on tissue cyclic nucleotides, platelet function,
and the contractile responses of trabeculae carneae and aortic rings in vitro.
Am J Cardiol 1999;83:3C–12C.

12. Jackson G, Benjamin N, Jackson N, et al. Effects of sildenafil citrate on human
hemodynamics. Am J Cardiol 1999;83(Suppl):13C–20C.

13. Herrmann HC, Chang G, Klugherz BD, et al. Hemodynamic effects of silden-
afil in men with severe coronary artery disease. N Engl J Med 2000;342:
1622–1626.

14. Webb DJ, Freestone S, Allen MJ, et al. Sildenafil citrate and blood-pressure-
lowering drugs: results of drug interaction studies with an organic nitrate and a
calcium antagonist. Am J Cardiol 1999;83(Suppl):21C–28C.

15. Kloner RA, Brown M, Prisant LM, et al. Effects of sildenafil in patients with
erectile dysfunction taking antihypertensive therapy. Am J Hypertens 2001;14:
70–73.

16. Arruda-Olson AM, Mahoney DW, Nehra A, et al. Cardiovascular effects of silde-
nafil during exercise in men with known or probable coronary artery disease.
JAMA 2002;287:719–725.

17. Fox KM, Thadani U, Ma PTS, et al. Time to onset of limiting angina during
treadmill exercise in men with erectile dysfunction and stable chronic angina:
effect of sildenafil citrate (abst). Circulation 2001;104:II–601.

18. Jaarsma T, Dracup K, Walden J, et al. Sexual function in patients with advanced
heart failure. Heart Lung 1996;25:262–270.

19. Katz SD, Balidemaj K, Homma S, et al. Acute type 5 phosphodiesterase inhibi-
tion with sildenafil citrate enhances flow-mediated vasodilatation in patients with
chronic heart failure. J Am Coll Cardiol 2000;36:845–851.

20. Bocchi EA, Guimaraes G, Mocelin A, et al. Sildenafil effects on exercise,
neurohormonal activation, and erectile dysfunction in congestive heart failure.
Circulation 2002;106:1097–1103.

21. Zusman R, Morales A, Glasser D, et al. Overall cardiovascular profile of sildenafil
citrate. Am J Cardiol 1999;83:35C–44C.

Chapter 11 / Safety of Sildenafil 193



22. Geelen P, Benoit D, Rail J, et al. Sildenafil (Viagra) prolongs cardiac repolariza-
tion by blocking the rapid component of the delayed rectifier potassium current.
Circulation 2000;102:275–277.

23. Piccirillo G, Nocco M, Lionetti M, et al. Effects of sildenafil citrate (Viagra) on
cardiac repolarization and on autonomic control in subjects with chronic heart
failure. Am Heart J 2002;143:703–710.

24. Muller JE. Triggering of cardiac events by sexual activity: findings from a case-
crossover analysis. Am J Caridiol 2000;86(Suppl):14F–18F.

25. Drory Y, Shapira I, Fisman EZ, et al. Myocardial ischemia during sexual activity
in patients with coronary artery disease. Am J Cardiol 1995;75:835–837.

194 Rohatgi and Herrmann



195

12

From: Contemporary Cardiology: Heart Disease and Erectile Dysfunction
Edited by: R. A. Kloner © Humana Press Inc., Totowa, NJ

Cardiovascular Effects
of Nonphosphodiesterase-5
Inhibitor Erectile
Dysfunction Therapies

Harin Padma-Nathan, MD

CONTENTS

BACKGROUND

APOMORPHINE SL
ALPROSTADIL (PROSTAGLANDIN E1)
PHENTOLAMINE (VASOMAX, Z-MAX)
YOHIMBINE (YOCON)
OTHER AGENTS

CONCLUSION

REFERENCES

BACKGROUND

Worldwide, more than 150 million men experience some degree of
erectile dysfunction (ED; refs. 1 and 2). ED is highly correlated with a
range of cardiovascular conditions and risk factors, including ischemic
heart disease, hypertension, hypercholesteremia, peripheral vascular
disease, and diabetes mellitus (1–5). The presence of these comorbidi-
ties has prompted some practitioners and patients to be concerned
about the cardiovascular risks associated with resuming sexual activity
and about the cardiovascular effects of pharmacologic ED treatments.



The belief that sexual activity may increase the likelihood of car-
diovascular events such as myocardial infarction (MI) can be traced to
the early research of Masters and Johnson, who reported peak coital
heart rates of up to 180 beats/min in subjects in the laboratory setting,
with increases in systolic and diastolic blood pressure of 80 mmHg
and 50 mmHg, respectively (6) However, subsequent studies found that
peak heart rate and blood pressure during coitus in the home setting are
not significantly different from those achieved during normal daily
activities (6,7). In a case-crossover study examining the incidence of
MI after sexual activity vs MI not temporally related to coitus, Muller
and colleagues found the relative risk of MI in the 2 h after sexual
activity was 2.5 for patients with no history of MI and 2.9 for those
with a previous MI. As this increased risk was transient, the authors
concluded that sexual activity is a relatively weak trigger for MI, noting
that the absolute risk of postcoital MI in a healthy 50-yr-old man is
only 2 in 1 million per hour and only for a 2-h period (8).

Despite the relatively low cardiovascular risk associated with sexual
activity, some physicians and patients remain apprehensive about the
cardiac risks of pharmacologic ED therapy. At present, numerous
agents other than sildenafil are available or in development for the
treatment of ED. This chapter examines the cardiac risk profiles of sev-
eral of these agents, including the dopamine agonist apomorphine, the
prostaglandin E1 analogue alprostadil, the α1-2 adrenergic-receptor
antagonist phentolamine, and the indole alkaloid yohimbine.

APOMORPHINE SL

Mechanism of Action
Apomorphine (Uprima®; TAP Pharmaceuticals Holdings, Chicago,

IL) is a centrally acting, selective dopamine receptor agonist that histor-
ically has been used in the treatment of Parkinson’s disease. The drug’s
proerectile effects are caused, in part, by stimulation of the paraventric-
ular nucleus of the hypothalamus, which leads to an increase in parasym-
pathetic outflow and a relaxation of corporal smooth muscle (9,10).

A sublingual preparation of apomorphine has been approved in the
European Union for the treatment of ED. The recommended therapeu-
tic dose is 2 or 3 mg, administered approximately 20 min before sexual
activity. In clinical trials, 45.6% of 2-mg doses administered produced
an erection sufficient for intercourse (placebo: 33.8%), as did 46.9% of
3-mg doses (placebo: 32.3%; ref. 11). Peak serum levels recorded after
treatment at approved doses are significantly lower than those required
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for direct vascular effects, which should indicate a low risk of systemic
vasodilation or interaction with cardiovascular medications (10,11).

Cardiovascular Effects
In clinical trials encompassing more than 5000 patients and 120,000

doses, apomorphine SL was found to have a relatively modest effect on
subjects’ hemodynamic baseline. Doses as high as 5 mg had little
impact on systolic or diastolic blood pressure; overall, apomorphine SL-
treated subjects showed a mean maximum reduction of only 2–3 mmHg
as compared with placebo-treated subjects (12). The design of one phase
III crossover trial included standing and supine blood pressure mea-
surements before dosing and at selected time points after dosing. Data
from this trial showed no significant changes in heart rate after the 2- or
4-mg dose, with “a few sporadic statistically significant differences” in
blood pressure, none of which were considered clinically significant
(10). Holter recordings from a subset of 344 trial participants revealed
no significant differences between those who were treated with apo-
morphine SL and those who received placebo (11).

The most common adverse events reported in apomorphine SL clin-
ical trials were nausea (6.8%), headache (6.7%), dizziness (4.4%), rhini-
tis (2.8%), and pharyngitis (2.2%; ref. 12). A subgroup analysis of
subjects with concomitant hypertension or coronary artery disease
revealed no “clinically meaningful differences” in adverse event rates in
these patients as compared with the general study population (10,12).

The most significant adverse event reported during clinical trials was
vasovagal syncope, secondary to hypotension and apparently neuro-
genic in origin. The majority of syncopal episodes were preceded by
prodromal events that included one or more of the following: dizzi-
ness, pallor, sweating/hot flashes, moderate-to-severe nausea, and vom-
iting (11–13). The incidence of syncope was clearly dose-related,
occurring in fewer than 0.2% of patients treated at the approved doses
of 2 and 3 mg, and rising to 1.1% among patients receiving 6 mg
(11–13). Although uncommon, this adverse event was dramatic and
potentially life-threatening and is the principle reason for the delay of
the drug’s approval in the United States. The incidence of syncope has
not been significant in field experience after European approval of the
lower doses only.

Drug Interaction Data
In phase II and III studies of apomorphine SL, adverse event rates

were similar among patients who reported regular alcohol use (63%)
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and those who were not alcohol users (37%; ref. 11). However, alcohol
interaction studies in healthy adults revealed more frequent treatment-
emergent adverse events in subjects who consumed 0.3 g/kg–0.6 g/kg
of alcohol 30 min before a 4-mg dose of apomorphine SL (11).

Approximately 30% of patients in the clinical trial program were
being maintained on antihypertensive agents, 21% were taking other
cardiac medications, and 9.5% were receiving diuretics. There was no
significant difference in the incidence or nature of side effects in
patients receiving cardiovascular medications as compared to those
who were not on concurrent therapy (12).

More recently, Fagan and colleagues examined the pharmacody-
namic interactions between apomorphine SL and commonly used car-
diovascular medications in a double-blind, crossover study involving
162 men (mean age: 61 yr) who had been stable on therapeutic doses
of angiotensin-converting enzyme inhibitors, β-blockers, α1 blockers,
calcium channel blockers, diuretics, or nitrates for at least 4 wk. Over
one-third of the study group was receiving two or more cardiovascular
medications, and 75% of patients on nitrates were taking at least three
additional cardiovascular medications (14).

Subjects were given 5 mg apomorphine SL 4 h after dosing with
antihypertensive medication or long-acting nitrate. (Patients on short-
acting nitrates were dosed 30 min prior to nitrate dosing.) Dosing was
timed so that peak pharmacologic effects of both medications would
occur concurrently (14).

Compared with placebo, no statistically or clinically significant
changes from baseline were observed in mean blood pressure or heart
rate after apomorphine SL. Symptomatic decreases in blood pressure
were recorded in four patients (10%) receiving nitrates and in four
patients (3.3%) receiving antihypertensive medications. All eight
episodes were associated with a prodrome of dizziness, pallor,
diaphoresis, and nausea (14).

Holter monitor readings for eight patients revealed one or more clin-
ically significant abnormalities of cardiac rhythm after apomorphine
SL. Five of these subjects showed a similar abnormality following
placebo, and one had a predose abnormality. Two clinically relevant
sinus pauses (of 11.3 and 7.6 s each) were recorded. Both were asso-
ciated with nausea, pallor, and diaphoresis, and one was associated
with syncope. These pauses appeared to be caused by increased vagal
tone, and were consistent with the episodes of vasovagal syncope
observed in clinical trials of apomorphine SL (14).

Overall, apomorphine SL at recommended doses produced “only spo-
radic and clinically insignificant” changes in blood pressure and heart
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rate in patients on antihypertensives or nitrates. Patients on α1 blockers
and calcium channel blockers showed greater decreases in average sys-
tolic blood pressure on standing, which may indicate a potential for
orthostatic hypotension after apomorphine treatment in these patients
(14). Although syncope occurred in only 1 of the 1028 hypertensive
patients involved in the clinical trial program, it is recommended that
apomorphine SL “be used with caution in patients receiving antihyper-
tensive medication” (11).

ALPROSTADIL (PROSTAGLANDIN E1)

Mechanism of Action
Alprostadil is a prostaglandin E1 analog derived from free arachi-

donic acid. When administered via intracavernous injection (Caverject,
Edex, Viridal), as transurethral suppository (MUSE™), or as a topical
gel (Alprox TD, Topiglan), alprostadil increases levels of cyclic adeno-
sine monophosphate, thereby decreasing intracellular levels of free cal-
cium and promoting corporeal smooth muscle relaxation (15). Because
alprostadil is metabolized in local tissue, it is expected to have minimal
systemic effects.

Cardiovascular Effects
INTRACAVERNOUS ADMINISTRATION (CAVERJECT, EDEX, VIRIDAL)

Alprostadil has been extensively studied as an intracavernosal agent,
both as a monotherapy and in combination with other erectogenic
agents. Reported efficacy rates range from 70 to 75% during in-office
titration to greater than 90% in the home setting (15–17).

In early studies of intracavernosal alprostadil, Linet and colleagues
reported that 1% of subjects experienced side effects that might be
attributable to hypotension, including dizziness, diaphoresis, light-
headedness, irregular pulse, vasodilation, and vasovagal reactions (16).
When administered to 67 men with ED for up to 12 months, doses of
up to 50 µg of alprostadil were “not associated with any clinically rel-
evant changes in laboratory safety variables or vital signs” (17).

Baniel and colleagues evaluated the effects of alprostadil as part of
a progressive treatment program for ED. Two hundred and ten subjects
received alprostadil ≤ 25 µg as monotherapy or in combination with
phentolamine, papaverine, and atropine sulfate. No significant changes
in blood pressure were observed at any point during the 3-yr study
period (18).

Israilov et al. investigated the efficacy of alprostadil (10–25 µg) as
combination therapy in 45 men with known cardiovascular disease who
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had failed or were ineligible for sildenafil. No significant changes in
blood pressure were recorded during the 1-yr study period, and no
patient required a change in cardiovascular medications while receiving
alprostadil (19).

TRANSURETHRAL ADMINISTRATION (MUSE)
In clinical trials, approximately 50% of administrations of transu-

rethral alprostadil resulted in intercourse (20) More recently, Guay and
colleagues reported an overall success rate of 56% in 229 men using
transurethral alprostadil in the home setting. “Success” was defined as
completing intercourse in two-thirds of intercourse attempts (21).

Transurethral alprostadil has been linked to a slightly higher inci-
dence of systemic effects than intracavernous formulations. When
administered in the clinic setting during an early double-blind, placebo-
controlled study, transurethral alprostadil (125–1000 µg) was associated
with hypotension in 3.3% of subjects and with syncope in 0.4%.
Hypotension was most frequent among patients in the higher dose
groups—occurring in 2.4% of patients receiving 1000 µg of alprostadil.
When administered in the home setting, 1.9% of patients reported
dizziness, but none reported syncope (20).

Transurethral alprostadil has also been investigated as a combina-
tion therapy with the α-adrenergic receptor inhibitor prazosin. Greater
than 35% of patients receiving 500 µg alprostadil plus 2000 µg pra-
zosin reported achieving erections sufficient for intercourse. Patients
receiving alprostadil plus prazosin also showed a higher incidence of
dizziness and hypotension (8.8–13.5%), particularly at the higher dose
range for each drug (250–1000 µg alprostadil, 1000–2000 µg prazosin).
There was also a higher incidence of syncope in patients receiving
high-dose alprostadil (22).

TOPICAL ADMINISTRATION (ALPROX-TD, TOPIGLAN)
Two topical formulations of alprostadil have recently been intro-

duced. Both Alprox-TD cream and Topiglan gel contain varying con-
centrations of alprostadil combined with a proprietary transdermal
permeation enhancer (23–26).

Alprox-TD has been evaluated in two multicenter, placebo-controlled
phase II clinical trials involving 303 patients with mild-to-moderate and
severe ED. Patients were randomly assigned to receive placebo, 0.05,
0.1, or 0.3 alprostadil cream. Combined analysis of these trials revealed
improvement from baseline scores in the Erectile Function domain and
questions 3 and 4 of the International Index of Erectile Function (IIEF).
These improvements achieved statistical significance in the 0.2-mg and
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0.3-mg treatment groups, with a clear dose-related trend in efficacy
across all treatment groups (23,24).

More than half of the subjects in each treatment group had a sec-
ondary diagnosis of cardiovascular disease. A test dose of study med-
ication was administered in the clinic setting, at which time
orthostatic vital signs were measured for up to 2 h postdose. Patients
who showed a decrease in systolic blood pressure ≥ 30 mmHg, a
decrease of in diastolic blood pressure of ≥ 20 mmHg, or an increase
in pulse rate ≥ 30 beats/min were dismissed from the study, regard-
less of clinical symptoms (23,24).

Eight percent of patients in the highest dose group were dismissed
because of postdose hypotension, as were 10.7% of patients in the
0.2-mg group. One patient in the 0.2-mg group experienced a near-
syncopal event after the test dose. This event was preceded by
tremors and mild weakness and lasted approximately 10 min. During
the at-home treatment period, the vast majority of drug-related
adverse events were limited to the site of application, and there were
no “noteworthy effects” observed in clinical laboratory tests or phys-
ical examinations, or electrocardiograms (23,24).

In a single-blind, placebo-controlled trial, McVary and colleagues
examined the effects of Topiglan (0.5 mg–2.5 mg alprostadil) in
48 patients with ED. Treatment was associated with “minimal” changes
in blood pressure and heart rate, and no clinically significant changes
were observed in laboratory values in any patient (25).

Topiglan has also been evaluated in a phase II trial conducted by
Goldstein and colleagues. Sixty-two patients were randomly assigned
to receive placebo or Topiglan (1% alprostadil) and monitored for
90 min after receiving study medication. One patient (0.02%) reported
symptoms of hypotension (diaphoresis and light-headedness) after
application of Topiglan. There were no clinically significant changes in
vital signs noted in any other patients in either treatment group (26).

PHENTOLAMINE (VASOMAX, Z-MAX)

Mechanism of Action
Phentolamine is an α1- and α2-adrenergic antagonist, thereby blocking

the action of norepinephrine, a contractile factor that is responsible for
maintaining the flaccid state (27). It is a frequent component of combi-
nation intracavernous therapies and is currently in development as an
oral treatment for ED. At doses of 40 mg or 80 mg, oral phentolamine
has been associated with statistically significant improvements in IIEF
domain scores. In a recent 13-month trial involving more than 2000 men
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with mild-to-moderate ED, 87% of men who completed the trial reported
improvement in erectile function, with an overall rate of successful vagi-
nal penetration of greater than 90% (28). To date, oral phentolamine has
been approved in Mexico and Brazil.

Cardiovascular Effects
Both types of α adrenoceptors are found in other vascular regions

other than penile tissue, and intravenous doses of phentolamine have
been associated with ischemic cardiac events, tachycardia, arrhythmia,
and hypotension (7). Research on oral phentolamine, however, indi-
cates the oral formulation has a more benign side-effect profile than
the intravenous form.

In a phase II trial involving 424 patients with ED, Goldstein and
colleagues found that oral phentolamine at doses of 40 and 80 mg was
not associated with “major cardiovascular hemodynamic changes.” Two
percent and 7.0% of patients in the 40-mg and 80-mg groups reported
dizziness, respectively. Seven percent of patients receiving the 80-mg
dose reported tachycardia (vs 1.5% in the 40 mg group and 0.6% in the
placebo group). Two percent of patients in the 80-mg group, 0.2% of
patients in the 40-mg group, and 0% of patients receiving placebo
reported hypotension (27).

In a recent open label study, more than 2000 ED patients received
phentolamine 40 mg or 80 mg for up to 13 months. Approximately
half of enrolled patients were taking concurrent cardiovascular or dia-
betes medication. Four patients reported an episode of syncope during
treatment, and 40 (2%) discontinued treatment because of tachycardia.
There were no serious adverse events or deaths reported (28).

YOHIMBINE (YOCON)

Yohimbine is a centrally and peripherally acting α2-adrenoceptor
antagonist that has been widely promoted as a treatment for psy-
chogenic ED. Inhibition of central α2-adrenoceptors results in an
increase in sympathetic outflow and an increase in blood pressure, the-
oretically increasing blood flow into erectile tissues while restricting
outflow (29). In trials to date, yohimbine has been associated with
response rates as high as 86%. In the majority of trials, however,
yohimbine was not significantly more effective than placebo (30).

Although there is little evidence that yohimbine has a significant
therapeutic effect on erectile function, it continues to be marketed as a
“natural” therapy for ED, and there have been reports of hypertensive
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crisis in patients taking over-the-counter products that contain yohim-
bine (31). Clinical studies indicate that yohimbine can induce a dose-
dependent, transient increase in blood pressure without a concomitant
increase in heart rate. At doses of 45.5 mg or higher, yohimbine
causes occasional increases in mean arterial blood pressure that peak at
60–90 min postdose and gradually decline over several hours (30). The
pressor response to yohimbine seems most pronounced in patients with
pre-existing hypertension and tends to become apparent at doses higher
than those recommended for therapeutic purposes (30).

Guay and colleagues recently conducted a dose-escalation trial of
yohimbine in 18 men with ED who received doses of up to 32.4 mg/d.
Nine subjects had hypertension, and seven had atherosclerotic cardio-
vascular disease. Seven subjects were being maintained on a single car-
diovascular medication (primary β-blockers), and five were taking
multiple medications. Despite these comorbidities and concomitant
medications, side effects were negligible: one subject reported mild hot
flashes, another reported mild anxiety. No significant increases in blood
pressure or pulse rate were recorded. Fifty percent of subjects reported
successful intercourse in at least 75% of attempts (32).

Teloken and colleagues conducted a single-blind study comparing
the effects of placebo and yohimbine (100 mg) administered once daily
for 30 d. Eight percent of subjects reported adverse effects with yohim-
bine (vs 20% while receiving placebo), including tachycardia in 27.3%
of subjects (33).

OTHER AGENTS

Trazodone (Desyrel)
When administered for the treatment of depression, the selective

serotonin reuptake inhibitor trazodone has been associated with pri-
apism, a finding that prompted the investigation of trazodone as a
potential treatment for ED (34,35). It is believed that trazodone has
α-adrenergic antagonist activity in addition to its serotonergic prop-
erties, which may promote both erection and orthostatic hypotension
(34,36). To date, randomized, placebo-controlled trials of trazodone
in patients with ED have failed to confirm the drug’s efficacy as a
treatment for ED (34).

As a treatment for ED, trazodone has been administered at doses
of 50–200 mg/d, which corresponds to the low end of the recom-
mended dose range for depression (34,36). As the prescribing infor-
mation for trazodone includes warnings about the possibility of
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syncope, hypotension, and arrhythmias, the drug should be used with
caution in patients with pre-existing cardiac disease or who are being
maintained on antihypertensives (36).

PNU-83757
PNU-83757 is a potassium channel blocker under investigation as an

intracavernous treatment for ED. It opens ATP-dependent potassium
channels and hyperpolarizes the cell membrane. The resulting inhibi-
tion of calcium influx through voltage-dependent CA2+ channels leads
to relaxation of corporeal smooth muscle tissue (37).

In a recent single-dose, single-blind, placebo-controlled study; PNU-
83757 (0.25–140 µg) was administered to 55 subjects with vasculo-
genic ED. Holter monitoring was performed from 1 h before injection
through 8 h after dosing, and vital signs were recorded both predose
and at selected intervals during the 4 h after injection (37).

Fifteen of the 25 patients who received PNU-83757 at 60–140 µg
reported partial erections, and nine reported complete erections. Base-
line heart rate and blood pressure were similar across all treatment
groups. No significant changes in heart rate or blood pressure were
observed in subjects intracavernous PNU-83757, relative to baseline or
placebo. There were no acute electrocardiography changes, nor any
trend toward hypotension or tachycardia with higher dose levels (37).

CONCLUSION

All pharmacologic ED therapies exert vasoactive effects that may
have systemic consequences. Existing research, however, indicates that
available therapies pose no significant risk to the majority of ED
patients, including those with pre-existing cardiac disease.

Although the relative risk of a cardiovascular event during sexual
activity is comparatively low, coitus, like exercise and emotional stress,
is a potential trigger for MI (6). It is estimated that a healthy 50-yr-old
male has a baseline MI risk of approximately 1% per year, which
increases to 1.01% in the 2 h immediately after sexual activity (38).
Muller and colleagues reported that regular exercise had a significant
protective effect against postcoital MI and may even eradicate the
increased risk associated with sexual activity (8). Therefore, a struc-
tured exercise program could be an invaluable adjunct to ED therapy,
both to reduce the risk of postcoital cardiovascular events and to
improve patients’ overall cardiac risk profile.
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INTRODUCTION

The risk factors associated with erectile dysfunction (ED) overlap
extensively with risk factors associated with cardiovascular disease and
include age, diabetes, hypertension, smoking, and hypercholesterolemia
(1,2). This suggests a common pathophysiological basis that is likely to
be the vascular endothelium and the nitric oxide (NO)/cyclic guanosine
monophosphate (cGMP) signaling pathway. ED is more prevalent and
severe in patients with hypertension than in the general population (3)
and can be a predictor of cardiovascular disease (1,4).

The vascular endothelium is a single layer of cells that lines the
luminal surface of the entire vascular system and regulates the transport
of macromolecules and blood components. Endothelial cells produce



factors that act on (a) vascular smooth muscle cells to maintain vessel
tone, (b) both vascular smooth muscle cells and fibroblasts to modify
vessel growth and structure, thereby determining vascular architecture,
and (c) blood cells to determine platelet aggregation and inflammatory
response (5–7). Endothelial dysfunction promotes vasoconstriction,
vascular remodeling, and vascular lesion formation—the hallmarks of
atherogenic disease processes.

Impaired NO bioactivity is central to the development of endothelial
dysfunction and is mediated via several mechanisms, including
decreased NO synthesis, increased NO breakdown (e.g., by superoxide
anion production and oxidative stress—the redox state), and/or
decreased vascular smooth muscle sensitivity to NO (8). Other factors
involved in endothelial dysfunction may include (a) alteration in the
activity of other vasotonal mediators, such as prostacyclin, endothe-
lium-derived hyperpolarizing factor, and endothelin-1, and (b) the
impairment of Gα proteins (9–11). However, decreased bioavailability
of NO secondary to superoxide production and oxidative stress may
be the major mechanism of endothelial dysfunction (12).

Because endothelial NO promotes vasodilation, inhibits aggregation
of platelets and inflammatory cells, and inhibits vascular wall growth
(8,13), enhancement of NO activity has generated interest in the treat-
ment of cardiovascular disorders that may have an etiology related to
endothelial dysfunction. Organic nitrates, which are NO donors, reduce
ventricular filling pressure and increase collateral coronary flow (14).
Organic nitrates have a long history of use in the management of coro-
nary artery disease (CAD), but tachyphylaxis limits their utility (14).
Inhaled NO is a more recently investigated alternative for the replace-
ment of NO activity. Inhaled NO is approved by the Food and Drug
Administration for the treatment of hypoxic respiratory failure associ-
ated with persistent pulmonary hypertension of the newborn (15) and is
used experimentally in the acute management of reversible pulmonary
hypertension in cardiac medical and surgical patients (16). However,
inhaled NO has a narrow therapeutic index, necessitating therapeutic
monitoring to avoid potential toxic effects that include methemoglo-
binemia secondary to excess NO concentrations and direct pulmonary
injury caused by excess levels of nitrogen dioxide (15). Other toxicities
include DNA strand breaks and/or base alterations, which may be
mutagenic, and the NO/superoxide interaction to form peroxynitrite,
which can interfere with surfactant functioning via its cytotoxic activ-
ity (17). Additional disadvantages of inhaled NO therapy include diffi-
culties of administration, the possibility of ambient air contamination,
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and a short duration of pulmonary activity (16). These disadvantages
and toxicities have motivated the search for alternative therapies.

Vasodilation, inhibition of platelet aggregation, and many of the
other physiological actions of NO are mediated in large part via cGMP
generated by the NO/cGMP signaling pathway. NO stimulates guany-
late cyclase, which leads to the conversion of guanosine triphosphate to
GMP. Thus, the possibility exists to counteract endothelial dysfunction
and its cardiovascular consequences at other points in this pathway.
Sildenafil is a selective inhibitor of phosphodiesterase type-5 (PDE5),
the cGMP-dependent PDE isozyme that specifically metabolizes cGMP
(18). Thus, sildenafil has a complementary role to NO in increasing
intracellular cGMP activity via the NO/cGMP signaling pathway. How-
ever, sildenafil does not appear to be affected by the tolerance that
hampers organic nitrates. Tolerance to organic nitrates is mediated via
(a) impaired metabolism of organic nitrates to NO and (b) desensitiza-
tion of soluble guanylyl cyclase (sGC) to the action of NO (13).

The hemodynamic effects of sildenafil, including a possible prefer-
ential action on veins as compared with arteries, resemble those of
organic nitrates (19,20). Consequently, sildenafil was originally inves-
tigated as an antianginal medication (21) and is an intriguing alternative
to NO to augment the NO/cGMP signaling pathway in various cardio-
vascular indications. This chapter discusses the relationship between
the NO/cGMP signaling pathway and endothelial dysfunction, and
reviews data on potential cardiac applications of sildenafil and other
PDE5 inhibitors.

NO/CGMP SIGNALING PATHWAY
AND ENDOTHELIAL DYSFUNCTION

Vasodilation
NO dilates resistance vessels and amplifies the responses to other

endogenous vasodilators, such as prostaglandins, that act by elevating
cAMP; the effects of NO are mediated via cGMP, and those of
prostaglandins are probably mediated via cGMP-dependent inhibition
of the breakdown of cAMP (22). Decreased production of endothelium-
derived NO results in vasoconstriction, elevated blood pressure, and
bradycardia (23–26). Vasoconstriction probably results both from a
decrease of intracellular cGMP-mediated vasodilation and loss of a
direct NO effect on smooth muscle potassium channels (26). Renal
plasma flow, glomerular filtration rate, and tubular reabsorption of
sodium are also decreased (26).
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Sildenafil improves endothelium-dependent vasodilation in patients
with endothelial dysfunction. In patients with normal endothelial func-
tion, endothelium-dependent vasodilation of peripheral arteries is
induced by blood flow after arterial occlusion and by acetylcholine, a
muscarinic endothelium-dependent vasodilator. These endothelium-
dependent vasodilatory responses are blunted in the presence of
endothelial dysfunction, for example, in patients with congestive heart
failure (CHF) (Fig. 1; ref. 27) or diabetes (28). However, in placebo-
controlled comparisons, sildenafil significantly increased the flow-
mediated vasodilatory response induced by occlusion of the brachial
artery in patients with CHF (29) or with diabetes but no overt heart
disease (28). In contrast, sildenafil had no statistically significant effect
on the maximal NO-mediated vasodilatory response to acetylcholine
in the dorsal hand veins or forearm vasculature of healthy men (30).
The effect of sildenafil on the endothelium-mediated vasodilatory
response in patients with endothelial dysfunction is illustrated by the
results of a randomized, double-blind, placebo-controlled study of 48
patients with CHF in whom flow-mediated vasodilation was assessed
by ultrasound after release of 1, 3, and 5 min of transient brachial arte-
rial occlusion, at baseline, and 1 h after administration of placebo or
increasing doses of sildenafil (12.5, 25, and 50 mg; ref. 29). Flow-
mediated vasodilation was significantly increased by 25 or 50 mg of
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Fig. 1. Effects of acetylcholine, an endothelium-dependent vasodilator, on femoral
artery blood flow velocity in healthy subjects (n = 6), patients with heart failure
(n = 7) with ischemic cardiomyopathy (ICM), and patients with heart failure
(n = 12) with idiopathic dilated cardiomyopathy (IDC). Adapted from Katz
et al. (27).



sildenafil, as compared with placebo (Fig. 2), suggesting a potential
benefit in patients with heart failure.

Vascular Remodeling and Lesion Formation
Endothelial-derived NO is involved in the control of vascular remod-

eling and vascular lesion formation (e.g., platelet-thrombus formation
and inflammatory cell infiltration) through control of vascular smooth
muscle cell growth and migration, the expression of proinflammatory
molecules, and endogenous inhibition of endothelial activation and
monocyte adhesion (5,31–33). In atherosclerotic cardiovascular dis-
eases, superoxide inactivation of NO leads to oxidation of low-density
lipoprotein cholesterol within the vessel wall (34), to decreased vasore-
laxation, and to increased adhesiveness of inflammatory cells to the
endothelium, predisposing to vascular tissue lesion formation (athero-
sclerotic plaque; ref. 5).

The role of NO in the prevention of atherosclerotic cardiovascular
diseases is supported by research on the endothelial effects of
3-hydroxy-3-methyl-glutaryl coenzyme A (HMG-CoA) reductase
inhibitors (statins). Statins have antiatherosclerotic effects that are
independent of their lipid-lowering effects and result in enhanced NO
release. For example, endothelial function (flow-mediated vasodilation)
in elderly diabetic patients was improved in the absence of any
demonstrable effect on lipid profiles within 3 d of initiating cerivastatin
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Fig. 2. Change (mean ± SEM) in flow-mediated vasodilation (FMD, %) from
pretreatment values after release of 1, 3, and 5 min of brachial arterial occlusion
in patients with chronic heart failure treated with placebo (closed squares), silde-
nafil 12.5 mg (open squares), sildenafil 25 mg (open circles), and sildenafil
50 mg (open triangles). Reprinted with permission from the American College of
Cardiology, Journal of the American College of Cardiology (27).



treatment (35). Statins activate endothelial cell constitutive NO
synthase (NOS), leading to an improved NO/superoxide ratio (36,37).
Proposed mechanisms for the effect of statins on NOS expression
include attenuation of the upregulation of LOX-1 by its ligand, oxi-
dized low-density lipoprotein cholesterol (38), and inhibition of HMG
CoA in endothelial cells stimulated to overexpress HMG-CoA by
exposure to homocysteine (39).

Wave reflection along the arterial tree is an important index of arte-
rial stiffening and cardiac afterload and is inversely associated with
exercise capacity (40). Carotid-femoral pulse wave velocity is an index
of aortic elasticity, which is an important determinant of left ventricu-
lar function and coronary blood flow (41). In hypertensive men silde-
nafil had a beneficial effect on arterial wave reflection (40,42) and
improved carotid-femoral pulse wave velocity (41). These encourag-
ing improvements in vascular stiffness and elasticity justify specula-
tion that, with prolonged sildenafil use, positive changes in vascular
remodeling could occur.

Control of Ischemia/Reperfusion Injury
Ischemia/reperfusion studies in animal models indicate an impor-

tant role for NO in the prevention of further occlusion and injury. Loss
of NO derived from NOS dramatically increased the degree of myocar-
dial reperfusion injury in mice subjected to acute coronary artery
ischemia and reperfusion (43). The NO/cGMP signaling pathway in
platelets was shown to be essential to the prevention of intravascular
adhesion and aggregation of platelets after ischemia, by means of
downstream action on cGMP kinase I (44). Exogenous-inhaled NO
caused an antithrombotic effect that increased coronary patency in a
canine model of platelet-mediated coronary artery reocclusion after
thrombolysis (45). Inhaled NO also significantly modified the reduction
in perfusion, the increase in leukocyte rolling, adhesion, and emigra-
tion, and the endothelial dysfunction caused by ischemia/reperfusion in
the peripheral vasculature of cats (46). In a rabbit model, sildenafil
offered cardioprotection to ischemia-reperfusion injury (47). Sildena-
fil reduced infarct size both acutely (68% at 30 min, p < 0.05) and
delayed (41% at 24 h, p < 0.05) compared with vehicle control. The
mechanism was suggested to be through opening of mitochondrial KATP

channels.

Cardiac Function
NO influences normal cardiac physiology, both via the actions of

cGMP and via independent effects, and it also appears to be important
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in the pathophysiology of cardiac dysfunction (48). A physiological
role has been proposed for NO generated constitutively by endothelial
and/or myocyte NOS, but NO generated inducibly by vascular or
myocyte NOS is thought to be pathophysiological (49). The patho-
physiological effect of NO may be secondary to the interaction of high
concentrations of NO (after activation of NOS) with superoxide to form
peroxynitrite, which is directly cytotoxic to cardiac myocytes (50).

In heart failure, NO-mediated dysfunction may occur in the cardiac
myocyte (negative inotropic effect and induction of apoptosis) and in
the vascular endothelium of both the coronary circulation and the
peripheral circulation (increased basal vascular tone, impairment of
flow-mediated dilation, vascular remodeling, and hyporesponsiveness
to vasoactive hormones; refs. 49 and 51). The pulmonary vascular bed
is vulnerable at an early stage of endothelial dysfunction and its resul-
tant pathophysiological changes in compensated heart failure (52).

The impaired endothelium-dependent, flow-mediated vasodilation
of heart failure is attributable, at least in part, to hyporesponsiveness of
cGMP-mediated vasorelaxation in vascular smooth muscle (29).
Reduced NO bioavailability caused by superoxide anion scavenging
within the coronary vascular wall appears to be an essential mecha-
nism (53), and the coronary artery vasorelaxant response demonstrated
for sildenafil in vitro results from compensation for this defect in the
NO/cGMP pathway (54). However, the vasoconstriction that charac-
terizes heart failure does not appear to be solely the result of impaired
NO-mediated endothelial vasodilation (55).

POTENTIAL CARDIAC APPLICATIONS

When administered to healthy volunteers, sildenafil is a weak
vasodilator that has modest effects on systemic vascular resistance and
blood pressure, minimal effects on heart rate and cardiac index, and
no consistent or significant dose-related changes in electrocardiogram
measurements (19,20). However, sildenafil significantly potentiates the
hypotensive effects of glyceryl trinitrate, an organic nitrate (56). Ambu-
latory blood pressure monitoring revealed that sildenafil causes small,
clinically insignificant reductions in blood pressure in normotensive
and hypertensive men while awake and asleep (57). Despite these
modest effects in healthy volunteers and in hypertensive men, the abil-
ity of sildenafil to improve dysfunctional endothelium-dependent
vasodilation (see “Vasodilation”) and of NO to reduce ventricular fill-
ing pressure, increase collateral coronary flow, and inhibit platelet
aggregation (13) suggests a potential role for PDE5 inhibition with
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sildenafil in the treatment of ischemic heart disease (e.g., angina and
the acute coronary syndromes), cardiac failure, and pulmonary hyper-
tension. Thus, sildenafil may have the potential for clinical usefulness
independent of the treatment of ED.

PDE5 Inhibition in Ischemic Heart Disease
The hemodynamic and platelet antiaggregation effects of sildenafil

have been studied in animal models and in patients with ischemic heart
disease. Controlled clinical studies in patients indicate effects on hemo-
dynamic parameters that may be clinically useful, including modestly
positive effects at rest and prolonged exercise tolerance.

PLATELET EFFECTS

In studies of human and rabbit platelets, sildenafil potently inhib-
ited PDE5 and potentiated the antiaggregation activity of NO donors
such as sodium nitroprusside and glyceryl trinitrate (58–62). Other
PDE5 inhibitors (intravenous zaprinast and intravenous dipyridamole)
potentiated the antithrombotic properties of inhaled NO in a canine
model of platelet-mediated coronary artery thrombosis after thrombol-
ysis, without prolonging the bleeding time or causing systemic
hypotension (63).

In a rabbit model, sildenafil demonstrated antithrombotic activity by
reducing the cyclical flow reduction and improving blood flow through
the damaged vessel (59). However, sildenafil-treated dogs with recur-
rent thrombosis were apparently unresponsive to the platelet inhibitory
effects of an adenosine agonist (64), which was likely because of high
dose inhibition of adenosine receptors rather than an inhibitory effect of
sildenafil per se.

ANIMAL MODELS OF CARDIAC ISCHEMIA

In models of cardiac ischemia in normal dogs, sildenafil has not
exacerbated ischemia, and some data indicate that it may improve per-
fusion during exercise. In a model of stable partial (50%) coronary
stenosis, sildenafil did not exacerbate ischemia, resulting in no signif-
icant difference from control in coronary blood flow, flow-time area,
the overall index of vessel patency, or regional myocardial blood flow
(64). Also, sildenafil did not significantly alter debt repayment, the
peak blood flow rate during reactive hyperemia, or the duration of reac-
tive hyperemia following 5- to 20-s coronary occlusions (65). How-
ever, in dogs with a critical stenosis of the left circumflex artery,
sildenafil vasodilated the left anterior descending coronary artery and
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left circumflex coronary artery, increasing coronary blood flow; not
surprisingly, sildenafil potentiated and prolonged the decreases in sys-
temic blood pressure and coronary blood flow induced by isosorbide
dinitrate (66). Also, in exercising dogs with a partial stenosis of the
left anterior descending artery, sildenafil increased left anterior
descending artery flow in the ischemic region distal to the stenosis,
from 41 ± 7 mL/min to 50 ± 11 mL/min (p < 0.05 vs control), with a
small increase in subendocardial blood flow but no change in coronary
pressure (67). As discussed previously, in a rabbit model, sildenafil was
shown to be highly cardioprotective in both acute and delayed
ischemia-induced injury (47). Taken together, these data strongly argue
against sildenafil causing any coronary steal phenomenon.

HEMODYNAMIC STUDIES IN PATIENTS

WITH ISCHEMIC HEART DISEASE

In a small pilot study of men with ischemic heart disease (n = 8), a
40-mg dose of sildenafil was administered intravenously, producing
plasma concentrations of two to five times those achievable with a
100-mg oral dose (19). Effects on hemodynamic parameters were
comparable with those historically reported for therapeutic doses of
nitrates, and the hemodynamic response to exercise was preserved.

In another pilot study, 14 men with severe stable coronary disease
(defined as >70% stenosis of at least one coronary artery) who were
scheduled for percutaneous coronary revascularization underwent
blood-flow velocity and flow reserve assessment with a Doppler
guidewire before and after administration of oral sildenafil 100 mg
(68). Coronary flow reserve was defined as the ratio of average peak
velocity before and after maximal hyperemia was induced with intra-
coronary administration of adenosine. Sildenafil produced small
(<10%) but significant decreases in systemic and pulmonary arterial
pressures and a small but nonsignificant reduction in systemic vascular
resistance, but it produced no significant change in heart rate or cardiac
output. Sildenafil had no adverse effect on coronary blood flow. Indeed,
in severely stenosed coronary arteries and in reference coronary arter-
ies, sildenafil produced a small (13%) positive effect on coronary flow
reserve (p < 0.05). These results prompted several placebo-controlled
studies in patients with ischemic heart disease to determine safety and
potential therapeutic usefulness.

Hemodynamics at Rest. Given the mechanism of action of PDE5
inhibitors, prevention of the metabolism of cGMP generated via the
NO/cGMP pathway, it is not surprising that sildenafil potentiates the
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hypotensive effects of organic nitrates (56). Double-blind, placebo-
controlled, randomized studies have been conducted to determine the
additive and comparative effects of sildenafil and organic nitrates on
hemodynamics of resting patients with ischemic heart disease.

The magnitude and clinical significance of the additive hypotensive
effect of sildenafil and organic nitrates was assessed in two crossover
studies in male patients ages 45–78 yr with stable angina (69). In the
first study, isosorbide mononitrate 20 mg twice daily was administered
for approximately 2 wk to 16 patients. Sitting and standing blood pres-
sure was measured before and for 6 h after administration of a single
oral dose of sildenafil 50 mg or placebo, one administered after the
first week of isosorbide mononitrate administration, and the alternate
administered after the second week. In the second study, 15 patients
were challenged with sublingual glyceryl trinitrate 500 µg 1 h after
pretreatment with sildenafil 50 mg or placebo; 7 d later, the alternate
pretreatment was administered, and the challenge was repeated. Sitting
vital signs were measured before and for 6 h after sildenafil or placebo
administration. Sildenafil potentiated the hypotensive effects of the
organic nitrates, producing significantly greater mean maximum
changes from baseline in systolic/diastolic blood pressure as compared
with placebo during concomitant administration with isosorbide
mononitrate (difference from placebo of –19/–13 mmHg [sitting;
p < 0.01] and –27/–15 mmHg [standing; p < 0.001]) and during con-
comitant administration with glyceryl trinitrate (difference from
placebo of –10/–10 mmHg [sitting; p > 0.01]).

The hemodynamics of oral sildenafil 100 mg were compared with
those of isosorbide mononitrate 40 mg in a parallel-group study in 31
patients with CAD and ED (70). Hemodynamic parameters were mea-
sured at baseline and at 1, 2, 4, and 6 h after administration of silde-
nafil, isosorbide mononitrate, or placebo; reported values are the mean
maximum change. Compared with baseline, sildenafil administration
resulted in small increases in cardiac index (0.29 L/min/m2 at 1 h) and
stroke volume index (4.4 mL/m2 at 2 h, Fig. 3). In contrast, there were
small decreases in cardiac index and stroke volume index with isosor-
bide mononitrate (–0.14 L/min/m2 and (5.8 mL/m2, respectively, at 1 h)
and placebo (–0.12 L/min/m2 and –2.8 mL/m2, respectively, at 4 h).
Furthermore, as compared with isosorbide mononitrate, sildenafil
caused less reduction in mean arterial pressure (–10 vs –22 mmHg at
2 h), less increase in heart rate (4 vs 7 beats/min at 2 h), and greater
reductions in pulmonary vascular resistance. Systemic vascular resis-
tance was reduced similarly by sildenafil and isosorbide mononitrate.
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Halcox et al. also investigated the hemodynamic effects of sildenafil
(100 mg) in placebo-controlled studies of patients with CAD (71).
Significant epicardial vasodilation (+5.6%) occurred 30 min after silde-
nafil in patients with CAD (n = 15; p < 0.001 compared with base-
line). Sildenafil tended to improve myocardial ischemia during exercise
testing but not to the level of isosorbide dinitrate: time to ischemic
threshold was 538 s after placebo, 563 s after sildenafil, and 598 s after
isosorbide (p < 0.05 vs placebo). In addition, using quantitative angiog-
raphy, responses to sildenafil were compared in coronary arteries that
were initially constricted with acetylcholine (representing endothelial
dysfunction) with those that were dilated (representing normal endothe-
lial function). Interestingly, those vessels with the greatest constriction
displayed the most pronounced dilation (p = 0.02), suggesting that
sildenafil may differentially improve vessels with the greatest endothe-
lial dysfunction. In combination, these data suggest that PDE5 inhibi-
tion may be of benefit in treating patients with vascular endothelial
dysfunction.

Thus, although most hemodynamic effects of sildenafil and isosor-
bide were parallel, less hypotension and less reflex tachycardia were
observed following sildenafil. Perhaps most importantly, the differential
effects on the pulmonary vasculature by sildenafil suggest a potential
selective site of action for PDE5 inhibition.
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Fig. 3. Mean maximum change from baseline in cardiac index (A) and stroke
volume index (B) within 6 h of administration of oral sildenafil 100 mg (n = 10),
isosorbide mononitrate 40 mg (n = 11), or placebo (n = 10) to patients with coro-
nary artery disease and erectile dysfunction. Time to maximal change was 1 h for
isosorbide mononitrate, 2 h for sildenafil, and 4 h for placebo. Adapted from
Jackson et al. (70).



These studies have recently been extended to more closely observe
the time frame over which sildenafil-nitrate interactions can take place
(72). A double-blind, placebo-controlled trial in 33 healthy male vol-
unteers examined the hemodynamic effects of administering 0.4 mg of
glyceryl trinitrate spray from 1 to 48 h after a 100-mg oral dose of
sildenafil. The results indicated that significant (p < 0.01) decreases in
blood pressure (12 mmHg for both systolic and diastolic) occurred only
at the 1-h time point. These data suggest that no significant hemody-
namic interaction with nitrates occurs after 4 h and that nitrates may be
safe to administer 24 h after an oral dose of sildenafil in many patients.

Hemodynamics During Exercise. Double-blind, placebo-controlled,
randomized studies in men with ischemic heart disease have demon-
strated that sildenafil has no negative effects during exercise when
administered alone or concomitantly with a β-adrenergic antagonist and
may even prolong exercise tolerance at higher doses.

In a crossover study, 110 male patients (mean age: 66 yr) with known
CAD or typical angina were randomized to a single oral dose of silde-
nafil (median dose 50 mg) or placebo, followed 1 h later by a symptom-
limited supine bicycle exercise echocardiogram test. One to 3 d later, the
patients crossed over to the alternate treatment and the exercise echocar-
diogram was repeated (73). Compared with placebo, sildenafil had no
significant effect on the extent or severity of exercise-induced regional
wall motion abnormalities, symptoms of dyspnea or angina, or arrhyth-
mias. Exercise capacity was similar with sildenafil and placebo.

Sildenafil 50 mg was also assessed in patients with chronic stable
angina on chronic treatment with a β-adrenergic antagonist (74). In this
crossover study, 14 men (mean age: 51 yr) with documented ED and
CAD (a positive exercise test defined as approximately 1 mm ST-seg-
ment depression) received atenolol 100 mg once daily. After a week of
atenolol therapy, patients were randomized to a single oral dose of silde-
nafil 50 mg or placebo, with crossover to the alternate treatment after a
2-d washout. Atenolol therapy resulted in a negative exercise test response
(eight patients) or a significant prolongation of the time to a positive
response (six patients). Sildenafil did not reverse the beneficial effect of
atenolol on exercise-induced myocardial ischemia, being similar to
placebo in time to 1-mm ST-segment depression (592 ± 35 and 579 ± 52
s, respectively, p = 0.1) and exercise time (762 ± 53 and 748 ± 39 s,
respectively, p = 0.1). The baseline blood pressure and heart rate were
not significantly influenced by sildenafil either at rest or during exercise.

In a recently reported controlled clinical trial, the effects of a higher
dose of sildenafil were assessed on exercise hemodynamics. In this
parallel-group study, 144 men with at least 60% occlusion of a coro-
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nary artery and reproducible exercise-induced angina were randomized
to receive 100 mg of sildenafil or matching placebo administered 1 h
before incremental treadmill exercise, with continuation of their usual
antianginal therapy (75). The proportion of patients in the two groups
who were using concomitant medications was similar for angiotensin-
converting enzyme inhibitors, β-adrenergic blockers, calcium-channel
blockers, and HMG CoA reductase inhibitors. For the evaluable popu-
lation of 108 men, the mean ± SE treatment difference for the time to
onset of limiting angina was 19.9 ± 9.6 s (CI, 0.9–38.9; p = 0.04) in
favor of sildenafil (Table 1). Also statistically significant in favor of
sildenafil were treatment differences for time to angina, 31.7 ± 10.7 s
(CI 10.5–53.0; p = 0.004), and total exercise time, 19.5 ± 9.8 s
(CI, 0.04–38.9; p = 0.049). Sildenafil was well tolerated, and there
were no serious treatment-related adverse events.

Thus, sildenafil has not been associated with negative hemodynamic
effects during exercise when administered alone or concomitantly with
a β-adrenergic antagonist, and higher doses of sildenafil may prolong
exercise tolerance. These results confirm the safety of sildenafil admin-
istration to most patients with ischemic heart disease. They also suggest
further study of sildenafil in combination with other antianginal therapy
for the management of ischemic heart disease, as an alternative to
organic nitrates, may be warranted.

PDE5 Inhibition in Heart Failure
Several studies have demonstrated that sildenafil is well tolerated in

treating ED in patients with heart failure (76–78). PDE5 inhibition with
sildenafil has not been associated with inotropic effects and is not
expected to be the cause of the absence of PDE5 in the myocardium
(79). However, as discussed previously (see “Vasodilation”), the dys-
functional endothelium-dependent vasodilator response of heart failure
patients is improved by acute PDE5 inhibition with sildenafil. Further-
more, although comparable data are not available in patients with heart
failure, in hypertensive men, sildenafil had a beneficial effect on arter-
ial wave reflection and carotid-femoral pulse wave velocity (see “Vas-
cular Remodeling and Lesion Formation”). Arterial wave reflection is an
important index of arterial stiffening and cardiac afterload and is
inversely associated with exercise capacity (40). Carotid-femoral pulse
wave velocity is an index of aortic elasticity, which is an important
determinant of left ventricular function and coronary blood flow (41). In
patients with CAD, sildenafil (100 mg) produced small increases in car-
diac index and stroke volume index, reduced pulmonary vascular resis-
tance, and, as compared with isosorbide mononitrate (40 mg), produced
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less reduction in mean arterial pressure and less increase in heart rate
(see “Hemodynamics at Rest”). These data suggest a potential thera-
peutic role for sildenafil in the treatment of heart failure.

Pulmonary hypertension and elevated pulmonary vascular resistance
are common in patients with chronic left heart failure because
increased left atrial pressure causes increased pulmonary artery pres-
sure in an effort to maintain forward flow of the pulmonary circulation.
Sildenafil has provided therapeutic benefit in a few patients with
heart failure and pulmonary hypertension. Three male candidates for
heart transplant (mean age: 51 yr) with previously refractory pul-
monary hypertension caused by CAD (n = 2) or dilated myocardiopa-
thy (n = 1) were given sildenafil 100 mg sublingually to determine the
reversibility of pulmonary hypertension (80). After 30 min, their mean
pulmonary artery pressure decreased by one-third and mean transpul-
monary gradient decreased by one half (p < 0.01). In a study of 22
patients with pulmonary hypertension, 9 of whom had CHF (6 CAD
and 3 dilated cardiomyopathy), sildenafil reduced pulmonary vascular
resistance and baseline pulmonary artery pressure and augmented
the pulmonary vasodilator effect of inhaled NO (Table 2; ref. 81).
Furthermore, sildenafil improved the cardiac index, again augmenting
the effect of inhaled NO despite no detectable change in systolic and
diastolic myocardial function by sildenafil and/or inhaled NO, as
assessed by micromanometer catheterization of the right ventricle
(pulmonary vascular disease patients) or left ventricle (CHF patients).
It should be kept in mind, however, that because sildenafil potentiates
the hypotensive effects of organic nitrates in any form, its coadminis-
tration to patients who are using nitrates is contraindicated.

Thus, although there are few data assessing the effects of sildenafil
in patients with heart failure, PDE5 inhibition may be a rational basis
for treating this condition because it improves endothelium-dependent
vasodilation, vessel wall elasticity, and arterial stiffness, resulting in
positive hemodynamic effects, particularly on the pulmonary circula-
tion, and an improvement in the cardiac index.

PDE5 Inhibition in Pulmonary Hypertension
Vascular remodeling is a hallmark of pulmonary hypertension, and

NO is among the endothelial chemical factors thought to be involved
(82). Inhaled NO is approved for the treatment of hypoxic respiratory
failure associated with persistent pulmonary hypertension of the new-
born (15) and is used experimentally in the acute management of
reversible pulmonary hypertension in cardiac medical and surgical
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Table 1
Endpoints During Incremental Treadmill Exercise After Sildenafil 100 mg Administration to Men

With at Least 60% Occlusion of a Coronary Artery and Reproducible Exercise-Induced Angina

Time in seconds

Adjusted mean (SEM) Treatment difference: sildenafil-placeboa

Placebo Sildenafil Mean difference p value for
n = 52 n = 56 (SEM) 95% CI superiority

To limiting angina, sb 403.7 (8.2) 423.6 (8.3) 19.9 (9.6) 0.92–38.91 0.04
To angina, s 308.6 (9.3) 340.3 (9.3) 31.7 (10.7) 10.46–52.99 0.0039
To 1 mm ST-segment depression, s 327.6 (14.4) 339.2 (14.4) 11.6 (16.6) –21.27–44.54 0.484
Total exercise, s 405.8 (8.4) 425.3 (8.5) 19.5 (9.8) 0.04–38.94 0.0495

aThe limit was predefined as a sildenafil minus placebo difference of –50 s, which represents 20% of the mean exercise time in a similar study
population. Adapted from Fox et al. (75).

bPrimary endpoint.
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Table 2
Hemodynamic Effects in Patients With Pulmonary Hypertension

Mean (± SD) 

Hemodynamic parameter Baseline Sildenafil 50 mg Inhaled NO Sildenafil + Inhaled NO

Pulmonary artery pressure 47 ± 3 44 ± 3a 44 ± 3a 41 ± 3a,c

(mmHg)
Pulmonary vascular resistance 605 ± 88 473 ± 72a 490 ± 71a 405 ± 69a–c

(dyne·sec/cm5)
Pulmonary vascular resistance/systemic 0.36 ± 0.04 0.31 ± 0.04a 0.35 ± 0.05 0.30 ± 0.05a

vascular resistance
Cardiac index (L/min/m2) 2.5 ± 0.2 2.8 ± 0.2a 2.8 ± 0.2a 3.0 ± 0.2a–c

ap < 0.05 vs baseline (> 90% O2);
bp < 0.05 vs inhaled NO; cp < 0.05 vs sildenafil. Adapted from Lepore et al. (118).
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patients (16). However, the disadvantages and toxicities of inhaled NO
have motivated the search for alternative therapies, such as PDE5
inhibitors (83,84).

EXPERIMENTAL DATA

In vitro studies of bovine-isolated main pulmonary arteries revealed
that PDE3, 4, and 5 are the main enzymes involved in the control of
vascular tone (85). In isolated perfused rabbit lungs, pulmonary vascu-
lar resistance elevated by infusion of U46619, a thromboxane-A2
mimetic, was reduced by dipyridamole and zaprinast, PDE5 inhibitors
(86). Sildenafil markedly blunted pulmonary vasoconstriction caused
by acute hypoxia of isolated perfused lungs from wild-type and NOS-
deficient mice (87).

Short-term studies reveal that PDE5 inhibition reverses U46619-
induced or hypoxia-induced pulmonary hypertension in live animal
models, usually newborn lambs or rabbits. Efficacy has been reported
for dipyridamole either infused intravenously or inhaled, but systemic
blood pressure was decreased significantly during infusion (88,89).
Sildenafil and zaprinast have also been reported to be effective in
animal models and to augment the effect of inhaled NO (90–93). Fur-
thermore, oral sildenafil decreased the pulmonary artery pressure of
lambs with U46619-induced pulmonary hypertension (94).

The positive effect of sildenafil has also been demonstrated in sev-
eral other models of pulmonary hypertension, in animals and in human
volunteers. Pulmonary hypertension induced by meconium aspiration
in piglets was completely reversed within 2 h of commencing an intra-
venous infusion of sildenafil 2 mg/kg, and cardiac output was increased
by 30%, with no adverse influence on oxygenation or systemic hemo-
dynamics; sildenafil was at least as effective as inhaled NO 20 ppm
(95). In a double-blind, randomized comparison, wild-type mice
exposed to hypoxia for 3 wk and dosed with oral sildenafil 25 mg/kg
daily had right ventricular systolic pressure almost one-third lower, less
pulmonary vascular remodeling, and less right ventricular hypertrophy
than placebo-dosed animals (p < 0.05 for each parameter; ref. 87). In
another double-blind, placebo-controlled, randomized comparison, the
56% increase in pulmonary artery pressure induced in healthy human
volunteers challenged with hypoxia (11% O2 for 30 min) was almost
completely absent, and systemic blood pressure was not significantly
affected when challenge was preceded by a 100-mg oral dose of silde-
nafil (87). Thus, experimental data indicate that sildenafil decreases
pulmonary artery pressure, improves cardiac index, may be selective
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for the pulmonary circulation, and, with prolonged use, may decrease
vascular remodeling.

TREATMENT OF PULMONARY HYPERTENSION

Most published data on PDE5 inhibition in patients with pulmonary
hypertension report acute hemodynamic effects of sildenafil. However,
two small uncontrolled case studies assessed acute hemodynamic
effects of dipyridamole: 0.2 mg/kg intravenously in 10 consecutive
patients with aortic or mitral valvular disease (96) and 0.6 mg/kg in
10 consecutive pediatric patients with primary or secondary pulmonary
hypertension (97), administered alone and in combination with inhaled
NO. Dipyridamole had little or no beneficial effect on pulmonary
vasodilation and was not selective for the pulmonary circulation. Thus,
the following discussion is limited to sildenafil.

Precapillary Pulmonary Hypertension. Patients with increased
pulmonary arteriolar and/or arterial resistance are classified as having
precapillary pulmonary hypertension. Examples include primary pul-
monary hypertension, hypoxic pulmonary hypertension, pulmonary
hypertension secondary to HIV infection, congenital heart disease
(e.g., systemic to pulmonary shunt), pulmonary embolism, chronic
obstructive pulmonary disease, and scleroderma of the CREST variant
(calcinosis, Raynaud’s phenomenon, esophageal dysmotility, sclero-
dactyly, telangiectasias; ref. 98). Several anecdotal reports have
described the acute hemodynamic response to sildenafil in patients with
precapillary pulmonary hypertension; there were both no notable
effects (99) and beneficial effects (100) on pulmonary hemodynamics
reported in patients with CREST variant scleroderma and beneficial
effects reported in patients with pulmonary arterial hypertension sec-
ondary to HIV infection (101), severe interstitial pulmonary fibrosis
(102), and congenital heart disease (103).

In an uncontrolled case study of 13 consecutive patients (mean age:
44 yr) with severe pulmonary hypertension, mostly precapillary, the
acute hemodynamic effects of sildenafil administered alone and in
combination with inhaled NO were described (104). Seventy-five mg
oral sildenafil and 80 ppm inhaled NO caused similar decreases in
pulmonary vascular resistance (27 ± 3% and 19 ± 5%, respectively),
and the combination was superior to either agent alone (32 ± 5%).
The cardiac index increased with sildenafil and with sildenafil plus
NO (17 ± 5% and 17 ± 4%, respectively) but not with NO alone
(–0.2 ± 2.0%, p < 0.003). Furthermore, NO increased and sildenafil
tended to decrease the pulmonary capillary wedge pressure (+15 ± 6 vs
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–9 ± 7%, p < 0.0007). Systemic arterial pressure did not decrease
with treatment. In eight infant children who had congenital heart
surgery, acute administration of intravenous sildenafil alone signifi-
cantly (p < 0.05) reduced pulmonary vascular resistance compared with
baseline and further reduced resistance when combined with inhaled
NO (105). In seven adult patients with pulmonary arterial hyperten-
sion, increasing intravenous doses of sildenafil (corresponding to 25,
50, and 100 mg oral) decreased pulmonary arterial pressure from base-
line (61 ± 16 to 55 ± 20 mmHg), decreased pulmonary vascular resis-
tance (11.6 ± 4.1 to 8.7 ± 4.2 Wood units), and increased cardiac
output (4.6 ± 4.1 to 5.6 ± 4.2 L/min). Importantly, after 3 months of
50 mg oral therapy, the two patients awaiting transplantation were
removed from the waiting list (106).

The levels of prostacyclin, a vasodilator and antiaggregant
prostaglandin produced by endothelial cells, are reduced in patients
with primary pulmonary hypertension (82). Inhaled iloprost, a stable
prostacyclin analog, improves exercise capacity and hemodynamic
variables, but its use is limited by a short duration of action (30–60
min) and high cost (107). Isolated case reports have established the
success of oral sildenafil as an alternative to prostacyclin in primary
pulmonary hypertension (100,108,109). A small study of five patients
with primary pulmonary hypertension demonstrated that aerosolized
iloprost in a cumulative dosage of 8.4–10.5 µg decreased mean pul-
monary arterial pressure more than sildenafil 50–100 mg (9.4 ± 1.3 vs
6.4 ± 1.1 mmHg; p < 0.05) but less than the combination of sildenafil
plus iloprost (9.4 ± 1.3 vs 13.8 ± 1.4 mmHg; p < 0.009; 107). The dura-
tion of effect was longer with sildenafil monotherapy (>210 min) than
with iloprost monotherapy (60–120 min; Fig. 4). No significant changes
in heart rate or systemic arterial pressure were seen during any treat-
ment, and all treatments were well tolerated, without major adverse
effects.

Sildenafil administered alone and in combination with inhaled ilo-
prost has also been assessed in a randomized, controlled, open-label
study of 30 patients with precapillary pulmonary hypertension, includ-
ing primary pulmonary hypertension (n = 10), the CREST syndrome
(n = 6), aplasia of the left pulmonary artery (n = 1), and chronic throm-
boembolic pulmonary hypertension (n = 13; 110). Patients were ran-
domized to four treatment groups: sildenafil 12.5 mg (n = 7), sildenafil
50 mg (n = 8), sildenafil 12.5 mg plus inhaled iloprost 2.8 µg 1 h later
(n = 7), and sildenafil 50 mg plus inhaled iloprost 2.8 µg 1 h later
(n = 8). All patients received inhaled NO (20–50 ppm) and aerosolized
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Fig. 4. Time course of mean pulmonary artery pressure in five patients with primary pulmonary hypertension. Iloprost produced
a significant reduction, with a return to baseline levels after 120 min (A). Sildenafil caused a slightly smaller but significant reduc-
tion that was already maximal after ingestion of the first 25 mg dose (B). Iloprost plus sildenafil produced a greater maximal
reduction than either therapy alone and a more prolonged reduction than that of iloprost alone (C). Reprinted from (107) with
permission.



iloprost (2.8 µg) with hemodynamic parameters measured at 5, 15, 30,
60, 90, 120, and 180 min after dosing. All patients had severe pul-
monary hypertension and low cardiac index values at baseline. NO,
iloprost alone, sildenafil alone, and sildenafil plus iloprost all decreased
mean pulmonary artery pressure, increased the cardiac index, decreased
pulmonary vascular resistance, and indicated pulmonary selectivity by
a significant reduction in the ratio of pulmonary to systemic vascular
resistance (Fig. 5). Pulmonary selectivity was greatest for NO and for
the combination of 50 mg of sildenafil plus iloprost. For the other
hemodynamic parameters, there was an increasingly beneficial
response from NO, to iloprost, to iloprost plus sildenafil (12.5 or
50 mg). The area under the curve for reduction in pulmonary vascular
resistance after combination therapy was greater than the sum of the
areas under the curve for each single intervention, at either dose of
sildenafil plus iloprost (p < 0.001, analysis of variance). The effects of
NO wore off within 15 min and of iloprost within 60–90 min, but the
vasodilatory response to sildenafil was still evident after 120 min when
administered alone and after 180 min when administered with iloprost.
No significant differences could be detected between subgroups based
on diagnosis or in patients with primary pulmonary hypertension
as compared with all other patients or with patients with chronic
thromboembolic pulmonary hypertension.

Anecdotal reports of chronic therapy with oral sildenafil in a few
patients, administered alone or in combination with prostacyclin
analog, revealed a persistent 20% decrease in the estimated pulmonary
artery pressure over 3 month (101), resolution of cor pulmonale and
improved pulmonary artery pressure at 6 month (100), and improved
exercise capacity at 12 wk (111,112) and 1 yr (108). One recent case
report described long-term efficacy in a 39-yr-old man with pulmonary
hypertension (113). Substantial improvements were observed in right
ventricular systolic pressure (120 mmHg baseline, 85 mmHg at 30 wk)
after 50 mg of sildenafil were taken four times daily for 30 wk.

Thus, sildenafil, administered alone or in combination with inhaled
NO or inhaled iloprost to patients with precapillary pulmonary hyper-
tension, decreases the pulmonary artery pressure and pulmonary vas-
cular resistance, improves the cardiac index, and shows selectivity for
the pulmonary circulation.

Passive Pulmonary Hypertension. Increased pulmonary arterial
pressure can occur passively (without active pulmonary arterial vaso-
constriction) when the pulmonary venous pressure is elevated, such as
in left ventricular failure or mitral stenosis. As discussed in the section
“PDE5 Inhibition in Heart Failure,” pulmonary hypertension is
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common in patients with chronic left heart failure, and sildenafil has
provided therapeutic benefit in a few patients with heart failure and
pulmonary hypertension. Also, left ventricular failure and valvular heart
disease often culminate in the necessity for surgery, which can be seri-
ously complicated by pre-existing or acute de novo pulmonary hyper-
tension. An anecdotal report describes beneficial effects of sildenafil
in two patients who developed acute elevations in pulmonary artery
pressure on weaning from cardiopulmonary bypass after cardiac trans-
plantation and redo cardiac bypass, respectively (114).

FACILITATION OF INHALED NO WITHDRAWAL

Discontinuation of inhaled NO can result in rebound pulmonary
hypertension for reasons that remain unclear but may include reduced
production of endogenous NO and/or reduced ability to rapidly gener-
ate cGMP after NO discontinuation (115). Anecdotal reports in a few
pediatric patients document the ability of sildenafil (111,115,116) and
dipyridamole (117) to blunt rebound pulmonary hypertension in
patients withdrawn from inhaled NO, mostly following cardiac surgery.

CONCLUSION

PDE5 inhibitors appear to be preferentially active in patients with
endothelium-mediated disease compared with healthy individuals
because of the positive effects on dysfunctional endothelium, mediated
via the NO/cGMP signaling pathway. Controlled studies of sildenafil in
patients with ischemic heart disease indicate effects on hemodynamic
parameters that may be clinically useful include (a) no serious adverse
effects; (b) at rest, positive effects on central hemodynamics (e.g., car-
diac index and stroke volume index), which are superior to those of
isosorbide mononitrate, while causing a similar reduction in systemic
vascular resistance, less hypotension and reflex increase in heart rate,
and greater reductions in pulmonary vascular resistance; and (c) no
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Fig. 5. (opposite) Maximum change in hemodynamic values from preintervention
baseline in patients with precapillary pulmonary hypertension in a randomized,
open-label study. Error bars represent confidence intervals. Analysis of variance
with the Scheffé posttest for intergroup comparison indicated significant differ-
ences ( p < 0.001); plus signs bracketed by horizontal bars show these relation-
ships. NO, nitric oxide; NS, not significant; PVR/SVR, ratio of pulmonary
vascular resistance to systemic vascular resistance. *p < 0.001, †p < 0.05,
‡p < 0.001 for differences between pretreatment and posttreatment values.
Reprinted with permission from Annals of Internal Medicine (110).



negative hemodynamic effects during exercise when administered alone
or concomitantly with a β-adrenergic antagonist and prolonged exercise
tolerance with higher doses (100 mg). Despite limited data assessing
the effects of sildenafil in patients with heart failure, PDE5 inhibition
may be a rational basis for treating this condition because it improves
endothelium-dependent vasodilation, vessel wall elasticity, and arter-
ial stiffness, resulting in positive hemodynamic effects, particularly on
the pulmonary circulation, and an improvement in the cardiac index.
Results from experimental models and acute hemodynamic studies in
patients with precapillary pulmonary hypertension indicate that silde-
nafil, administered alone or in combination with NO or iloprost,
decreases the pulmonary artery pressure and pulmonary vascular resis-
tance, improves the cardiac index, and shows selectivity for the pul-
monary circulation.

These results validate the safety of administering sildenafil to
patients with cardiac disease. They also suggest further study of silde-
nafil (a) in combination with other antianginal therapy for the man-
agement of ischemic heart disease as an alternative to organic nitrates,
(b) in patients with heart failure to further explore the clinical conse-
quences of improved endothelium-dependent vasodilation and vessel
wall elasticity and decreased arterial stiffness, and (c) in patients with
pulmonary hypertension, both alone and in combination with inhaled
NO and inhaled iloprost. If further study confirms the existing data,
sildenafil may have broad clinical usefulness independent of the treat-
ment of ED.
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PHYSICAL COMPONENT OF SEXUAL ACTIVITY

Sexual activity is often equated with physical activity, such as walk-
ing, running, and lifting and carrying objects (1). However, sexual
activity can also be equated with states of arousal such as anger or fear
(2). In fact, the model of sex as a state of arousal is in many ways
more clinically useful than the model of sex as a form of physical exer-
tion, especially in patients with ischemic heart disease. In most cases



the cardiovascular response to sex is more closely related to sexual
arousal than to physical exertion. The distinction between sexual exer-
tion and sexual arousal has important implications when evaluating the
cardiovascular tolerance for sexual activity.

Bohlen et al. (3) performed an important investigation of hemody-
namic and metabolic responses to sexual activity involving 10 healthy,
young, married men ages 25–43 yr (mean age: 33 yr) and their wives.
Four types of sexual activity, each carried to orgasm, were evaluated in
these men: self-stimulation, partner stimulation, coitus with the woman
on top, and coitus with the man on top. Oxygen consumption, heart
rate, and blood pressure were measured in the men before, during, and
after sexual activity. These sexual activities were followed by a symp-
tom-limited treadmill exercise test designed to evaluate peak exercise
capacity.

The heart rate response to the four types of sexual activity is shown
in Figure 1. The heart rate during sexual activity, expressed as a per-
centage of the peak treadmill heart rate, varied from 42–53% during
the stimulation phase and from 54–67% during the orgasm phase, with
little difference between the four types of sexual activity. The peak
heart rate during the stimulation/orgasm phase was greater during
coitus with the man on top than with the woman on top (heart rate
127 ± 23 beats/min vs 110 ± 24 bpm, p < 0.02) compared with a
peak heart rate of 102 ± 14 beats/min for the two noncoital sexual
activities (4).

As shown in Fig. 2, a similar response to sexual activity was found
for oxygen consumption (VO2) measured as the metabolic equivalent of
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Fig. 1. Hemodynamic response to sexual activity, M-O-T, man on top; W-O-T,
woman on top; PART, partner; STIM, stimulation; BPM, beats per minute.
Adapted with permission from ref. 4.



the task (MET), where one MET is equivalent to 3.5 mL/kg/min. The
VO2 during the two types of coital activities, expressed as a percentage
of the peak VO2 measured during treadmill exercise testing (15.5 METs),
was greater than during the two noncoital activities: 22% and 16% for
coitus with the man on top and the woman on top, respectively, com-
pared with 11–12% for noncoital activity. The corresponding values of
VO2 during the stimulation/orgasm phase of sexual activity were 3.3
METs for coitus with the man on top, 2.5 METs for coitus with the
woman on top, respectively, and 1.7 METs for noncoital sexual activities,
differences that were statistically but not clinically significant.

EMOTIONAL COMPONENT
OF SEXUAL ACTIVITY (AROUSAL)

The results of this study underscore the distinction between sexual
arousal and sexual exertion. Sexual arousal that occurs during self-
stimulation, partner stimulation, and coitus with the woman on top is
not accompanied by significant physical exertion: the increases in heart
rate and VO2 during these conditions are largely attributable to sexual
arousal alone. The greater increase in heart rate and VO2 noted during
coitus with the man on top reflects not only the greater physical exer-
tion associated with this type of sexual activity but perhaps heightened
sexual arousal as well (4). A study conducted by Nemec et al. (1) in
healthy young men showed no significant difference in heart rate and
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Fig. 2. Metabolic response to sexual activity. M-O-T, man on top; W-O-T, woman
on top; PART, partner; STIM, stimulation; METs, multiples of resting energy
expenditure; BPM, beats per minute. Adapted with permission from ref 4.



blood pressure responses between coitus performed in the man-on-top
and woman-on-top positions.

The results of studies conducted in healthy young men have been
widely extrapolated to older individuals. However, the intensity of
sexual arousal and sexual exertion, especially among long-married cou-
ples, is almost certainly less than among young couples. In any event,
the duration of sexual activity in the study of Bohlen et al. was brief:
the stimulation phase involving a sexual partner lasted only 5 min
and the orgasm phase during each of the four sexual activities lasted
only 10–16 s. Heart rate returned to resting baseline within 30 s for
noncoital activities and within 1.5–2.0 min for coitus with the woman
on top and man on top, respectively. Other studies also show the brevity
of the hemodynamic and metabolic response to sexual activity (4).

ROLE OF EXERCISE TESTING IN EVALUATING
THE CARDIOVASCULAR TOLERANCE

FOR SEXUAL ACTIVITY

The cardiovascular tolerance for sexual activity can be expressed as
the “functional reserve,” which represents the difference between peak
heart rate and VO2 measured during treadmill testing and that mea-
sured during sexual activity (4). Exercise testing commonly is used to
measure the cardiovascular reserve of patients with clinical coronary
artery disease (CAD), especially among sedentary individuals. Patients
with cardiovascular disease often limit their physical activity, even
without being aware of it. Exercise testing enables not only an objec-
tive assessment of exercise tolerance in such individuals but also helps
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Table 1
Energy Requirements (METS)
of Selected Physical Activities

Walking 2 MPH, Level 2
Walking 3 MPH, Level 3
“Sexual Activity” Pre-Orgasm 2–3
“Sexual Activity” During Orgasm 3–4
Cycling 10 MPH, Level 6–7
Walking 4.2 MPH, 16%

(Bruce Treadmill Stage 4) 13

MET, multiples of resting energy expenditure; MPH,
miles per hour. Adapted from ref. 4 with permission.



to determine the threshold of heart rate, blood pressure, and workload
at which symptoms of angina, dyspnea, and fatigue appear (5).

The standard clinical measure of physical exertion is the metabolic
equivalent of the task (MET). One MET is equivalent to the resting state.
Table 1 shows the energy requirements of selected physical activities.
These range from 2 METs for walking at 2 miles per hour (2 METs) to
13 METs for completion of the fourth stage of the Bruce treadmill exer-
cise test. “Sexual activity” is often equated with an exercise workload of
2–3 METs in the preorgasmic phase and 3–4 METs during the orgasmic
stage (3). However, the physical exertion associated with sexual activity
varies widely among individuals, especially in relation to age.

The functional reserve of the young individuals reported by Bohlen
et al. was very great and was not substantially taxed by sexual activity
(Fig. 3). Among older individuals, especially those with silent ischemia,
the functional reserve is much less (Fig. 4). For patients with coital
angina, Drory et al. (6) found that the heart rate during sexual activity
actually exceeded that noted during treadmill exercise. In this study,
cycle ergometry elicited a higher heart rate than coitus in the group as
a whole viz. 138 ± 19 vs 108 ± 21 beats/min, respectively (p < 0.0001).
Moreover, all patients who exhibited myocardial ischemia, with or
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Fig. 3. Workload of sexual activity. TM, treadmill; HR, heart rate; METs, multi-
ples of resting energy expenditure; BPM, beats per minute. In a healthy man aged
33, treadmill exercise elicits a peak functional capacity of 15.5 METs and a peak
heart rate of 185 BPM. Sexual activity elicits a peak functional capacity of
3.5 METs and a peak heart rate of 128 BPM. The difference in peak functional
capacity during treadmill exercise and sexual activity represents the functional
reserve. Adapted with permission from ref. 4.



without angina, during coitus also exhibited myocardial ischemia
during exercise testing.

Thus, the exercise test is useful for establishing the functional
reserve of patients with and without angina and may elicit angina in a
few patients who do not experience angina during other circumstances.
However, treadmill testing is not required to evaluate the functional
reserve of patients who report no symptoms during vigorous physical
activity. For example, the capacity to climb two flights of stairs with-
out limiting symptoms, which is equivalent to 6 METs, is a useful clin-
ical benchmark of exercise tolerance (7). Patients capable of exercising
to a 6 MET treadmill workload without cardiovascular symptoms can
generally, but not always, engage in sexual activity without experienc-
ing cardiovascular symptoms.

Sexual arousal is an important consideration in patients with
ischemic heart disease because it can be equated with the risk of acute
coronary events. The influence of arousal on the cardiovascular
response to sexual activity can be inferred from observations made
during sexual activity with an unfamiliar sexual partner. Cantwell
reported on the heart rate during coitus obtained by 24-h ambulatory
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Fig. 4. Workload of sexual activity. TM, treadmill; HR, heart rate; METs, multi-
ples of resting energy expenditure; BPM, beats per minute. In a 53-yr-old man
with silent ischemia, treadmill exercise elicits a peak functional capacity of 10.0
METs and a peak heart rate of 165 BPM. Sexual activity elicits a peak functional
capacity of 3.5 METs or less and a peak heart rate of 127 BPM. The difference in
peak functional capacity for treadmill exercise and sexual activity represents the
functional reserve. Adapted with permission from ref. 4.



electrocardiography (8). The patient exhibited a heart rate increase
from 96 to 150 beats/min during an extramarital sexual encounter and,
later the same day, a heart rate increase from 72 to 92 beats per min
during conjugal sexual activity. Reasons for the higher heart rate during
sexual activity with a new partner include performance anxiety, an unfa-
miliar setting, ingestion of alcohol and food, social disapproval, and,
especially, a high degree of sexual arousal. Sexual activity with an unfa-
miliar partner may substantially increase the degree of sexual arousal
and thereby the cardiovascular workload and the risk of acute coronary
events (9). It is important to recognize that the level of physical exertion
associated with coitus may well be less among older individuals than
among younger individuals. This is especially true for coitus with the
woman on top and for other types of coitus, not reported in previous
studies, including the side-by-side position.

Another circumstance in which arousal is the predominant media-
tor of the cardiovascular response to sexual activity is masturbation.
In studies conducted in healthy young men and women, peak heart
rates were often substantial, yet the physical exertion associated with
masturbation is generally trivial (10). The cardiovascular response to
masturbation in men with ischemic heart disease has been little stud-
ied. This is an important issue, for masturbation is common among
men who engage in coital activity.

EFFECTS OF AGE ON THE CARDIOVASCULAR
RESPONSE TO SEXUAL ACTIVITY

The physiologic response to sexual activity among middle-aged and
older individuals has been little studied. However, given the tendency
for less frequent and less vigorous sexual activity that occurs among
even healthy older individuals, it is probably the case that the physio-
logic demands of sexual activity in older individuals are less than
previously had been thought.

In younger men, the hemodynamic and metabolic demands of
sexual activity are negligible. Bohlen et al. (3) found that oxygen con-
sumption increased to only 23% of the peak oxygen consumption
measured during symptom-limited treadmill exercise, even during the
most physically taxing forms of sexual activity. Similarly, the heart
rate during the most intense sexual activity increased to only 66% of
the peak treadmill heart rate in this study. However, the cardiovascu-
lar workload of sexual activity has not been extensively studied in
older men. Furthermore, the cardiovascular response associated with

Chapter 14 / Physiological Cost of Sexual Activity 245



sexual activity has not been adequately characterized in men with
manifest CAD or those at risk for CAD. In particular, data are lacking
for patients with CAD who are receiving sildenafil for the manage-
ment of erectile dysfunction.

The relative cardiovascular workload of sexual activity increases
with age, reflecting, in part, a decrease in peak exercise heart rate and
workload. This age-dependent decrease in peak heart rate and workload
translates to a reduced functional reserve among older individuals. For
example, a healthy male aged 63 yr without ischemic heart disease
may exhibit a peak treadmill workload of 9 METs, or multiples of rest-
ing energy consumption. Sexual activity that elicits a workload of
3.5 METs represents 40% of the peak oxygen consumption for this
man. However, it is unknown whether sexual activity in this older man
actually elicits the 3.5 MET workload seen in 33-yr-old men. In the
setting of chronic deconditioning, or exercise-induced myocardial
ischemia, the peak treadmill workload of a 63-yr-old man might be
reduced even further to 8 METs. For such an individual, sexual activ-
ity that elicited a workload of 3.5 METs would represent 44% of peak
oxygen consumption, or roughly twice the relative workload seen in
healthy young men.

Therefore, it is important to consider how sexual activity at age
63 yr compares with sexual activity at age 33 yr. In general, the degree
of sexual arousal declines over time, even among the most enthusiastic
of sexual partners. Moreover, sexual activity tends to be less energetic
among middle-aged men than among younger ones. Accordingly, the
workload of sexual activity at age 63 yr may well not be 3.5 METs, but
only two-thirds this value, or 2.0 METs. This would represent only
26% of the peak oxygen consumption for a well-conditioned man,
comparable with the value of 29% for a deconditioned man. The clin-
ical implications of this natural aging phenomenon are important:
sexual activity for middle-aged men may be less taxing than previously
recognized, and the risks associated with sexual activity may be corre-
spondingly less.

Among a group of 50-yr-old men evaluated 12–15 wk after a heart
attack, Stein et al. (11) recorded a peak coital heart rate of 127 beats/min,
which is equivalent to about 75% of predicted peak heart rate in normal
individuals. Hellerstein et al. (12) used ambulatory electrocardiography to
measure the peak coital heart rate during conjugal sexual activity in
middle-aged men. These investigators found that to be even less than
that recorded by Stein et al.: 117 beats/min. Both studies demonstrate
the modest cardiovascular response to sexual activity in long-established
sexual relationships.
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EFFECTS OF EXERCISE TRAINING
ON THE CARDIOVASCULAR RESPONSE

TO SEXUAL ACTIVITY

In men with cardiovascular disease, Stein et al. (11) found that the
peak heart rate during coitus with the patient’s usual sexual partner was
less after a 16-wk cycle of training than in an untrained cohort. The
peak oxygen consumption after exercise training increased by about
10%, from about 11 METs to 12.2 METs. After exercise training, the
peak coital heart rate measured by ambulatory electrocardiography at
home decreased by about 5%, from 127 to 120 beats/min. No signifi-
cant change in peak oxygen consumption or coital heart rate was noted
after 16 wk in patients assigned to the control group. No patient in
either group exhibited angina during exercise or coitus.

The explanation for the training-induced decrease in coital heart rate
is shown in Fig. 5. Exercise training decreases the heart rate response
to a given submaximal workload. Accordingly, the workload at which
ischemia appears increases from 4 METs (point a) to 6 METs (point b).
In this study, the “workload” associated with sexual activity probably
remained constant during the 16-wk period, but oxygen consumption
was not measured.
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Fig. 5. Effects of exercise training on ischemic threshold during sexual activity.
METs, multiples of resting energy expenditure; BPM, beats per minute. In this
sedentary individual, exercise training increases the peak exercise capacity
increased by 40%, from 6 METs to 8.4 METs. Before training, the patient exhibits
ST segment depression and angina pectoris at a heart rate of 120 BPM, which is
associated with a workload of 4 METs. After training, the patient still exhibits
ischemic ST segment depression and angina pectoris at a heart rate of 120 BPM,
but the workload at the onset of ischemia has increased to 6 METs. Adapted with
permission from ref. 4.



Deconditioned patients who exhibit ischemic ST segment depression
or angina pectoris on ambulatory electrocardiography during coitus may
become ischemia-free after exercise training. This assumes that the
workload associated with coitus remains constant. As shown in Fig. 5,
exercise training does not significantly increase the heart rate threshold
at which ischemia occurs, but it may substantially increase the work-
load prior to the onset of ischemia. In patients with obstructive CAD,
this could reduce the extent of myocardial ischemia, which could reduce
the incidence of angina pectoris and the risk of acute coronary events.

The relationship between exercise capacity and prognosis in men
with ischemic heart disease is complex. For example, Muller et al. (13)
noted a substantially lower rate of cardiac events in men who reported
a high habitual physical activity score at baseline, soon after acute
myocardial infarction. This could reflect the effects of habitual physi-
cal exercise, which increases functional capacity. However, an impor-
tant self-selection process is also at play: physically active individuals
generally exhibit less myocardial ischemia and left ventricular dys-
function than those who are less physically active. Self-selection also
applies to sexual activity: patients who develop cardiac symptoms of
ischemic heart disease are much less likely to continue sexual activity
than those who are free of cardiac symptoms.

EFFECTS OF PHOSPHODIESTERASE-5 INHIBITORS
ON THE EXERCISE TEST RESPONSE

Studies by Arruda-Olson et al. (14) and Thadani et al. (15) indicate
that phosphodiesterase type 5 (PDE5) inhibitors exert no deleterious
effects on the cardiovascular response to exercise among individuals
with established heart disease. Whatever the risks of coitus-induced
cardiac events, it appears that PDE5 inhibitors do not exert an inde-
pendent influence on this risk. The risk posed by these events is medi-
ated through the sexual activity that they enable.

CONCLUSION

The physiologic cost of sexual activity reflects arousal and to a
lesser extent, exertion. The workload associated with sexual activity is
comparatively mild in most individuals and does not represent a sig-
nificant cardiovascular challenge. However, sexual activity can elicit
angina pectoris in individuals with severe CAD. Exercise testing is
helpful in evaluating the risk of angina elicited by exercise. Patients
who do not experience angina at a treadmill capacity of 6 METs or
more rarely experience angina during sexual activity. In patients with
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angina, exercise training increases the workload, measured in METs, at
which ischemic ST segment depression and angina occur.
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PHYSICAL COMPONENT OF SEXUAL ACTIVITY

Landmark studies by Muller, Mittleman, Tofler and others have
suggested that acute myocardial infarctions (MIs) may be triggered
by certain phenomena (1–4). It is believed that these triggers, often
initiated by an increase in catecholamines and sympathetic nervous
system activity, ultimately lead to a disruption of the vulnerable ath-
erosclerotic plaque. Increases in sympathetic vascular tone and sym-
pathetic/catecholamine-related increases in heart rate, blood pressure,
ventricular contractility, platelet aggregability, hematocrit, and reduc-
tions in fibrinolysis may all contribute (2). For example, an increase in



ventricular contractility with changes in dP/dT (change in ventricular
pressure over time) and an increase in coronary tone can increase the
sheer–stress of blood flowing across a vulnerable atherosclerotic
plaque. These mechanical forces may then contribute to rupture of a
thin fibrous cap overlying the lipid pool of the plaque. Lipid, foam
cells, and tissue factors escape into the lumen of the artery, contribut-
ing to platelet aggregation, fibrin deposition, and thrombus, which can
then obstruct flow through the coronary artery, causing acute MI
and/or sudden death. Reduction in flow also results from an increase
in stimulation of alpha sympathomimetic receptors. Increases in heart
rate and blood pressure during emotional or physical stress increase
oxygen demand, and if O2 supply is limited by coronary stenosis,
coronary artery vasospasm, or flow limiting intra-coronary thrombus,
ischemia will be worsened.

Virtually any emotional or physical stress has the potential to trigger
acute MI or ischemia—but what are the triggers that actually have been
shown to contribute?

Muller and associates showed that one of the most common triggers
for acute cardiac events was the time of awakening (1,5). In the multi-
center Myocardial Infarction Onset Study, they observed that 19% of
over 1700 patients with acute MI woke up in the 2-h period before
the infarction. (6) Within the first few hours of waking, there is a
well-known increase in plasma epinephrine and norepinephrine that is
associated with increases in heart rate, blood pressure, ventricular con-
tractility, vasomotor tone, and platelet aggregability. In addition, the
morning is associated with increases in hemoglobin and reductions in
tissue plasminogen activator coupled with increases in plasminogen
activator inhibitor. Such factors result in a relative hypercoagulable
state in the morning. These investigators also reported that among
patients with acute MI, 11.6% were exposed to psychological stress,
4.9% to heavy exercise, and 2.4% to anger. Of these patients, 1.5%
had sexual activity during the 2 h before MI, but following correction
for chance occurrence, sexual activity was a contributor to MI in only
0.9% of cases (3,6,7). The use of cocaine increased the risk of MI 23.7
times over baseline (8). Our research group showed that certain major
natural disasters such as earthquakes as well as seasonal variations
could act as triggers of cardiac events (9,10).

Using a case-crossover study design Muller and associates found
that the relative risk of a MI in the 2-h period after sexual activity was
increased at 2.5 (3). This relative risk was similar in patients without
histories of MI (2.5) vs those with a history of MI (2.9). The relative
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risk of sexual activity triggering acute MI was 2.1 in those patients
with a history of angina vs 2.6 in those patients without angina.

Although the relative risk of having a MI within 2 h of sexual activ-
ity was increased at 2.5, the absolute risk was small because the risk of
sexually triggered MI occurred only during the 2-h period before acute
MI and sexual activity was found to be a contributor to MI in only
0.9% of cases (7).

Using these data and data from the Framingham group, DeBusk
et al. (11) described another illuminating analysis of this phenomenon.
They noted that the baseline annual risk of a MI for a 50-yr-old Amer-
ican man is about 1.0%. As a result of sexual activity this annual risk
increases to 1.01%. In a man with a history of MI, the annual risk
increases only to 1.10%.

Based on the Framingham Heart Study, Muller pointed out (7) that
a 50-yr-old healthy man who is physically active has an absolute risk
of MI of one chance in a million per hour (12,13). The absolute risk
doubles to only two chances in a million per hour with sexual inter-
course and, again, only for a 2-h period. The risk of MI is 10 chances
per million per hour in a post-MI patient who has been in a rehabilita-
tion program (14). If that patient has sexual intercourse, then the risk is
transiently doubled, but, still, the absolute risk is low with the chance
of MI at 20 per million per hour (7). Thus, in general, the absolute
chance that a person—healthy or with coronary artery disease
(CAD)—is going to suffer an acute MI with sexual intercourse is low.

Another important finding from Muller’s study was that patients
who were physically active and who achieved ≥6 metabolic equiva-
lents of the task (METS) of exertion three or more times a week did
not have an increased risk of MI with sexual activity (3,7). Hence,
physical activity appears to have an important protective effect, and
thus, participation in cardiac rehabilitation programs may reduce the
chance of a major cardiac event associated with sexual activity. The
research group also observed that patients who were physically active
were less likely to have a MI with strenuous physical exertion (15).

THE PHYSIOLOGIC COST
TO THE SEXUALLY ACTIVE HEART

Sexual activity has been likened to moderate physical activity (16),
and, therefore, there is a physiologic cost to the heart. Studies that have
investigated the changes in heart rate and blood pressure that occur
during sexual intercourse have shown increases with variability in the
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increases depending on the setting of the measurements, the age of par-
ticipants, the health and physical conditioning of the participants, as
well as other factors (11,16,17). Although sexual intercourse does
increase oxygen demand, in most cases, the duration of the increase
in oxygen demand is relatively short.

Early work by Masters and Johnson in which couples engaged in
coitus, in laboratories and were attached to electrocardiographic
machines, reported increases in heart rate and blood pressure that were
impressive (peak heart rates of 140–180 beats/min and increases in
systolic blood pressure of 80 mmHg and in diastolic blood pressure of
50 mmHg (18). In 1970, Hellerstein and Friedman (19) published an
article in which middle-aged men with and without CAD had
24-h ambulatory electrocardiography during coitus in the privacy of
their own bedrooms. In men with a mean age of 48 yr with known
atherosclerosis, orgasm was associated with an average heart rate of
117 beats/min, and peak coital heart rate usually was lower than heart
rates achieved during other normal daily activities (120 beats/min).
Also, the peak heart rates associated with sexual intercourse lasted
<15 s. They estimated that the myocardial oxygen demands of coitus
were about 60% of the subject’s maximum achieved oxygen demand
and, thus, coitus, in the usual manner in middle-aged men, imposed
only a modest physiologic cost to the heart.

Bohlen et al. (20) reported that healthy and physically active young
men (mean age: 33 yr) in a laboratory setting achieved a mean heart
rate of 120 beats/min with woman-on-top coitus and 127 beats/min
with man-on-top coitus. Heart rate × systolic blood pressure, or rate-
pressure product, peaked at orgasm and was approximately double
baseline values. Oxygen consumption expressed as METS (where one
MET equals 3.5 mL O2/kg per min) was 2.5 METS for woman-on-top
coitus and 3.3 METS for man-on-top coitus.

In a study by Stein (21), 16 post-MI patients were examined. Heart
rate was monitored by 24-h ambulatory monitoring. Mean peak heart
rate during sexual intercourse was 127 beats/min before an exercise
training period and 120 beats/min after 16 wk of bicycle training.

Jackson et al (22,23) studied 14 patients with stable angina using
ambulatory electrocardiogram (ECG) monitoring. Sexual intercourse
was associated with a mean heart rate of 122 vs 124 beats/min for
some other daily ambulatory activity. β-blockers reduced the heart rate
response of sexual activity to 82 beats/min. Namec et al. (24) made
the observation that, in 10 healthy male subjects having coitus with
their spouses at home, there was no difference in double product
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(assessed with ambulatory ECG and automatic blood pressure cuffs)
in the “man-on-top” or “woman-on-top” position.

Other analyses have suggested that during sexual intercourse heart
rate increases to 120–130 beats/min, systolic blood pressure increases
to about 150 mmHg but rarely >170 mmHg, and that diastolic blood
pressure increases by about 10 mmHg at orgasm (25). As DeBusk (16)
notes, the intensity of sexual arousal and exertion will be less among
older long-married couples compared with younger couples. Also,
duration of increased oxygen demand is usually short. In most studies,
the sexual stimulation phase lasted only 5 min, orgasm phase was
10–16 s, and resolution phase <30 min. Thus, the hemodynamic
response to sexual activity is brief.

Sexual activity during the preorgasmic phase is associated with
2–3 METS; during orgasm, it is 3–4 METS with a higher range
of 5–6 METS (11,16). This can be considered moderate physical
exertion.

In the past, the comparison of sexual activity to other activities
included the ability to briskly climb two flights of stairs (20 steps in
10 s or about 3 METS; refs. 23 and 26), walking 1 mile in 20 min
(approximately 3.5 METS), digging in the garden (approximately
5 METS), or 10 min of brisk walking (approximately 5–6 METS)
(23). Of course, these comparisons do not take into account the sym-
pathomimetic effect of the arousal phase of sexual activity (16). Of
note, a study from Japan suggested that more cases of sudden death
during coitus were likely to occur during extramarital coitus (27). As
noted by the Princeton Consensus Panel, sexual arousal, through an
increase in sympathetic discharge, might contribute to lethal ventricu-
lar arrhythmias in some patients (11).

SEXUAL ACTIVITY AS A TRIGGER FOR ANGINA

Drory et al. (28) studied men with known CAD with ambulatory
ECG monitoring during sexual activity and also monitored them during
symptom limited exercise testing. They observed that all patients who
experienced myocardial ischemia (associated with angina or silent)
during sexual intercourse also experienced myocardial ischemia during
exercise stress testing. Therefore, DeBusk has suggested that the exer-
cise test may be useful for determining functional reserve of patients in
those who do not experience angina during other circumstances (16).
As part of the Princeton Consensus Guidelines, additional cardiovas-
cular testing, including exercise stress testing, was recommended for
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patients with intermediate cardiac risk (11). An example would be a
patient with multiple risk factors for CAD or with moderate stable
angina who has been physically and sexually inactive for a long period
of time. The patient has erectile dysfunction (ED) and seeks oral phar-
macologic therapy. The physician must decide whether a prescription
for an oral phosphodiesterase-5 (PDE5) inhibitor, which will enable
the patient to have sexual intercourse and achieve the associated
increase in oxygen demand, is safe. This is the type of patient in whom
an exercise treadmill test may provide valuable information. Suppose
the patient exercises long enough and vigorously enough to achieve a
heart rate of 130 beats/min, a systolic blood pressure of 140 mmHg,
and expends 4–5 METS without chest pain, ST segment depression on
the ECG, or other objective evidence of myocardial ischemia. In that
case, the patient will be at low risk for developing ischemia during
sexual activity. However, if that same patient develops chest pain and
objective evidence of ischemia with a low level of physical exertion,
then he may need additional intervention, including coronary angiogra-
phy, percutaneous coronary intervention, coronary artery bypass surgery,
and/or additional antianginal/antiatherosclerotic medicines. The same
path would be followed if the patient went to see his physician before
obtaining a prescription for an exercise or rehabilitation program.

It is important to remember that even if a patient does well on a
stress test and does not exhibit signs of ischemia, this cannot absolutely
rule out the possibility of a cardiac event with sexual or physical activ-
ity. At the present time there is no fool-proof test for identifying who
is and who is not going to rupture an atherosclerotic plaque either with
sexual activity or any other activity. We have tests that might help
determine if any one patient is at high or low risk, but that is about as
far as we can go. Determination of biochemical markers of inflamma-
tion (high sensitive C reactive protein) and new catheters that can
detect a vulnerable plaque (such as thermal catheters and infrared spec-
troscopy (29)) are currently under study.

IMPLICATIONS FOR THE ED PATIENT

ED clearly has been associated with cardiovascular risk factors, such
as hypertension, lipid abnormalities, smoking, diabetes, obesity, and
lack of physical exertion (30–32). What is the incidence of MI in men
with a history of ED who then are successfully treated for ED with
oral pharmacologic therapy? Numerous studies have examined this
issue in men treated with sildenafil (33–39), vardenafil (40), and
tadalafil (41). Obviously, because sildenafil has been available for the
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longest period of time, more data are available with this agent. Studies
have explored the incidence of MI in placebo-controlled randomized
trials in which patients received oral therapy vs placebo and in open-
label therapy trials, and studies have also compared the incidence of MI
in men on these drugs with the expected incidence in the general aged-
matched population. The Food and Drug Administration recently
released a report from their spontaneous adverse event reporting system
examining the number of in deaths in men on sildenafil compared with
what is expected (42).

The findings of all these studies (33–42) suggest no signal for an
increase in either MI rate or death rate in men receiving oral PDE5
inhibitors for ED. In fact, some reports even suggest a lower than
expected rate (39). Perhaps healthier men were taking these drugs, or
perhaps as some studies suggest PDE5 inhibitors may improve
endothelial dysfunction.

A series of recent studies examined the effect of PDE5 inhibitors
administered to known coronary artery patients undergoing exercise
stress testing. In no cases did these agents exacerbate the threshold for
ischemia or angina associated with exercise (43–46). Also, when silde-
nafil was administered to CAD patients at the time of cardiac catheter-
ization, there was no evidence that it precipitated ischemia (47).

Those patients taking organic nitrates (nitroglycerin, long-acting oral
nitrates, others) must not receive the PDE5 inhibitors. That is because
organic nitrates are nitric oxide donors that increase the production of
the vasodilator cyclic guanosine monophosphate (cGMP), whereas
PDE5 inhibitors prevent the breakdown of cGMP (33,34,48). The two
agents together result in a synergistic drop in blood pressure in some
patients. However, not all CAD patients require nitrates. Nitrates alone
have not been shown to improve long-term outcomes. They do relieve
angina. Other antianginal and antiatherosclerotic agents, such as
β-blockers, calcium blockers, aspirin, and statins, can be used safely
with PDE5 inhibitors (49). The optimal CAD patient that may be con-
sidered for PDE5 inhibitors has a negative (no ischemia) stress test and
perhaps has already been revascularized by either percutaneous coro-
nary intervention or coronary artery bypass surgery.

Both the American College of Cardiology/American Heart Associa-
tion (ACC/AHA) (49) and the Princeton Consensus Panel (11) have
developed recommendations for the prescription of PDE5 inhibitors
(specifically sildenafil at the time of this writing) for the cardiac
patient. Although organic nitrate use remains the one contraindication
for the use of PDE5 inhibitors, the guidelines caution the use of PDE5
inhibitors or any therapies for sexual dysfunction in the unstable car-
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diac patient. Details of these guidelines are presented in other chap-
ters of this book. This is, of course, a common sense approach.

CONCLUSION

Although sexual activity is one of the triggers for MI, the absolute
hourly risk of having a MI with sexual activity is low. There is a phys-
iologic cost of sexual activity that is likened to moderate physical exer-
tion. Often, the same degree of hemodynamic change occurs during
ordinary daily activities. A cardiac stress test, specifically an exercise
stress test, may help determine whether a patient is at low risk or high
risk for developing myocardial ischemia during sexual activity. How-
ever, there is no test that can absolutely predict who is and who is not
going to have a cardiac event with sexual activity (or any activity for
that matter). As a class, the PDE5 inhibitors have been shown to be
safe, without evidence for an increase in MI or cardiac death. In addi-
tion, these agents do not appear to worsen the threshold for ischemia
during exercise testing in patients with known CAD. The one con-
traindication to the use of PDE5 inhibitors is concomitant organic
nitrate therapy. Other cautions have been recommended by the ACC/
AHA and Princeton Consensus Group.
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INTRODUCTION

The current era of cardiovascular medicine has been referred to as a
“golden age” because of the impressive array of technological and
pharmaceutical tools at the disposal of the cardiologist and other car-
diovascular (CV) specialists. However, most cardiologists and their col-



leagues in CV health are more than technicians—we generally ascribe
to ideals of medicine that seek to remove suffering and to do so in a
more general sense than the merely biological. We certainly aim pri-
marily to add years to life for our patients; however, increasingly we
see a need to facilitate “adding life to their years.” The cardiovascular
literature is replete with publications on quality of life, consistent with
the more “holistic” look at outcomes of our interventions.

Sexual intimacy is an important aspect of life for the vast majority
of adults; impediments to sexual intercourse are barriers for expres-
sion of that intimacy and may result in a significant loss in quality of
life. Perhaps the most common physical barrier to successful inter-
course among patients with manifest cardiovascular disease (CVD) is
male erectile dysfunction (ED). Studies cited earlier in this volume
suggest that approximately half of the men with CVD also suffer from
significant ED (1). ED, therefore, represents a significant issue for our
patients, although often they do not openly mention it. Furthermore,
given data demonstrating that ED can play a role in the development of
depression, ED can be an especially relevant concern of the cardiolo-
gist. Depression is lethal for cardiac patients (2). Avoiding depression
is helped by maintaining quality of life, which for many people implies
a satisfactory sex life.

WHAT YOUR PATIENTS ARE ACTUALLY DOING

Current data (reviewed in preceding chapters) suggest that the preva-
lence of impaired sexual relationships is high among couples in which
one of the partners has manifest heart disease. After myocardial infarc-
tion (MI), approximately one-fourth of patients report total cessation of
sexual activity. About half describe their level of activity as reduced.
Only about a quarter of patients claim that their level of activity did not
change at all after the MI. This suggests that approximately 75% of
post-MI patients have a significant lessening in their level of sexual
activity. The vast majority of these patients do not have reduced left
ventricular function or persistent coronary insufficiency as the under-
lying cause for this change (3–5).

Coronary artery bypass surgery patients also report significant
reduced sexual activity after the procedure, although the statistics appear
to be substantially better than among the MI patients (6). In a study of
134 surgery patients, 84 of the 92 previously sexually active and 2 of the
inactive patients resumed sexual activity. Thirty-nine percent of patients
decreased the frequency of intercourse. Fear was a significant factor for
many couples: 17% of patients and 35% of their partners expressed fear
of resumption of sexual activity. The couples who resumed sexual activ-
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ity had a closer emotional relationship (p < 0.02). This study concluded
that bypass surgery does not provide a net gain in sexual functioning
compared with preoperative rates. However, much more optimistic
(though still limited) data are reported from other groups. For instance,
one Austrian study reported that rates of sexual activity rose substan-
tially after surgery, from over 90% abstinence (often because of physi-
cian advice or fear) to 47% sexually active (7).

Little is published regarding sexual habits after other procedures. Per-
cutaneous coronary intervention appears to have less impact on sexual
behavior than bypass surgery in the short term; however, by 15 month,
there are no discernible differences in sexual activity between the two
patient groups (8). At a glance, automatic internal cardiac defibrillator
(AICD) placement appears to have little impact on sexual behavior.
However, the 59% “no change” status reported for AICD may include
good and bad news: the usual AICD patient has severe coronary artery
disease or congestive heart failure (CHF) and may start from a baseline
of very low activity (9). Similarly, transplantation appears to produce
no change or a worsening in function in the large majority (71%) of
transplant recipients (10). Only approximately 8% of pacemaker recip-
ients report improvement in frequency of sexual activity after the pro-
cedure is performed (11).

Data on CHF are few. The available literature suggests that the diag-
nosis of CHF has dramatic impact on both libido and the actual activ-
ity of intercourse. A small study of 62 patients in Los Angeles with
class III or IV CHF revealed that approximately 70% of them showed
no interest or a marked loss of interest in sex after diagnosis. Only
25% reported no change in libido. Three-fourths of the group reported
a marked decrease in sexual activity; nearly half of these had ceased
intercourse altogether (12).

These data suggest that the nature of the disease, or procedures a
cardiovascular disease patient experiences, is a prominent factor in the
level of sexual activity they assume. However, in each category of car-
diac disease, a substantial fraction suffers significant impairment. For
most, this is a source of concern.

IMPORTANCE OF RAISING THE ISSUE

Although the issues of survival and return to useful function are
paramount after a CVD event or procedure, the impact of the event on
the patient’s relationship with his/her partner is usually a source of sig-
nificant anxiety (13). For the majority of patients, such worry includes
concern over whether sexual intercourse can be safely resumed. How-
ever, this concern may frequently go unstated. Patients may feel a bit
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intimidated by the specialist, or that discussions about sex would dis-
tract from a focus on the heart disease. (S)he may fear that sex is an
inappropriate, perhaps “trivial,” concern given the seriousness of car-
diovascular disease. Silence about sexual function may be particularly
common among older patients who grew up at a time when societal
norms were generally less permissive of frank discussions of sexuality.
Also, the older patient may assume that sexual interest is inappropriate
for the elderly or embarrassing evidence of misplaced priorities.

Such reticence appears to be waning. An increased willingness to
discuss such issues (on survey questionnaires and with providers) has
revealed that older men retain interest in sex into advanced ages (14).
Elderly women are also likely to be interested in sexual relationships if
spouses or loving partners are available (the gender difference in
longevity produces many more widows than widowers). Younger
patients tend to be less inhibited in addressing this issue, and most
expect an active sex life. Given this high prevalence of interest, the
physician can feel reasonably certain that a discussion of the issue of
sexual activity would be welcomed by most patients. The provider
should, therefore, specifically raise the issue if the patient does not,
after more urgent issues of prognosis and survival have been ade-
quately discussed. The timing of such a discussion is highly individual,
but most patients will signal readiness for such a talk with questions
like, “Doctor, what can I do?” that is, how much physical exertion is
safe. The best answer to this question may be readily apparent or may
need to await exercise stress test results (see below). In either case,
questions about physical limitations or return to work open the door for
the important discussion about sex after MI, bypass, percutaneous coro-
nary intervention, or other event. This is a juncture in the patient’s
recuperation that must be handled with sensitivity and confidence by
the provider. Even if the patient is initially silent with regard to sex, the
approbation implied by the physician’s raising the topic may open the
door for frank discussions when the patient is ready. For CVD patients,
cardiovascular specialists may be among the most trusted to counsel on
sexual activity, given their specialized knowledge of the potential risks
of physical exertion and/or the specific therapies for ED.

Currently, most physicians do not elect to discuss sexual questions
with their CVD patients (15,16) and thereby miss an important oppor-
tunity to impact their patients’ overall well-being. Allowing sexual
issues to surface and be faced directly will help avoid incorrect
assumptions about the risk of an active sex life. Such assumptions, if
left silent and uncorrected, may do significant harm to the patient’s
most important human relationship. As stated earlier, fear and/or ED
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(secondary to fear or physiology) are often twin challenges to sexual
intimacy after CVD is manifest.

ED, DEPRESSION, AND CVD

There is a well-documented association between depression,
ischemic heart disease, and cardiovascular mortality. The pioneering
work of Frasure-Smith and subsequent studies by many others have
shown that depression after MI is associated with increased cardiac
mortality, that depressed patients have a higher than expected rate of
sudden cardiovascular death, and also that patients with depression are
at greater risk for developing fatal coronary disease than their nonde-
pressed counterparts (2,17).

As there is a clear association between depression and heart disease,
there is also a well-documented association between sexual dysfunction
(mainly ED) and depression. Depression may precede the ED, or, alter-
natively, sexual dysfunction may contribute to the development of
depression. This latter pathway suggests another reason why sexual
issues warrant discussion during consultation with cardiac patients (18).

REASSURANCE AND PERSPECTIVE:
PLACING SEXUALITY IN CONTEXT

After the subject is broached by doctor or patient, the physician
must provide facts. The patient may be consumed with uncertainties:
“Is having sex too risky? Will sexual activity damage my stent/pace-
maker/AICD (or other device), or hurt my surgical site? When can I
resume sexual activity? Will I be able to perform?” The patient’s sexual
partner may be stressed to at least the same degree: “Can (s)he really
have sex now? Will it overtax his/her heart? What should I do if (s)he
develops chest pain/shortness of breath? Am I being too selfish?” and
so on. Such fears can cloud the couple’s view of physical intimacy and
may precipitate or aggravate various negative emotions such as anxiety,
frustration, anger, denial, and even (as noted above) depression. A
couple already coping with the stress of the illness and recuperation
may suffer even more if such negative emotions develop in either part-
ner. It is imperative that the physician/counselor be prepared and will-
ing to provide perspective in this area.

AGE-SPECIFIC NORMS

First, it is helpful for the patient to have an understanding of some
key aspects of sexuality and sexual responses in his/her age group.
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Sexual function issues in CVD can be complicated by the fact that
patients with manifest major CVD are usually middle-aged or older.
This stage of life is visited by physiological changes in various organ
systems. Most physicians (and many laypeople) are acquainted with
normative changes associated with healthy aging, such as changes in
muscle and bone mass, metabolic and endocrine changes associated
with the menopause (for women), and other developments of mid-life.
However, there is less general awareness of normal changes in the
human sexual response.

The best data available suggest that the human sexual response
undergoes a significant evolution over the lifespan. According to the
Kinsey report of 1990 (14), healthy older men experience fewer spon-
taneous erections, require more stimulation to achieve erections, and
report that erections tend to be slightly less firm than in their youth.
Once satisfactory erections are achieved, however, older men can gen-
erally sustain the act of intercourse for a longer time than their younger
counterparts. Ejaculations tend to be less forceful in older men, and
refractory time is longer.

Older women are the usual partners of older men. They experience
less lubrication and, after menopause, greater sensitivity and fragility of
vaginal tissues. Orgasms are physically less intense. Taken together
with male changes listed above, sexual intercourse could be naturally
more challenging in the advanced years, whether CVD is superimposed
or not. Furthermore, these normative changes may be accelerated or
aggravated in the CVD patient because of abnormal vascular function
related to the atherosclerotic process, or to medications commonly used
in these patients (3–5).

The potential for these challenges to produce significant frustration
is particularly high in the postevent/diagnosis patient. The CVD event
may suddenly focus attention on changes in sexual response (and other
physical capabilities) that may have been developing gradually prior
to the event. Attribution of these changes to the cardiac event or disease
or interpretation of them as further evidence of a decline in health
status can be disheartening. Less lubrication and less intense orgasm in
the female partner may cause additional worry about a loss of virility
in the male partner. A psychologically mediated worsening of erectile
function may occur. Erectile failure can initiate a vicious cycle of fail-
ure, increasing anxiety and frustration followed by more failure and
worry. Ultimately, avoidance of sexual intimacy may become prefer-
able to the negative emotions produced by attempting intercourse (19).

However, awareness of age-related changes in physical responses in
intercourse suggests specific actions couples can take to enhance their
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sexual relationships. With additional caveats specifically aimed at the
cardiac patient and his partner, many couples can return to a high level
of enjoyment of sex.

COUNSELING AFTER THE EVENT

The challenge before the couple seeking to resume sexual activity
after a major CVD event involves re-establishing intimacy in the broad-
est sense. A major disruption has occurred in the life of the couple. To
re-establish the connection between partners, it is essential that the
partners be encouraged to relax, go slow, and focus on nonphysical
dimensions of intimacy first (20). This can be summarized as “dating
behavior” or “romancing” one another. “Making love” should be
thought of as a long series of interactions (many of which are non-
physical and occur outside the bedroom) that create warm feelings
between the partners. Deep communication, nongenital touching,
caressing, and kissing are important parts of this phase of reconnection.
This behavior can intensify sexual desire and arousal as well as pro-
duce many emotional rewards besides enhancing sex.

When actual intercourse is desired by the couple, the guiding prin-
ciple again is to relax and go slow. One to 3 wk after MI is safe for
most postevent patients without significant ischemia at 3–5 metabolic
equivalents of the task . This level of activity is roughly equivalent to
walking 2–4 mph on a level surface (21) or to the old “two flights of
stairs” rule of thumb but is best tested formally by a graded exercise
test (22). Successful completion of stage 2 of a standard Bruce proto-
col (or equivalent) is good assurance that the exertion of sexual inter-
course is safe.

Little data exist on the question of optimal timing after bypass
surgery or angioplasty. Data from the 1980s suggest that the average
time before resumption of sexual activity after bypass was greater than
7 wk (7). Contemporary bypass procedures and rehabilitation practices
may allow for a comfortable return to sexual intercourse sooner.
Certainly, if substantial revascularization was successfully achieved, no
cardiac reason exists for such a lengthy delay (23). The degree of heal-
ing of the sternotomy wound is probably the key variable in well-
revascularized postbypass patients. The Princeton Consensus Panel
guidelines are useful for counseling the patient on his readiness to
resume coitus.

Physical acts of sex should be timed to allow thorough relaxation,
well after any large meal (2–3 h). A familiar, relaxed setting free of
distraction should be chosen. The focus should be on a relaxed pace,
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romantic sensuality, and erotic foreplay. (Foreplay has low metabolic
demands, allows intimate communication and functions as an effective
“warm-up” period for any more strenuous activity to follow.) “Goal-
oriented sex,”that is, the approach to sex that considers penetration and
orgasm the measures of success/fulfillment, should be discouraged.
After adequate “warm-up,” if the couple wishes to progress to inter-
course, they should be prepared to use lubricants to ease penetration.
Also, even after prolonged foreplay, the male may require direct tactile
stimulation of the penis to achieve adequate stiffness. Familiar, com-
fortable positions are best in most cases. Female-on-top may be the
preferred position if the male is a recent postcoronary artery bypass
grafting patient. If discomfort occurs during coitus, a rest should be
taken. Intercourse should stop if symptoms of severe shortness of
breath, dizziness, or angina occur. Such an occurrence should be
reported to the physician. Sublingual nitroglycerin should be taken
if prescribed for angina but avoided if the male patient has taken
sildenafil (24).

“SEXUAL REHABILITATION” AFTER CARDIAC EVENTS

Sexual intercourse brings a special level of closeness that most cou-
ples desire to resume. The good news is that for the large majority this is
achievable. Cardiac rehabilitation programs may be especially helpful in
this regard (5,25). Monitored exercise is the core activity; however,
modern cardiac rehabilitation is not exclusively focused on exercise train-
ing. Many programs integrate smoking cessation, diet and weight mod-
ification, information on lipid management, stress-coping techniques and
other interventions into their protocol. Furthermore, abnormal develop-
ments in the patient’s recuperation (e.g., uncontrolled blood pressure,
blood sugar, or other risks; worrisome symptoms) can be detected by
skilled nursing staff readily reported to the managing physician.

All of these features of cardiac rehabilitation programs have advan-
tages for both the overall health and the sexual health of the postevent/
diagnosis patient. Because most ischemia during sexual activity occurs
at elevated heart rates, exercise programs, which eventually lower the
heart rate and blunt the tachycardic response to exertion, are specifi-
cally cardioprotective with regard to sex (26). Smoking is associated
with ischemia, MI, and sudden death; cessation substantially lowers
that risk. Smoking is also directly associated with ED; cessation may
improve penile blood flow and reduce the incidence of ED (27). In
addition to reducing measurable risk factor levels in the cardiac patient,
rehabilitation builds confidence, as the patient demonstrates to himself
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and his partner an ability to tolerate significant exertion as the program
progresses. The rebounding self-esteem this provides is of incalculable
benefit to the patient’s overall outlook and his sex life.

Rehabilitation programs also make educational tapes and literature
available on a wide variety of topics, including sexuality for couples
affected by CVD.

ED POST-MI-SPECIFIC THERAPY

Of the available therapies for ED, none are inherently dangerous for
CVD patients if used within guidelines. Please see the other chapters of
this book for detailed discussions of therapeutic approaches, potential
drug interactions, and related topics. It is perhaps important to restate
that the combination of nitrates and sildenafil can produce precipitous,
and potentially dangerous, drops in blood pressure.

CONCLUSION

The advances in revascularization techniques, cardiac transplanta-
tion, cardiac devices, and other therapies have all improved the
longevity and vigor of our patients. Along with these improving out-
comes, patients also want a return to normal living. Indeed, the dream
of reclaiming a normal life (or nearly so) is often the reason the patient
consents to interventions. The vast majority of CVD patients are not
sexually incapacitated by their disease. With modern therapeutic
approaches and physician sensitivity and insight, a resumption of
normal sexual relations can be accomplished in most cases.
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INTRODUCTION

The American College of Cardiology (ACC) and the American Heart
Association (AHA) developed an Expert Consensus Document in 1999
on the use of sildenafil in patients with cardiovascular disease (1). This
type of document is intended to inform practitioners, payers, and other
interested parties of the opinion of the ACC concerning evolving areas
of clinical practice and/or technologies that are widely available or are



new to the practice community. Topics chosen for coverage by the
Expert Consensus document are so designated because the evidence
base and experience with the technology or clinical practice are not
sufficiently well developed to be evaluated by the formal ACC/AHA
Practice Guidelines process. This is an attempt to inform and guide
clinical practice in areas in which vigorous evidence is not yet avail-
able. Sildenafil, a selective inhibitor of phosphodiesterase-5 (PDE5),
became widely available in 1998 for the treatment of erectile dysfunc-
tion (ED). In response to inquiries from various parties about the safety
of using sildenafil in patients with cardiovascular disease, the ACC
leadership decided to develop an Expert Consensus Document on this
topic. The writing committee members were selected for specific
expertise in clinical cardiology, managed care, vascular reactivity, nitric
oxide donors and pharmacology of antihypertensive agents. The AHA
was invited to jointly author the document. After the document was
developed, 10 external referees reviewed the text. The final document
was approved by the ACC Board of Trustees and the AHA Scientific
Advisory Committee and published in January 1999 (1).

INFORMATION ON CARDIAC EFFECTS
OF SILDENAFIL IN 1998

The information available about the cardiovascular effects of silde-
nafil at the time of the recommendations indicated it was not present in
cardiac myocytes and had no direct inotropic effects on isolated dog
trabeculae muscle. Sildenafil is highly selective for PDE5 over human
PDE3 (>4000-fold). This is important because cyclic adenosine
monophosphate-specific PDE3 inhibitors (milrinone, vesnarinone, and
enoximone) have been shown to increase long-term mortality in
patients with heart failure (2,3). At the time of the recommendations,
however, little information was available about the use of sildenafil in
patients with congestive heart failure (CHF).

Sildenafil causes a transient modest reduction in systolic
(8–10 mmHg) and diastolic (5–6 mmHg) blood pressure, with a peak
effect occurring about 1 h after the dose. The hypotensive effects of
sildenafil were neither age dependent nor dose related. No significant
effects were observed on heart rate. In normal volunteers, oral sildenafil
caused no significant changes in cardiac index. The drug has both arte-
riodilator and venodilator effects on the peripheral vasculature.

Nitrates were known to markedly amplify the hypotensive effects
of sildenafil leading to dangerous drops in blood pressure and
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clinical events. The effect was assumed to occur for up to 24 h after
a dose of sildenafil based on the pharmacokinetics of sildenafil (five
half lives). Similarly, there was concern about patients taking sildenafil
in the 24 h period after taking a nitrate, because the presence of even
trace amounts of nitrates may have unknown effects on the action of
sildenafil.

Limited information was available about the use of sildenafil in con-
junction with single antihypertensive drugs, and there was virtually
none available about using the drug in patients on multiple antihyper-
tensive agents.

ACC/AHA RECOMMENDATIONS

Based on information available in 1998, the ACC/AHA recommen-
dations are summarized as follows (1):

1. Sildenafil is absolutely contraindicated in patients taking any nitrate
drug therapy because of the risk of developing potentially life-
threatening hypotension.

2. Nitrates should not be taken for 24 h after use of sildenafil, and silde-
nafil should not be used for 24 h after taking nitrates.

3. The use of an exercise test before taking sildenafil is recommended in
patients with coronary artery disease (CAD) to assess the risk of car-
diac ischemia during sexual intercourse. “If the patient can achieve
>5–6 METS on an exercise test without ischemia, the risk of ischemia
during coitus with a familiar partner, in familiar settings, without the
added stress of a heavy meal or alcohol ingestion, is probably low.
We wish to stress that the physical and emotional stresses of sexual
intercourse can be excessive in some people, particularly those who
have not performed this activity in some time and who are not in good
condition. These stresses themselves may produce acute ischemia or
precipitate myocardial infarction. Such patients should be advised to
use common sense and to moderate their physical exertion and their
emotional expectations” as they resume sex.

4. Caution was raised about the use of sildenafil in patients on antihy-
pertensive medications because of the “possibility of sildenafil-
induced hypotension.” “Initial monitoring of the blood pressure with
the institution of sildenafil” would “identify patients with an unde-
sired hypotensive blood pressure response. This is an area of particu-
lar concern for the patient with congestive heart failure who has a
borderline low blood volume and a low blood pressure status as well
as for the patient who is following a complicated, multidrug antihy-
pertensive therapy regimen.”
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NEW INFORMATION ON THE USE OF SILDENAFIL
IN PATIENTS WITH CARDIOVASCULAR DISEASE

Since these recommendations were published in 1999 the safety of
using this drug has been reported in a large number of patients includ-
ing those with CAD, those on multiple antihypertensive agents, and
those with CHF.

Angina
Sildenafil has no deleterious effects during exercise in patients with

CAD and stable angina. In one study of 105 such men, sildenafil low-
ered resting systolic blood pressure (4.3 mmHg) and diastolic blood
pressure (3.7 mmHg) more than placebo (4). There was no difference
in the resting or exercise heart rate, exercise capacity, or exercise blood
pressure. There was also no difference between sildenafil and placebo
in symptoms with exercise, in exercise-induced electrocardiographic
changes, or exercise-induced wall motion abnormalities. The resting
and exercise ejection fraction were also not affected by sildenafil
compared with placebo. In another study of 118 evaluable patients
randomized to sildenafil or placebo, there was no difference in time
to 1-mm ST depression or total exercise. Sildenafil actually pro-
longed the time to angina compared with placebo (p = 0.04) (5).

Congestive Heart Failure
Bocchi et al. (6) studied the effects of sildenafil on the exercise per-

formance in patients with CHF. They found that sildenafil reduced rest-
ing heart rate, systolic blood pressure, and diastolic blood pressure. It
actually increased exercise time and oxygen consumption while not
changing the duration of exercise, the exercise systolic blood pressure,
exercise diastolic blood pressure, or peak heart rate. It had no effect on
norepinephrine levels and actually reduced renin activity. Thus, silde-
nafil was beneficial to the exercise performance in patients with CHF.

Safety in CAD
Sildenafil has now been used by millions of men throughout the

world and has no associated increase in risk of serious cardiovascular
events or myocardial infarction (MI) in placebo-controlled studies or in
open label studies (7). A review of 53 clinical trials, including 30
double-blind, placebo-controlled and 23 open-label trials, showed no
difference between placebo and sildenafil in the incidence of MI or
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death (7). Furthermore, the rate of MI or ischemic heart death as tested
by prescription event monitoring in 5000 English men was similar to
those of the general population of men (8).

Safety With Antihypertensive Agents
Sildenafil has also been used in thousands of men receiving antihy-

pertensive agents. Zussman (9) found that the mild reduction in blood
pressure was similar for sildenafil doses of 50, 100, and 200 mg.
Kloner et al. assessed the safety of sildenafil in men with ED taking
multiple antihypertensive agents (10). The investigators performed a
subanalysis of patients in 18 double-blind, placebo-controlled studies.
The studies included 4274 men, 1393 of whom were taking antihyper-
tensive medications, of which 704 were in the sildenafil group. Of the
2881 patients not taking any antihypertensive agents, 1827 were ran-
domized to sildenafil. There was no increase incidence of angina, coro-
nary artery disorder, or MI in the patients taking one, two, three, or
more antihypertensive agents compared to the patients taking no anti-
hypertensive agents. Hypotension occurred in less than 1% of patients
taking two antihypertensive drugs and less than 1% of patients on no
antihypertensive drugs. It did not occur in patients on one, three, or
more antihypertensive drugs. Thus, the incidences of treatment-related
adverse cardiovascular events were negligible and similar to those
observed in patients not taking antihypertensive drugs.

CURRENT PERSPECTIVE
OF THE ACC/AHA GUIDELINES

In my opinion, the ACC/AHA guidelines are clearly still valid con-
cerning the absolute contraindication of using nitrates and sildenafil
together. Nitrates should not be used within 24 h of sildenafil (about
five half-lives for sildenafil). The duration between nitrates and other
PDE5 inhibitors should be increased for PDE5 inhibitors with a longer
half life. Similarly, sildenafil should not be used while nitrates are still
in the body even in trace amounts. Thus, 24 h seems to be a reasonable
interval after the duration of action of the last nitrate use.

A screening exercise test looking for active ischemia before resum-
ing sex is still a rational recommendation for patients with stable
ischemic heart disease who are not taking nitrates.

It makes sense to monitor the blood pressure of patients with bor-
derline low blood pressure after taking sildenafil. This can be performed
by the patient himself with a home blood pressure cuff. I usually advise
patients to check their blood pressure 30 min after taking 25 mg of
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sildenafil and then, at another time, to check it after 50 mg and then
100 mg if that dose is needed. If no untoward drop in blood pressure
occurs, the patient can then use sildenafil for the purpose of having
intercourse without worrying about his blood pressure.

I think there is now no concern about using sildenafil in patients
with CHF as long as the congestion is controlled and the blood pres-
sure is in normal range. There are now extensive data indicating that
sildenafil is perfectly safe in patients on multiple antihypertensive
agents as long as their blood pressure is not too low. If it is, the anti-
hypertensive agents can be reduced. Thus, the caution expressed in the
original guidelines in these two groups of patients is probably no
longer warranted.

The vast majority of patients with cardiovascular disease can safely
use sildenafil. Because of effective preventive and therapeutic therapy,
cardiovascular disease, especially CAD, has become a chronic disease
that people can live with rather than die of. Therefore, quality of life is
important to these people and sexual activity is important for a good
quality of life for most people. We, as physicians, should inquire about
sexual activity when we evaluate our patients and should point out to
both men and women that there are now effective agents which can
safely help ease ED in men with cardiovascular disease.
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BACKGROUND

Erectile dysfunction (ED) is a clinical condition affecting nearly
one-third of men ages 40–70 yr (1). Since the release of sildenafil in
1998, more than 10 million men with ED have received this agent (2).
Double-blind and postmarketing studies have demonstrated the safety
of sildenafil in men with ED (3). However, there is concern among the
public and the medical profession that patients undergoing treatment
with sildenafil may experience acute myocardial infarction (MI) and



death related to sexual activity. This concern prompted a multidiscipli-
nary conference in 1999 at Princeton, New Jersey, that considered the
risks associated with sexual activity and developed guidelines for eval-
uating the risk of heart attack after sexual activity (4).

DETERMINANTS OF SEXUAL FUNCTIONING

Determinants of lifelong sexual functioning include sociocultural as
well as biological factors. Among the former are sexual desire, arousal,
and satisfaction, which are culturally determined. Among the latter are
aging and vascular disease involving the penile and coronary circula-
tion. Complex interactions exist among these factors: even healthy
young men may experience psychogenic ED. Among older individuals
with or without cardiovascular symptoms, ED may result from occult
vascular disease, medication used to treat vascular disease and its
antecedents (diabetes, hypertension), and the psychological sequelae
of acute vascular events such as acute MI—or from various combina-
tions of all of these (5,6). Thus, in evaluating the cardiovascular toler-
ance for sexual activity in older individuals, it is important to explore
the expectations for sexual activity of patients and their partners. Many
patients elect to discontinue sexual activity after the onset of clinical
coronary artery disease, even in the absence of limiting cardiac symp-
toms or an unfavorable prognosis. For them and for their partners,
sexual activity may have been unsatisfying before the onset of coronary
artery disease. Such patients may be reluctant to broach the subject of
sexual activity with their physicians. Likewise, physicians are often
reluctant to initiate the discussion of an aspect of their patients’ lives
about which they know little (7).

CARDIOLOGIC ASPECTS OF SEXUAL FUNCTIONING

Physicians’ reluctance may result also from their uncertainty about
how to address patients’ concern over the safety of sexual activity. The
concern of the physician is at two levels: What is the cardiovascular
tolerance of the individuals for sexual activity? Also, what is the phys-
iologic demand of sexual activity for the individual patient? The former
can be addressed by techniques familiar to the physicians such as exer-
cise testing (8), but the latter requires discussion with the patient that
many physicians are reluctant to initiate. In general, patients who can
climb two flights of stairs without cardiovascular symptoms will be
free of such symptoms during sexual activity (9). Among sedentary
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patients, an exercise test can provide insights into the threshold at
which cardiovascular symptoms, if any, occur.

Reassuring patients about the risk of heart attack and sudden cardiac
death associated with sexual activity is more problematic. This is
because most acute coronary events result from rupture of vulnerable
but nonobstructive coronary artery plaques (10). Therefore, the absence
of exercise-induced ST segment depression or angina does not exclude
the possibility of an acute coronary event such as MI or death. How-
ever, only 1% of heart attacks are associated with sexual activity (11).

ASSESSMENT OF PATIENTS WITH ESTABLISHED
CORONARY ARTERY DISEASE

The Princeton Conference addressed two important methodologic
issues in evaluating the diagnosis and prognosis of patients with docu-
mented or suspected coronary artery disease (CAD). The first issue is
diagnostic: the coronary lesions responsible for acute coronary events
are heterogeneous. The thin-walled, nonobstructive coronary plaques
that account for most coronary events generally do not cause myocar-
dial ischemia that can be detected by noninvasive testing (12). Even
coronary angiography does not resolve the issue, for there are presently
no techniques that reliably distinguish vulnerable plaques from stable
ones. The second issue is prognostic: currently available diagnostic
techniques cannot reliably identify the individual patients who are des-
tined to experience acute coronary events.

These are not new issues, and they are not likely to be resolved
soon. The challenge to the clinician is to advise patients with ED on
how to decrease their risk of future cardiac events, including those
related to sexual activity. Patients with ED exhibit a greater number of
coronary risk factors and experience a greater frequency of acute coro-
nary events than patients without ED (13). Likewise, patients who have
experienced acute coronary events exhibit a higher prevalence of ED
than patients who have not experienced acute coronary events such as
unstable angina pectoris, acute MI, and sudden coronary death (14).

The management approach adopted by the Princeton conference is
one of stepwise risk stratification based on evaluation of coronary risk
factors, historical features, and the results of specialized cardiac testing
(Fig. 1). The clinical evaluation is designed to distinguish the great
majority of patients (60–70%) who are at low risk from the minority of
patients (10–15%) who are high risk, based largely on clinical and
standard laboratory measurements. This leaves approximately 15–30%

Chapter 18 / The Princeton Guidelines 281



of patients whose risks lie between the low- and high-risk groups.
Specialized cardiac testing is often useful in reclassifying these
intermediate-risk patients into low- or high-risk categories. Accord-
ingly, many moderate- to high-risk patients will be referred to cardiol-
ogists for further assessment. In general, the low-risk patients described
below do not require cardiologic evaluation.

Low-risk patients are described in Table 1. These patients experience
a relatively low-risk for acute coronary events, including those associ-
ated with sexual activity. Coronary risk factors used in this classification
include age, male sex, postmenopausal female, hypertension, diabetes,
cigarette smoking, dyslipidemia, obesity, and sedentary lifestyle. Low-
risk patients are asymptomatic. They can be advised to initiate pharma-
cotherapy for ED without the need for further diagnostic evaluation.

High-risk patients are described in Table 2. They are often sympto-
matic as a result of angina pectoris or heart failure. Patients who expe-
rience ongoing cardiac symptoms after an acute cardiac event often
discontinue sexual activity, especially if their concerns are reinforced
by their sexual partner. Even asymptomatic patients with a good prog-
nosis based on clinical information may elect to discontinue sexual
activity. The patient’s decision to forego sexual activity often forecloses
the opportunity for a medical evaluation that could dissipate unwar-
ranted concerns about prognosis in general and the risks of sexual
activity in particular. Before these patients are considered for pharma-
cotherapy for ED, they should receive treatments designed to reduce
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their risk of subsequent cardiac events. This may entail anti-ischemic
pharmacotherapy such as β-blockers, angiotensin-converting enzyme
inhibitors, statins, and antiplatelet agents, or percutaneous coronary
interventions, such as percutaneous transluminal coronary angioplasty
or coronary artery bypass grafting surgery.

Intermediate-risk patients are described in Table 3. These patients
exhibit a pattern of coronary risk factors and historical features that
falls between low- and high-risk groups. Specialized cardiovascular
testing is of particular value in stratifying the risk of this group of
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Table 1
Low-Risk Features

Asymptomatic, <3 major risk factors for CAD
Controlled hypertension
Mild, stable angina
Post-successful coronary revascularization
Uncomplicated post-MI (>6–8 wk)
Mild valvular disease
Mild heart failure

CAD, coronary artery disease; wk, week; Post-MI, post-
myocardial infarction.

Table 2
High-Risk Features

Unstable or refractory angina
Uncontrolled hypertension
Moderate/severe heart failure
Recent MI (<2 wk), CVA
High-risk arrhythmias
Cardiomyopathies
Moderate/severe valvular disease

Wk, week; MI, myocardial infarction; CVA, cerebrovascular accident.

Table 3
Intermediate-Risk Features

≥3 major risk factors for CAD, other than gender
Moderate, stable angina
Recent MI (> 2, < 6 wk)
Moderate heart failure
Cerebrovascular or peripheral vascular disease

CAD, coronary artery disease; Wk, week; MI, myocardial infarction.



patients. The chief determinants of risk in these patients are the extent
of myocardial ischemia, the extent of left ventricular dysfunction, and
the risk factor profile.

DIAGNOSTIC TESTING

Treadmill exercise testing has been used for many years to stratify
prognosis in patients with coronary artery disease, including those who
are recovering from acute cardiac events (15). Adverse prognostic fea-
tures on the exercise test include a low peak workload (less than 5
metabolic equivalents of the task [METS]), low heart rate and blood
pressure, and marked ischemic ST segment depression >0.2 mV that
occurs at a low heart rate and workload, especially if it persists for
greater than 3 min after the cessation of exercise. Angina that limits
exercise to a workload less than 5 or 6 METS or persists for more than
3 min after the cessation of exercise is likewise an adverse prognostic
feature. Standardized exercise testing is appropriate for patients with an
interpretable baseline electrocardiogram (ECG), that is, no evidence of
left bundle branch block or resting ST segment depression. In the pres-
ence of these confounding ECG features, the sensitivity and specificity
of exercise testing may be augmented by techniques for evaluating
myocardial perfusion and left ventricular wall motion. Patients who
are unable to exercise because of musculoskeletal limitations, extreme
debility, or other noncardiac limitations may undergo pharmacologic
stress testing performed at rest (16). Patients with evidence of marked
myocardial ischemia on exercise or pharmacologic stress testing, espe-
cially at a low heart rate and workload, should be considered for coro-
nary angiography and revascularization. However, even marked
ischemic ST segment depression at a high heart rate and workload gen-
erally are associated with a good prognosis.

THERAPEUTIC INTERVENTIONS FOR CAD

Coronary revascularization should be based on symptoms that are
significantly limiting or the demonstration of one or more of the
adverse prognostic features described previously. The urgency to pro-
ceed to coronary revascularization after acute coronary events has been
muted in recent years by the dramatic improvements in prognosis
resulting from the use of aggressive combination pharmacotherapy,
including angiotensin-converting enzyme inhibitors, β-blockers, statins,
and antiplatelet agents (17,18). The effects of these agents may be evi-
dent within weeks or months. Because CAD is increasingly being
understood as a diffuse condition, mediated in large part by an inflam-
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matory process involving the coronary plaque, it is appropriate to con-
sider pharmacotherapy as the mainstay of treatment in most patients
recovering from acute cardiac events.

Exercise testing is often valuable in assessing patients’ capacity for
sexual activity, especially in habitually sedentary individuals. Angina
that occurs exclusively with sexual activity is rare, except in habitu-
ally sedentary individuals for whom sexual activity may be the most
strenuous of their customary activities. Patients capable of completing
a treadmill exercise workload equivalent to 6 or more METS or multi-
ples of resting oxygen consumption without cardiovascular symptoms
generally are asymptomatic during sexual activity. Exercise testing is
especially recommended for patients who report coital angina. Such
testing helps to establish the threshold at which angina occurs and the
magnitude of ischemic ST segment depression that is associated with
coital angina.

ASSESSMENT OF PATIENTS AT HIGH RISK FOR CAD

The stepwise approach to risk factor modification adopted by the
Princeton conference is of particular value to patients who have clini-
cally manifest coronary artery disease. Patients with subclinical coro-
nary artery disease, who exhibit only coronary risk factors, present a
more difficult challenge. For example, patients with one or more coro-
nary risk factors number approximately 100 million, of whom 50 million
are at high risk for CAD based on the presence of two or more coronary
risk factors (19). These patients are classified as high-risk for CAD.
Likewise, among the 18 million patients with clinically manifest CAD
(angina, MI, history of coronary revascularization) approximately 9 mil-
lion are at high risk for subsequent cardiac events based on two or more
cardiovascular risk factors (20). These patients are classified as high-
risk CAD.

Among the 50 million patients at high risk for CAD, approximately
10% exhibit exercise-induced myocardial ischemia (21). Among the
9 million high-risk CAD patients, approximately 33% will exhibit exer-
cise-induced myocardial ischemia (Fig. 2). Based on epidemiologic
studies, as many as 40% of the 50 million patients at high risk for CAD
harbor vulnerable but nonobstructive coronary plaques (Fig. 3). Thus,
noninvasive exercise testing fails to detect the great majority of the
20 million patients with vulnerable but clinically silent plaques (Fig. 3).
Likewise, up to 4 million (40%) of the 9 million high-risk CAD
patients harbor vulnerable plaques. As noted previously, about half of
the ischemic treadmill responses in these individuals reflect obstruc-
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tive but stable plaques. Nonobstructive plaques generally do not cause
myocardial ischemia. However, patients with nonobstructive plaques
may also harbor obstructive plaques that do cause myocardial ischemia.
Indeed, nonobstructive coronary plaques are more numerous than
obstructive ones: For every obstructive plaque, there may be as many as
three nonobstructive plaques (Fig. 4).

CLINICAL MANAGEMENT OF CAD

The inability to identify patients with vulnerable plaques based on
noninvasive testing has important clinical consequences. Among the
20 million patients at high risk for CAD based on the presence of
vulnerable coronary artery plaques, the incidence of acute MI and
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death is about 2% per year, accounting for a total of 400,000 new
events annually. Among the 4 million high-risk patients with CAD,
the annual incidence of acute MI and death is about 4%, accounting
for a total of 160,000 new events annually. Thus, the number of new
cases of acute MI and death occurring annually is more than twice as
great in patients at high risk for CAD as in high-risk patients with
CAD. This is a compelling indication for a broad-based preventive
approach based on risk factor modification and the use of aggressive
pharmacotherapy to stabilize the widespread vulnerable coronary
artery plaques that are responsible for the great majority of acute
coronary events. Considering that only 1% of all acute MIs are
related to sexual activity, it is clear that the appropriate evaluation
and management of patients with ED must incorporate the principles
of comprehensive care.

CONCLUSION
A stepwise approach to risk stratification combined with an indi-

vidualized approach to treatment of clinical or subclinical coronary
artery disease will enable most patients with ED to continue or resume
sexual activity with safety.
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