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Abstract 

 

 Cardiovascular disease (CVD) and erectile dysfunction (ED) have common etiologies, 

such as increased adiposity and chronic diseases. Incident ED is known to be a sentinel of CVD, 

providing a unique opportunity for early lifestyle interventions to attenuate the progression of 

disease. The internal pudendal artery (IPA) plays an important role in controlling resistance to 

penile blood flow and thereby erections. Although morphological and functional disturbances in 

the IPA have been associated with ED, few studies have characterized changes in the IPA as it 

relates to increased adiposity and chronic diseases (e.g., chronic kidney disease [CKD]). Finally, 

although both vascular calcification and ED have been shown to be prevalent in patients with 

CKD, there has yet to be an assessment of associated mechanisms. 

 The effect of lifestyle modifications on erectile function was evaluated in both 

experimental and clinical settings. Specifically, the studies assessed the effect of caloric 

restriction (CR) in rats and of chronic exercise in sedentary, overweight or obese male and female 

subjects. In rats, structural and functional changes of the IPA and erectile responses were 

characterized in relation to increasing adiposity and to CKD. Experimentally, the susceptibility of 

various vascular beds to calcification in CKD was determined. Clinically, erectile and female 

sexual function was assessed in patients with Stage 3 to 5 CKD, who had no history of CVD.  

  In rats, CR blunted the accumulation of abdominal adiposity, and attenuated progression 

of both endothelial dysfunction and ED, independently of morphological changes in the IPA. Rats 

with CKD had an increased frequency of ED, greater endothelial dysfunction, and altered 

vascular morphology, yet vascular calcification per se did not account for ED.  

 In the clinical study, sedentary and overweight or obese males with ED, but not females, 

had a significantly higher body mass index (BMI) and waist circumference. Chronic exercise 
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significantly improved ED and female sexual dysfunction (FSD). Clinically, CKD was associated 

with ED and FSD as well as increased coronary artery calcification and endothelial dysfunction. 

 These findings support the concept that early detection of cardiovascular abnormalities, 

using incident ED as a sentinel, should facilitate early interventions in otherwise asymptomatic 

populations.  
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Chapter 1 

General Introduction 

 

1.1 Sexual Responses in Males and Females 

 

1.1.1 Physiology of the Male Sexual Response 

  A penile erection is a hemodynamic process resulting from a highly orchestrated 

neurovascular cascade.1–3 The control of an erectile response reflects a balance between 

parasympathetic “pro” erectile signals (tumescence) and sympathetic “anti” erectile signals that 

maintain a flaccid state (detumescence).3,4 The hypothalamic and limbic systems of the brain 

process the central components of these signals, with the main areas for integration being the 

medial preoptic area (MPOA) and paraventricular nucleus (PVN) of the hypothalamus.1–3 Within 

these brain regions, dopamine is released and acts on dopaminergic receptors to initiate an 

erectile response, whereas serotonergic receptors work to inhibit them.5 Downstream of these 

centers, the autonomic nervous system connects the control centers and the peripheral sexual 

response tissues.2,3 The sympathetic nervous system is responsible for tonic contraction of pre and 

intra penile arteries, via norepinephrine and angiotensin II, in the maintenance of detumescence.2,3 

The parasympathetic nervous system is responsible for relaxation of corporal smooth muscle of 

the penis, resulting in an erection (tumescence) that is primarily mediated through NO.2,3,6–14 The 

signaling reached the major pelvic ganglion (MPG), the peripheral location at which the neural 

integration of sympathetic and parasympathetic preganglionic signaling occurs, and mediates the 

downstream neurovascular coupling.3 The descending bilateral cavernous nerves are 

predominantly non-adrenergic, non-cholinergic nerves that leave the MPG and travel to the 

penis.3 These cavernous nerves contain neuronal nitric oxide synthase (nNOS), which synthesizes 

and releases NO locally onto the corpus cavernosal tissue to relax penile arteries, arterioles, and 
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trabecular smooth muscle cells.13–15 However, acetylcholine (ACh) is also released through 

cholinergic nerves of the parasympathetic nervous system, which stimulates the production of 

endothelial NOS (eNOS) in endothelial cells, thereby promoting NO production and release, 

causing further smooth muscle cell relaxation through its second messenger cascade.13–15 Other 

key vasoactive factors have been reported to play a role in the erectile response, including 

vasoactive intestinal polypeptide, calcitonin gene-related peptide, and prostaglandins.2,3,6–13 The 

relaxation of smooth muscle and vasodilation allows for an increase in blood flow to the penis 

and engorgement of the sinusoidal spaces of the corpora cavernosa and corpus 

spongiosum.3,12,13,16 Thus, an intact and functional endothelium and responsive vascular smooth 

muscle are important components of the normal erectile response. The accumulation of blood in 

the sinusoidal and trabecular spaces compresses the smooth muscle against the tunica albuginea, 

decreasing venous outflow, resulting in the accumulation of blood in the penis and penile rigidity 

in a process known as the “veno-occlusive mechanism.3,12,13,16  It is widely acknowledged that 

appropriate regulation of the hemodynamic aspect is imperative in achieving an erectile 

response.3,12,13,16  

  

1.1.2 Erectile Dysfunction  

  Erectile dysfunction (ED) is defined as the persistent inability to attain or maintain an 

erection sufficient for sexual function.17 The World Health Organization (WHO) defines sexual 

health as a basic human right, including freedom from organic diseases or other deficiencies that 

interfere with sexual function18, thus recognizing the negative impact associated with ED on 

quality of life.19–24 The Massachusetts Male Aging Study (MMAS), a seminal report of 1,300 men 

established the prevalence of ED to be 52% in men aged 40-70 years,25 with one study reporting a 

prevalence of 152 million men worldwide.26 However, the epidemiology remains contentious 

because of the various survey instruments used, such that the number of men affected by ED in 
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various countries has not been finalized.27 The prevalence of ED increases with age, although it is 

not an inevitable outcome of aging, and is associated with cardiovascular risk factors such as 

obesity, diabetes, and hypertension.28–34 This makes it difficult to distinguish the impact of aging 

per se on erectile function from other comorbidities that also occur with aging.35 Importantly, by 

2025, the prevalence of ED is projected to increase by 170 million men,36 in part, due to the rising 

occurrence of risk factors such as the aging population, obesity, and sedentary lifestyles. 

 ED occurs as a result of a perturbation in the neurovascular cascade of an erectile 

response3,12,13 and may originate from vasculogenic, neurogenic or psychogenic causes. This may 

include disturbances in the central nervous system (e.g., anxiety, depression), damage to 

autonomic and peripheral nerves (e.g., neuropathy), endocrine disorders, alterations in blood 

supply and cavernosal smooth muscle, as well as chronic disease (e.g., chronic kidney 

disease).37,38 Normal arterial function is critical in the initiation and maintenance of an erection.39 

In fact approximately 80% of cases of ED may be attributed, at least in part, to vasculogenic ED, 

defined by hemodynamic and vascular deficits (e.g. arterial insufficiency) which result in 

complications with perfusion pressure or arterial flow into the penis.3,40–47 Vascular dysfunctions 

of pre- and intra-penile blood vessels (e.g., the internal pudendal artery (IPA) and cavernosal 

artery) include pathological changes in morphological (e.g., vascular remodelling), and functional 

(e.g., endothelial dysfunction) aspects of the vessel.16,48 The early phases of vasculogenic ED are 

likely to involve endothelial dysfunction; in part by decreased expression of eNOS and/or 

impaired response to the actions of NO.40,49–52 Vasculogenic ED is also associated with an 

increased inflammatory profile.53,54 Atherosclerotic changes precede cardiovascular events,55 and 

are often the first clinical manifestation of endothelial dysfunction.56 Morphological changes, 

characterized by medial thickening and a reduction in lumen diameter of a vessel can have a large 

impact on resistance of blood flow, as demonstrated by Poiseuille’s Law (R  1/r4).57,58 First 
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described in 1973 by Dr. Vaclav Michal59, penile revascularization is still thought to be the only 

"curative" procedure for men with vascuologenic ED.44,60   

  

1.1.3 The Vascular Link to ED - The Pudendal Artery and Penile Vascular Remodeling 

 The bilateral IPAs, which branch from the internal iliac arteries, are the critical peripheral 

resistance arteries controlling the rate of penile blood inflow in the normal sexual responses of 

humans and animals.43 Upon reaching the penis the IPA branches into the bulbourethral, 

cavernous and dorsal arteries, which supply the glans and urethra, sinusoidal spaces, and 

superficial structures of the penis, respectively. In the past, changes within the corpora cavernosa 

have been the primary focus of ED research in humans and in various animals.61 However, just 

over a decade ago, the IPA was established as the dominant controller of (structurally based) total 

penile vascular resistance, accounting for approximately 70% of the total resistance of the penile 

vasculature, independent of vascular tone.43 Therefore, changes in the IPA, particularly as they 

relate to alterations in erectile function are a key focus of this thesis. 

 In the rat, the IPA has a small lumen diameter similar to a first order mesenteric artery 

(~300μm) and a wall thickness greater than that of a renal artery (~45μm), resulting in a high wall 

to lumen ratio.62 With age and hypertension, both of which are associated with progressive ED, 

the IPA can undergo marked pathological changes (e.g. endothelial dysfunction, disorganized 

smooth muscle cells, atherosclerosis).16,62–65 Specifically, one study of aging Sprauge-Dawley 

rats, demonstrated that in older animals, the medial layer, cross sectional area, and extracellular 

matrix (ECM) of the IPA markedly increased, whereas the lumen diameter does not change.62 

There is also some evidence to suggest that the IPA is more susceptible than other vessels to 

pathological changes in structure and function.66 

 Antihypertensive treatments that antagonize the renin-angiotensin system (RAS) have 

been associated with regression of penile vasculature structure, which can persist even after 
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cessation of treatment and can be associated with improvements in erectile function, irrespective 

of changes in blood pressure.31,45,67–69  It may be that by targeting the RAS directly, these agents 

are targeting the underlying vascular pathologies of ED. These agents may normalize vascular 

structure, and reduce resistance to penile blood flow more so than other agents (e.g., calcium 

channel blockers), which can reduce mean arterial pressure (MAP) but do not directly target 

regression of vascular structure to the same extent.70–73  

 

1.1.4 Physiology of the Female Sexual Response  

 Sexual arousal, the first phase of a female sexual response, is dictated by a complex 

neurovascular process that begins with sexual stimulation, which activates pathways in the central 

and peripheral nervous systems and results in localized vasodilation of clitoral arteries and 

trabecular smooth muscle.74–77 These neuromuscular and vasocongestive alterations result in an 

increase in blood flow, sinusoid engorgement and venous obstruction, as well as an increase in 

clitoral size and vaginal lubrication.74–77 In females, normal endothelial function of the genital 

arterial bed is required for these alterations and for normal sexual function.76,78,79 The increase in 

clitoral size is thought to occur by the same mechanisms as a penile erection, occurring via 

changes in NO signaling.75,80,81 In part, this is regulated by estrogen, which plays a role in the 

vasodilation of female pelvic arteries via stimulation of NO production.74,75 A female orgasm 

relies on integrated responses, involving systemic and genital changes as well as psychological 

changes involving both emotional and mental aspects.82,83  

 

1.1.5 Female Sexual Dysfunction 

 Female sexual dysfunction (FSD) is complex, encompassing numerous types of 

dysfunctions, including those related to desire, arousal, orgasm and sexual pain (i.e., dyspareunia, 

vaginismus), all of which can result in significant personal distress.81,84–89 Psychophysiological 
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changes to the sexual response cycle cause disturbances in sexual function and are accompanied 

by a decrease in quality of life and difficulty in interpersonal relationships.81,86–89 Although the 

actual prevalence of FSD remains contentious, the largest global report to date estimates that 

approximately 40% of women, between the ages of 40-80 years, have at least one sexual 

problem,90,91 with personal distress involved in up to 25% of FSD.92,93  

 The etiology of FSD remains elusive but likely involves the interplay between biological, 

psychological, and social factors.79,86,94–96 For example, FSD can occur as a result of genital tract 

atrophy, genital surgery, spinal cord injury, peripheral vascular disease, neurological disease, 

endocrine disorders, diabetes, psychological factors, history of sexual abuse, relationship 

disorders, or medications.73,79,86,94–96 In particular, vascular insufficiency of the pelvic arterial bed 

due to atherosclerosis and/or endothelial dysfunction results in diminished genital blood flow and 

increased clitoral collagen content.76–79,97,98 This causes a decrease in vaginal engorgement and 

clitoral insufficiency syndrome, otherwise referred to as vasculogenic FSD.76–78,97,98  

 

1.2 Co-Morbidities Associated with Erectile and Female Sexual Dysfunction 

 

1.2.1 Cardiovascular Disease  

 Cardiovascular disease (CVD), remains the number one cause of death globally.99 ED 

and CVD share similar etiologies and pathologies, particularly those of vascular origin (e.g., 

endothelial dysfunction, atherosclerosis).1,28,49,50,100–104 Additionally, the prevalence of ED is 

associated with various cardiovascular risk factors and comorbidities, including: age; obesity; 

smoking; metabolic syndrome; dyslipidemia; hypertension; chronic kidney disease; and physical 

inactivity.28–32,34,35,42,50,101,105–115 In the MMAS, hypertension was found to be the most common 

coexisting condition with ED, with a prevalence twice that of age-matched normotensive 

males.107 A potential cause of ED in these hypertensive patients may stem from pathological 
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structural changes in the corporal and penile vascular tissue (e.g., decreased number of smooth 

muscle cells).16,46,62,116,117 

 Vasculogenic ED occurs, at least in part, as a result of vascular disease of the arteries that 

supply the penis.40,41 Moreover, the onset of vasculogenic ED acts as sentinel of impending CVD, 

indicating the presence of silent systemic vascular disease (e.g., endothelial dysfunction, 

subclinical atherosclerosis).25,50,104,118–139 ED is therefore a sentinel of endothelial dysfunction and 

other pathological changes to the vasculature that lead to CVD.25,50,118–139 This occurs 

independently of other conventional risk factors, in otherwise asymptomatic men by an average 

of 3-5 years.25,50,118–139 In fact, men less than 50 years of age that present with incident ED have a 

50-fold increase in the risk of a cardiac event within that same time frame.126,140 

 As a barometer of CVD, the onset of ED provides an opportunity for early intervention. 

This point was illustrated by Miner who stipulated that the onset of ED defines a potential 

“window of curability” in which progression of the underlying CVD may be slowed or even 

reversed by early intervention (e.g., pharmacological and/or lifestyle management).130 Clinical 

recommendations based on this concept, propose that men with incident ED, who are otherwise 

asymptomatic, should be treated as a cardiac patient until "proven otherwise".102,103,118,121,130,137,140 

These recommendations include cardiovascular risk evaluations and the adoption of management 

strategies to reduce future risk of cardiovascular events.  

 To date, there is limited information on the role of CVD in FSD.81 Findings from the 

Third Princeton Consensus Conference reveal that there is an increased risk of FSD in women 

who are also at greater risk of CVD, that is, women with hypertension, dyslipidemia, obesity, and 

diabetes.79,81 Furthermore, these conditions have been associated with changes to clitoral 

cavernous tissue (e.g., smooth muscle loss) that result in FSD.75 Specifically, over 50% of women 

with diabetes, have decreased clitoral sensation and problems with orgasm, presumably as a result 
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of diabetic neuropathies.75 Despite these associations, FSD has not yet been validated as a 

predictor of future cardiovascular events.79 

  

1.2.2 Adiposity and the Metabolic Syndrome 

 Globally, obesity has reached epidemic proportions, with 1.4 billion overweight adults, a 

significant portion of which are obese: 200 million males; 300 million females.99,141 Obesity is a 

risk factor for CVD, diabetes, dyslipidemia, hypertension, and a pro-thrombic state,142 as well as 

ED.25,28–30,35 In overweight and obese males there is an increased prevalence of erectile 

dysfunction.101,106,143,144 Strikingly, one study found that in a population of men with ED, almost 

80% were overweight or obese (Body Mass Index [BMI] >26).28 Moreover there appears to be 

increased susceptibility of ED with increasing levels of body mass such that overweight men on 

the lower end of the BMI category (BMI 25.0-26.9) have a 19% increase in risk of ED, whereas 

overweight men at the higher end (BMI 27.0-29.9) have a 33% increase in risk of ED.145 

Strikingly, in obese men (BMI ≥30), the relative risk of ED is twice that of men in the normal 

body weight range (BMI <25).145 These observations may reflect the structural and functional 

damage of the vasculature brought on by obesity. The negative effects of obesity on 

cardiovascular health have been well characterized, however, the mechanisms underpinning its 

association with ED, particularly as it relates to the accumulation of visceral adipose tissue 

(VAT), remain elusive. The information relating obesity to sexual dysfunction in females remains 

sparse, although one study has demonstrated a potential link.146 

 There is a growing amount of evidence suggesting that intra-abdominal obesity, more 

specifically, an increase in VAT is a stronger predictor of cardiometabolic risk and disorders than 

total obesity,30,101,112,147–160 with one report directly linking VAT with ED.161 
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In fact, the atherogenic phenotype associated with obesity has been ascribed to intra-abdominal 

fat.162 In a global study of almost 30,000 patients by Yusuf et al, abdominal obesity was found to 

be an underlying cause of acute myocardial infarction, predictive of the risk of CVD.163  

  Waist circumference has been shown to be a good predictor of VAT, and of overall 

morbidity and mortality.164–166 In Canada, 32% of men and 42% of women are abdominally 

obese, as defined by greater waist circumferences (>88cm in women, >102cm in men).167 

Classically, the Body Mass Index (BMI) has been used to measure CVD risk associated with 

increased adiposity, however, various studies have shown that waist circumference, an indirect 

measurement of VAT, may be a better predictor of associated risk.105,112,147 In addition, abdominal 

obesity, may be a better predictor of ED risk than total obesity.161,168,169 In particular, there has 

been some evidence to show that increased waist circumference in both men170,171and women171 is 

associated with sexual inactivity; however, the study in women did not use standardized tools to 

assess FSD. In men, this correlation seems to be more robust, with one study finding that men 

with a high waist circumference have a 50% increase in risk of ED.172 In a similar regard, men 

with ED have a higher waist circumference and worse endothelial function, even in the absence 

of atherosclerotic disease.53  

 The metabolic syndrome is as a group of risk factors that increase the risk of CVD and 

other negative health outcomes,173 and is very prevalent in Canadians.174 The presence of the 

metabolic syndrome, as defined by NCEP ATP III guidelines, was determined as the presence of 

any three of the following: abdominal obesity (waist circumference >88cm in females and 102cm 

in males); high triglycerides (≥150 mg/dL); low HDL cholesterol (men <40 mg/dL, women <50 

mg/dL); high blood pressure (systolic  130 or diastolic  85 mmHg); and high fasting glucose 

(≥110 mg/dL).173 In addition to the risk associated with obesity in men alone, the metabolic 

syndrome is a strong predictor of all-cause and CVD mortality.173,175 In fact, the risk of CVD can 

increase by 50% in individuals with the metabolic syndrome.176 Waist circumference, 
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specifically, appears to be an important determinant of metabolic syndrome, as an increase of 1 

cm can elevate the prevalence of the metabolic syndrome by 7% and 6%, in men and women, 

respectively.155 Furthermore, there is a high prevalence of ED reported in men with the metabolic 

syndrome, increasing further as the number of “components” of the metabolic syndrome 

increase.108,144,170,177 Some studies have also reported an increased prevalence of FSD in women 

with the metabolic syndrome,178,179 regardless of whether women are pre178 or post95 menopausal. 

 

1.3 Lifestyle Modifications: Impact on Erectile and Female Sexual Dysfunction 

 

1.3.1 Caloric Restriction 

 Lifestyle modifications, such as caloric restriction (CR), and exercise, remain the 

recommended initial intervention to improve cardio-metabolic health status.180 Experimentally, 

CR prevents the increases in body mass,152,181–183 and reduces elevated body mass.151 The positive 

effects of CR act to attenuate the aging process and include decreases in blood pressure, and 

increases in lifespan.150,152,181,182,184–190 Some of these positive effects correlate specifically to 

reductions in abdominal obesity (i.e., VAT).101,150,155,157,159,191 

 Whereas the information on the application of CR to ED is lacking, a recent seminal 

study by Esposito et al, demonstrated that a reduction in body weight, using both dietary 

restriction and exercise, improved erectile function in 33% of the men studied.105 This reduction 

in body weight was accompanied by improvements in endothelial and inflammatory 

function.105,192 However, an important unmeasured feature was waist circumference as an index of 

VAT. These findings have been corroborated elsewhere, demonstrating a correction in ED in both 

clinical,105,150,152 and experimental151 studies. However, the recovery of erectile function becomes 

exceedingly more difficult with age.151  
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 The mechanisms by which ED is improved with lifestyle modifications remains elusive, 

however, similar to the global cardiovascular benefits achieved with reductions in body weight, it 

is likely that a reduction in VAT accumulation plays a significant role.101,150,154,159,191 

 

1.3.2 Exercise 

 Approximately 69% of Canadian men and women spend most of their waking hours 

sedentary, with only 15% of adults meeting physical activity recommendations.193 This is true for 

a significant proportion of Americans as well.194,195 The disease burden resulting from physical 

inactivity has been assessed globally to account for 6% of all disease (i.e., coronary heart disease, 

type 2 diabetes) and 9% of premature mortality.196  

 Physical inactivity increases the incidence of ED.144,171,172,197,198 In fact, inactive or only 

moderately active men have a 40-60% increase in risk of ED, independent of BMI compared to 

active men (>or =150 min/week).172 Moreover, the presence of both inactivity and obesity can 

work in an additive manner to greatly increase the risk of ED.30  

 Conversely, physical activity has been shown to improve endothelial function,199,200 

cardiovascular outcomes,201 life expectancy,196 and erectile function.202 Physically activity also 

lowers the risk of ED.25,106,137,203–207 In fact, frequent, vigorous exercise is associated with a 30% 

reduction in risk of ED compared to men who do not exercise or exercise very little.106 Moreover, 

this appears to occur in a stimulus-response manner, with increasing levels of physical activity, 

decreasing the risk of ED by 37-58%, depending on intensity of physical activity.206 Be that as it 

may, increased adiposity, regardless of level of exercise, increases the risk of ED.30 To date, 

mechanisms regarding improvements ED with exercise remain speculative, although it is likely 

that improvements in vascular function (e.g., endothelial function) are a contributing factor. The 

effect of physical activity on FSD in women is lacking, although one study in obese, diabetic 
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women with FSD, showed improvements in sexual function with weight loss, using both exercise 

and caloric restriction.208  

 

1.4 Endothelial Dysfunction and Inflammation 

 Impairment in endothelial function is linked to both obesity,209 and physical 

inactivity,210,211 which disrupts vasodilatory processes and results in pro-thrombic and pro-

inflammatory signals that contribute to CVD.212 Obesity is also associated with increased 

inflammation (e.g., increased C-reactive protein [CRP]), which occurs frequently in 

CVD.144,213,214 

 Two biomarkers of endothelial dysfunction include circulating von Willebrand Factor 

(VWF) and osteoprotegerin (OPG), both of which are produced and released by endothelial 

cells.215–219 Increased levels of these biomarkers correlate with endothelial dysfunction and are 

elevated in CVD; predicting increased risk of cardiovascular events and all-cause mortality.220–232 

However, to date, there have been only weak correlations between VWF and CVD in healthy 

subjects,231 although one study found a negative correlation between VWF and erectile function 

in healthy, normal weight males.54 

 

1.4.1 von Willebrand Factor 

 VWF is a large multimeric plasma glycoprotein that plays an essential role in primary 

hemostasis, that is, the formation of the platelet plug and coagulation.217,230,231,233,234 It does so by 

promoting the adhesion of platelets to subendothelial structures (e.g., collagen) and recruiting 

other platelets at the site of vascular injury.230,231 VWF also acts as a chaperone to Factor VIII, an 

essential co-factor in coagulation, protecting it from inactivation and catabolism.217,230,231,233,234 

During hemostasis, once VWF binds to collagen, it releases Factor VIII, which is free to activate 

thrombin and the coagulation cascade.230  
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 VWF antigen (VWF:Ag) dimers and VWF pro-peptide (VWFpp) are produced in the 

endoplasmic reticulum (ER) of endothelium, megakaryocytes (α-granules of platelets) and sub-

endothelial connective tissue, through a series of complex post-translational 

modifications.217,233,234 The biosynthesis of VWF:Ag involves the N-glycosylation of monomers 

into dimers in the ER. VWF:Ag dimers are then arranged into multimers in the Golgi Apparatus, 

with the aid of the VWF pro-peptide (VWFpp). VWF:Ag multimers are in some cases >20,000 

kDa and consist of over 80 subunits that are 250 kDa each. The largest multimers are the most 

functional, having the highest affinity for platelets and collagen.235 These multimers are stored 

and packaged in the Weibel-Palade bodies, storage granules found mostly in endothelial cells, 

with the aid of VWFpp. The lowest molecular weight multimers are released in a constitutive 

fashion, whereas the largest multimers are released in response to shear stress and inflammatory 

signals.233,235 When endothelial injury occurs, the endothelial cells secrete VWF, which initiates 

the maintenance of hemostasis after injury. Upon release VWF:Ag and VWFpp dissociate in the 

plasma, with only the antigen being functional.217,233–235  

 

1.4.2 Osteoprotegerin 

 OPG, a glycoprotein and member of the tumour necrosis factor superfamily, is found in 

bone, vascular smooth muscle cells (VSMC), and in endothelial cells.215,236 It regulates 

osteoclasts, calcification & bone resorption, and prevents endothelial apoptosis.215,236 OPG is 

localized and physically associated with VWF in the Weibel-Palade bodies of human vascular 

endothelial cells.215,236 It is co-released with VWF, traveling to sites of vascular injury, where it 

inhibits vascular calcification.215,236,237 Additionally, in the presence of proinflammatory 

cytokines, expression of OPG is up-regulated in endothelial cells.238,239 
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1.5 Chronic Kidney Disease 

 Chronic kidney disease (CKD), the progressive loss of kidney function over time,240,241 

affects more than 25 million people in North America and 2 million Canadians.241,242 There are 5 

stages of CKD, ranging from Stage 1, where there kidney damage or a glomerular filtration rate 

(GFR) of  <90mL/min/1.73 m2, to Stage 5 where there is established kidney failure and a GFR of  

<15 90mL/min/1.73 m2, after which a patient may be put onto dialysis or be a candidate for renal 

transplant.243 There is a strong link between CKD and the development of CVD,244 such that at 

every stage of CKD (i.e., mild renal insufficiency to end stage renal disease [ESRD]), CVD is the 

leading cause of morbidity & mortality.242,245 In fact, there is a staggering 20 to 30 fold increase in 

cardiovascular mortality in ESRD patients.246 Traditional Framingham risk factors, such age, sex, 

systolic blood pressure, smoking, diabetes mellitus, cholesterol, and BMI, do not fully account for 

this increased risk.25,245,247,248 Rather, increases in non-traditional risk factors, characteristic of the 

uremic environment in patients with CKD, likely play a role in advancing this risk, as well as 

contributing to the progressive vascular calcification seen in this patient population.247–255 These 

factors include accelerated endothelial dysfunction, chronic inflammation, and disorders of 

calcium and phosphate metabolism, and play a key role in the pathogenic processes that results in 

atherogenesis and accelerated vascular calcification.247–255 

 Vascular calcification is accelerated, and occurs frequently in CKD patients, with the 

prevalence in dialysis patients approaching 90%.254 The density of arterial calcification increases 

with age and duration of disease,256 however, vascular calcification also appears in younger 

patients and in earlier stages of CKD (i.e., pre-dialysis).248 Vascular calcification is a major 

contributor in the development of CVD, and risk of mortality in CKD patients.248,250,252,257,258 To 

better predict this risk, there has been evidence to suggest that combining coronary artery calcium 

(CAC) scores with Framingham score may be of additional benefit, particularly in asymptomatic 

individuals who fall into an “intermediate” Framingham risk category.259  
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1.5.1 Chronic Kidney Disease and Erectile Dysfunction 

 Patients with CKD experience a lower quality of life (QOL) than the general population, 

particularly when accompanied by co-morbidities such as ED, anxiety, and depression.20–24 

Successful treatment of ED has been shown to positively impact quality of life.260 Despite the 

high prevalence and societal costs of ED associated with CKD, the underlying mechanisms have 

yet to be fully elucidated.261,262 

  Whereas the risk for ED in men less than 50 years of age is relatively low (12%), the 

prevalence in men with end-stage CKD (<50 years), is over five-fold greater (70%), as reported 

in a meta-analysis conducted by Navaneethan et al.263 Thus, the prevalence of ED in CKD 

patients is comparable to or greater than non-CKD patients that are two decades older.22,261,262 The 

prevalence of ED increases to 82% in older and obese patients,264 and to 86% in patients 

undergoing dialysis.65 Progression of CKD, as indicated by decreases in GFR, is associated with 

increases in risk of ED.265 Of the clinical data that exists regarding CKD and ED, most of it 

focusses on erectile function in dialysis patients.65,266,267 One study examining male patients who 

were about to enter a dialysis program, found ED to be very prevalent in this patient population 

(80%), with a high proportion of severe ED (71%).268 Reports have suggested variable effects on 

erectile function after transplant surgery from novel appearance of incident ED, to improvement 

of existing ED, to no change.38,261,262,269–284  

 Although the amount of evidence is sparse, women with CKD on dialysis report higher 

levels of sexual dysfunction than those without CKD, particularly decreased arousal, dyspareunia, 

dysmenorrhea, impaired vaginal lubrication and difficulties in reaching orgasm.285 265,286 287 One 

study reports the prevalence of sexual dysfunction in women on dialysis as 72%.287 Furthermore, 

sexual dysfunction in these women is associated with increases in age as well as dyslipidemia, 

depression and poor QOL.286  
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  Current treatment options (i.e., phosphodiesterase-5 inhibitors (PDE-5i)) available for 

men with ED who also have CKD, are on dialysis, or have had a kidney transplant, have been 

systematically reviewed elsewhere.37,44,285,288–297 These treatments are ineffective in a significant 

portion of men, only temporarily restoring sexual activity,298 without ameliorating the underlying 

causes, specifically, the vascular pathologies.25,298 These reviews highlight the need for treatment 

strategies that treat the underlying condition. Moreover, FSD is grossly understudied in patients 

with CKD, and there are a lack of treatment options available for this population.299,300 

 

1.5.2 Chronic Kidney Disease and Vascular Remodeling 

 The presence of uremia can induce vascular dysfunction, including the induction of 

VSMC proliferation and migration.301 This damages vascular repair mechanisms and induces 

neointimal hyperplasia, ultimately leading to a reduction in the lumen size of the vessel.301 

However, whereas neointimal hyperplasia is a frequent occurrence in response to vascular injury, 

the mechanisms involved in CKD specifically, have not been elucidated.302  

 The presence of uremia in male patients with ED significantly alters the morphology of 

smooth muscle cells in the corpora cavernosa (e.g., thickening of basement membranes of 

endothelial cells, increased collagen fibers).303 Furthermore, large proportions of patients with 

ESRD (78%) have significant cavernosal artery occlusive disease.304 Another study in CKD 

patients showed an association between an increase in thickness of the intima-media of the 

carotid arteries and incidence of ED.264 Whereas accelerated pathological remodeling processes 

associated with ED45,63,305 have been demonstrated in the IPA and other chronic diseases such as 

hypertension,63,305 these process have never been examined in relation to CKD. 
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1.5.3 Chronic Kidney Disease and Vascular Calcification 

 Disordered mineral metabolism present in CKD is associated with an increased risk of 

vascular calcification.306 In general, the arteries of uremic patients have been frequently observed 

to be calcified.256 The level of calcification appears to rise with increases in age, severity of CKD 

and duration of dialysis.256,307 One study revealed the presence of CAC to be 67% of Stage 3 to 5 

CKD pre-dialysis patients.308 There are two manifestations of calcification in a blood vessel 

which are anatomically and physiologically distinct, the first being a deposit within an 

atherosclerotic plaque of the intima (intimal or atherosclerotic calcification), and the second being 

deposits within the medial layer of the blood vessel.309 Both of these processes occur in CKD, 

although, medial calcification is described as a hallmark of CKD and is more prevalent.310,311 

Furthermore, medial calcification is also strongly correlated with coronary artery disease (CAD) 

as well as being a prognostic marker of CVD and all-cause mortality in CKD patients.248,254,306,312  

 As previously indicated, CAC is common in CKD patients, and yet, not all patients 

demonstrate CAC despite a similar risk profile. In patients with Stage 3 and Stage 4 CKD, with 

no history of CVD, CAC is more prevalent and more severe as compared to age-matched 

controls.308,313 Calcified plaques in coronary arteries of patients with ESRD are common, and can 

result in medial thickening and a decreased lumen size,311 and are associated with ischemic 

CVD.306 In young adults undergoing dialysis, CAC progresses with duration, age and 

treatment.314 Furthermore, progressing CAC strongly predicts endothelial dysfunction among 

patients with suspected CAD.315,316  

 In CKD patients, the degree of CAD315 and the severity of CAC316 have both been 

associated with presence and severity of ED. There is a high prevalence of asymptomatic CAD in 

hemodialysis patients,317 which leads to negative cardiovascular outcomes, and in severe cases 

sudden death.317 Higher CAC scores indicate higher plaque burden and an increased probability 

of CAD, with higher implications for cardiovascular risk.318 Based on scores, recommendations 
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range from preventative to aggressive risk factor modification.318 Screening for the presence of 

CAD is currently recommended in these patients.317 Whereas there is little evidence in regard to 

the relationship between men with CKD and ED to CAD and CAC scores, men with ED alone 

have been shown to have subclinical levels of CAD,104 which contribute an increased risk of 

CAC.316,319 Therefore, there may be additional benefit in measuring vascular calcification (e.g., 

CAC) in CKD patients, particularly as it relates to erectile and female sexual function. 

 Vascular calcification is an active process involving the differentiation of VSMC towards 

an osteogenic phenotype that then facilitates the formation of calcium-phosphate crystals within 

the vessel wall.250,309,320,321 This “ossification of blood vessels” leads to perturbations in vascular 

structure and function, increased arterial stiffness and decreased compliance, circulatory changes 

(e.g., increased systolic blood pressure and pulse wave velocity) and an increase in 

mortality.256,258,309,312,322–324 Rigidity is more pronounced in the aorta than in peripheral conduit 

arteries thus resulting in the microcirculation being less protected at high pressures.322 These 

changes are recognized clinically to represent accelerated vascular aging that lead to: left 

ventricular (LV) hypertrophy; altered distribution of cardiac output; inadequate peripheral blood 

flow (vascular insufficiency); and compromised coronary perfusion.248,252,256,258,312,322,323,325,326  

 Whereas ED is highly prevalent in CKD, the role of vascular calcification is not yet 

known.327–330 Evidence is sparse, yet, some studies suggest a role for calcification of penile 

arteries and tissues in the progression of ED in patients with CKD.100,304,327–331 In a study by 

Kaufman et al,  substantial penile vascular disease in men with renal failure (e.g., occlusive 

cavernous artery disease) was shown to occur independently of other atherosclerotic risk 

factors.304 In another study of hemodialysis patients with penile artery calcification, extensive 

mineralization of small and medium sized arteries of the extremities was observed.331 In these 

patients, decreased erectile function appeared to be more prevalent in patients with calcification 

than in those without (100% vs. 70%); reflecting a possible vascular origin for the ED in patients 
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with penile calcification.331 There have also been both clinical327 and cadaveric studies,328–330 

which have shown that non-penile genital tissue calcifies in 87% of dialysis patients with 

CKD328–330 and that penile and epididymal tissue calcifies in 65% and 70%, of patients, 

respectively.327 Recent studies identified a differential regional susceptibility to vessel 

calcification, with distal vessels being more susceptible than proximal vessels both in aging328,330 

and obesity.332 Moreover, in the first angiographic report of men with ED and pelvic arterial 

disease, Rogers et al assessed the IPA in men not responding to PDE-5i who had suspected 

CAD.100 Findings revealed an increased susceptibility of the mid-distal portion of the IPA to 

stenosis, compared to the internal iliac arteries, with a high correlation between CAD and IPA 

disease.100  

 

1.5.4 Mechanisms of Vascular Calcification in CKD 

   The first step in progression towards calcification is a reversible reaction to form an 

amorphous calcium phosphate slurry.250,309,320,321,333–337 Further, increased levels of calcium and 

phosphate tip the balance towards the 2nd step, which is characterized by a spontaneous 

transformation into an insoluble product within and around tissues.250,309,320,321,333–337 This extra-

osseous (i.e., ectopic) calcification consists of both non-crystalline and crystalline calcium 

phosphate deposits, such as hydoxyapatite (Ca10(PO4)6(OH)2) and magnesium-containing 

whitlockite (Ca9(Mg)(PO4)6 (PO3OH)).338–340 There is some evidence to support that apoptotic 

bodies or matrix vesicles serve as a nidus for calcification.340 

 The process, mechanisms and factors involved in vascular calcification have been 

reviewed in depth.250,309,320,321,333–337 In brief, there are various factors, beyond just calcium and 

phosphate that shift the balance towards the formation of apatite and an osteogenic phenotype, by 

both activating stimulators of calcification and/or deactivating its inhibitors.250,309,320,321,333–337  

Conversely, experimental evidence has implicated a number of inhibitors of vascular calcification 



20 

 

including inorganic pyrophosphate341,342, matrix gla protein (MGP)343 and magnesium (Mg)344 

that can act locally and systemically, either directly or indirectly. Various experimental knockout 

studies in mice further implicated the aformentioned inhibitors, including but not limited to : 

MGP345; OPG346; Mg344. These knockouts result in abnormally high levels of vascular 

calcification resulting in the death of the animal. Other mechanisms which contribute to the 

calcification process include: production of reactive oxygen species (ROS); apoptosis and 

extracellular matrix (ECM) degradation at the nidus of calcification.250,309,320,321,333–337 Whereas 

these mechanisms of vascular calcification continue to be investigated, it is widely accepted that 

it is a multifactorial, highly regulated, and complex process.250,309,320,321,333–337 This process likely 

involves the interplay between inducers and inhibitors of calcification as well as the factors that 

regulate them and often begins by Stage 3 CKD.251,347 

 

1.5.5 The Role of Hyperphosphatemia in CKD and Vascular Calcification 

 In healthy individuals the long-term homeostasis of phosphate is tightly regulated 

through renal excretion.255 In CKD and ESRD however, this process breaks down, resulting in a 

decrease of renal excretion of phosphate, and a high prevalence of hyperphosphatemia.255 

Hyperphosphatemia is a characteristic, persistent problem of this patient population.255 

Furthermore, increased phosphate appears to be a driving force of vascular calcification and is 

positively correlated with early and progressive vascular calcification as well as risk of mortality 

in CKD and ESRD patients.247,249,250,314,335,347–351 In fact, hyperphosphatemia in hemodialysis 

patients increases risk of mortality by approximately 30%.348 Even when phosphate levels are 

within the normal range, high normal values incur an increase in risk of adverse clinical 

outcomes,352,353 such that for every 0.3 mmol/l rise in serum phosphorus, there is a 20% increase 

in risk of vascular calcification.349 Pharmacological phosphate lowering agents have been used 

clinically, but without much success to manage these negative outcomes in CKD.354,355 Thus, 
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phosphate appears to be one of the driving forces behind the promotion of vascular calcification, 

promoting trans differentiation of VSMC into an osteoblast like cell,356,357 while mineralizing the 

ECM.250  

 

1.5.6 Chronic Kidney Disease and Endothelial Dysfunction - Focus on VWF 

 As introduced earlier, renal dysfunction is associated with increased levels of endothelial 

dysfunction.253 For example, increased serum uric acid has been shown to be an independent 

predictor of endothelial dysfunction in subjects with CKD.358 Additionally the presence of high 

uric acid and endothelial dysfunction may induce downregulation of eNOS in coronary arteries.359 

Specifically, experimental evidence demonstrates that in ED attributed to chronic renal failure, 

lower levels of eNOS and nNOS were found.360 

 Endothelial dysfunction in CKD has also been associated with increasing levels of VWF 

and CVD progression,218,234,253,361–366 as well as CV events and mortality.234,364,367  In addition, 

VWF is elevated in those with uremia,301 and chronic renal impairment, increasing with severity 

of impairment.253,364 VWF is co-expressed with OPG and thus it is not surprising that OPG levels 

have also been reported to be elevated in patients with CKD,368–371 and are also associated with 

increased expression and progression of vascular calcification.368–371 Endothelial dysfunction has 

been implicated as the first event in vascular changes leading to atherosclerosis and arterial 

calcification.372 Thus, CKD-induced endothelial dysfunction may be a critical component of the 

early insult and serve as an early detector of vascular dysfunction, pre-dating pathological mineral 

deposition.  
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1.6 Rationale and Statement of Hypothesis and Objectives 

 The following experimental and clinical research chapters focus on the development, 

prevention and treatment of erectile and female sexual dysfunction. These studies examine 

changes in vascular function and dysfunction, the role of abdominal adiposity as well as chronic 

kidney disease, as it relates to erectile and female sexual dysfunction. Particularly, how these 

changes relate to the IPA are examined as it is a key vessel that appears to be more  susceptible to 

vascular dysfunction than other vascular beds.62,100,183,197,305  

 The fact that lifestyle modifications result in positive health outcomes, is well 

established,25,105,106,137,145,150,152,181,182,184–190,196,199–207 however, how this relates to erectile and 

female sexual dysfunction, abdominal adiposity, and endothelial fucntion, particularly in females, 

is not known. Therefore one aspect of these studies was to address the potential for targeting 

pathogenic progression of erectile and female sexual dysfunction as well as vascular dysfunction 

with lifestyle interventions in both an experimental and clinical setting.  

  There is a strong association between cardiometabolic risk, and the accumulation of 

VAT,30,101,112,147–160  as well as ED.161,168,169 Despite this fact, waist circumference, a predictor of 

VAT is yet to be used clinically to assess the predictive power in ED. Therefore one aspect of this 

study involved the measurement of abdominal girth in animals and waist circumference in 

humans to address this gap in knowledge.   

 The rationale behind targeting CKD is straightforward. This chronic condition is 

associated with severe cardiometabolic outcomes,242,245,246 and ED is highly prevalent in this 

patient population.22,65,261–264,373 The mechanisms involved in the rapid progression of 

vasculogenic ED in CKD have not been elucidated, particularly as they relate to vascular 

structure and function and the development of vascular calcification. In humans, there are very 

few studies which evaluate sexual health in patients with CKD, particularly in females and in the 

stages prior to dialysis.  
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The hypotheses to be tested in this thesis include: 

 

1. Erectile and female sexual dysfunction is associated with negative vascular outcomes such as 

endothelial dysfunction that occur as a consequence of accumulation of adipose tissue and 

chronic disease. 

2. CR will prevent/attenuate the progression of VAT and ED. 

3. Exercise will ameliorate accumulation of VAT and erectile and female sexual dysfunction in a 

sedentary and overweight or obese population. 

4. Morphological (e.g., vascular remodelling) and functional (e.g., endothelial dysfunction) 

changes in the IPA will be more prevalent with increased adiposity and renal dysfunction, and 

furthermore, will predict the occurrence of ED. 

5. Experimentally, in CKD, pathogenic changes in the vasculature will predispose the circulation 

to negative consequences such as endothelial dysfunction and vascular calcification, both of 

which will increase the risk of ED. 

6. Patients with both CKD and erectile or female sexual dysfunction will have increased vascular 

calcification and endothelial dysfunction compared to both healthy populations and those with 

CKD and no erectile or female sexual dysfunction.  

 

The studies in which these hypotheses were tested include: 

 

Chapter 2: Caloric Restriction Prevents Visceral Adipose Tissue Accumulation and 

Maintains Erectile Function in Aging Rats 

The specific objectives were: 
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1. To develop a novel approach to CR in an in vivo rat model, utilizing two different levels of CR 

(~10 and 20%) to determine whether CR, will attenuate the accumulation of adipose tissue, 

specifically VAT, and thereby prevent/attenuate progression of ED in rats. 

2. To utilize CR to delineate the effects of obesity on erectile function distinct from aging; 

dissecting the impact of obesity from what is thought to be “age associated ED”. 

3. To evaluate the utility of measuring abdominal girth and MRI to quantify VAT in a rodent 

model. (i.e., does a decreased abdominal girth indicate a reduction in VAT, and correlate with 

enhanced erectile function?). 

4. To assess whether rats with greater adiposity and ED have endothelial dysfunction and 

pathological vascular remodeling, compared to leaner rats without ED.  

 

Chapter 3: Erectile and Female Sexual Function in Sedentary and Overweight or Obese 

Males and Females and the Effect of a Chronic Exercise Intervention 

The specific objectives were:  

 

1. To determine which parameters are associated with erectile and female sexual dysfunction in a 

cross sectional analysis of sedentary, overweight or obese males and females (e.g., abdominal 

obesity and endothelial dysfunction).  

2. To evaluate whether the presence of the metabolic syndrome in this population incurs 

additional risk of erectile and female sexual dysfunction.  

3. To determine whether chronic exercise (24 weeks) ameliorates erectile and female sexual 

dysfunction in a sedentary and overweight or obese population.  
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Chapter 4: Calcification of the Internal Pudendal Artery and Development of Erectile 

Dysfunction in Adenine-Induced Chronic Kidney Disease: A Sentinel of Systemic Vascular 

Changes  

The specific objectives were:  

 

1. To determine whether CKD increases the frequency and severity of ED, using an in vivo rat 

model. 

2. To evaluate whether rats with CKD and ED have impaired endothelial function, pathological 

vascular remodeling, and vascular calcification, particularly in the IPA. 

3. To determine whether there are regional differences (i.e., susceptibility) in the presence and 

severity of vascular calcification in multiple vascular beds as well as penile tissue and along the 

length of the IPA (i.e., proximal vs. distal segments). 

4. To assess in rats with CKD the impact of vascular calcification on erectile function. 

 

Chapter 5: Assessment of Erectile and Female Sexual Dysfunction in Advanced CKD: 

Links to Progression of Vascular Dysfunction  

The specific objectives were:  

 

1. To determine the prevalence of erectile and female sexual dysfunction in a cohort of male and 

female patients at Kingston General Hospital with Stage 3 to 5 CKD. 

2. To retrospectively evaluate CAC scores and endothelial dysfunction to determine whether they 

were predictive of erectile and female sexual dysfunction.  

3. To evaluate whether certain parameters in CKD (e.g., medications, endothelial function) play a 

role in the declining erectile and female sexual function of these patients. 
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Chapter 2 

Caloric Restriction Prevents Visceral Adipose Tissue Accumulation and Maintains 

Erectile Function in Aging Rats 

 

2.1 Introduction 

 The Massachusetts Male Aging Study reported the prevalence of erectile dysfunction 

(ED) to be 52% in men aged 40–70 years.25 Worldwide, the absolute number of men with ED is 

projected to double by the year 2025, in part, as a result of the aging population but also because 

of soaring obesity rates.36,141 

 ED is a predictor of future cardiovascular disease (CVD), independent of other 

conventional cardiovascular risk factors.25,132 However, ED and CVD also share common risk 

factors, etiologies, and pathologies.50,101 In fact, ED appears to be a harbinger of cardiovascular 

events in otherwise asymptomatic men by an average of 3–5 years.121,127 Although the onset of 

ED has not been directly linked to early mortality, as a sentinel of the preeminent cause of 

premature death worldwide, it provides an opportunity for early intervention. This knowledge has 

led to new recommendations in the clinical management of ED involving more rigorous 

assessment of CVD risk in otherwise asymptomatic men.103 

 Accumulating adipose tissue increases the risk of ED.25,145 Strikingly, one study found 

that in a population of men with ED, almost 80% were overweight or obese.28 Recently, CVD risk 

associated with increased adiposity has been shown to be dependent on the regional distribution 

of adipose tissue (i.e., the accumulation of visceral adipose tissue [VAT]).112,145,149,154,155 Likewise, 

a reduction in abdominal obesity has been associated with improved cardiometabolic health.101,150 

Thus, increases and decreases in VAT per se could be a key modulator of both cardiovascular and 

sexual health.  
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 Experimentally mild to moderate caloric restriction (CR) prevents the development 

of152,181,182 and can reverse151 increases in body weight, in some cases increasing lifespan and 

decreasing the risk of death from CVD. Furthermore, lifestyle, exercise, and dietary modifications 

have been shown to partially correct ED in both clinical105 and experimental151 studies. However, 

whether prevention of VAT accumulation in rats directly impacts on the onset of ED has not been 

assessed. Treatment and lifestyle changes are now recommended for incident ED patients to 

reduce the risk of future CVD events.103,121,137,140 Although the mechanism of this benefit has not 

yet been fully elucidated, decreases in the amount of “dysfunctional adipose tissue”150,154 may be 

at the root of the improvement.  

 Normal arterial function is crucial in the initiation and maintenance of an erection.39 In 

fact, studies have shown that in almost 80% of men with ED, there is vascular disease of the 

arterial bed supplying the penis.40,41 We have demonstrated in rats that the internal pudendal 

arteries (IPAs) are the key resistance vessels (70% of total) controlling penile blood flow.43 

Furthermore, the IPA artery has been shown to have marked pathological changes (e.g., 

endothelial dysfunction) that occur with age and hypertension that are associated with progressive 

ED.63,305 

 In a landmark study by Esposito et al a reduction in body weight, using both dietary 

restriction and exercise improved erectile function in 33% of the men studied.105,192 

Experimentally, a combination of exercise and CR also recovered erectile responses in 30-week-

old animals.151 In contrast to this previous work, the present study sought to determine whether 

the decline in erectile function could be prevented rather than recovered using only CR and 

whether accumulation of VAT (abdominal girth, magnetic resonance imaging [MRI], direct post-

mortem measurement) was key to this change. 
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2.2 Methods 

 

2.2.1 Animals 

 Male Sprague Dawley rats (n= 19; 350 g; 9 weeks of age) were obtained from Charles 

River Laboratories (Montreal, QC, Canada). Rats were housed individually in a room with a 12-

hour light/dark cycle and acclimatized for 7 days prior to experimentation. All rats were provided 

with standard rat chow (LabDiet 5001, Ren’s Pets Depot, Oakville, Ontario, Canada) and tap 

water ad libitum. All studies were performed in accordance with the guidelines of the Canadian 

Committee on Animal Care (CCAC) and the Queen’s University Animal Care Committee 

(UACC). 

 

2.2.2 Caloric Restriction 

 The average food intake for each rat was established during the 1-week acclimatization 

period. At 10 weeks of age, the rats were randomized into three dietary treatment groups: control 

group (CON; n= 7), mild CR (CRMI; n= 6), and moderate CR (CRMOD; n= 6). CR was achieved by 

restricting the amount of rat chow fed to the animals in the CR groups and thereby restricting 

their caloric intake. After acclimatization, the CON rats were fed ad libitum, CRMI was given 10% 

less than that of the CON, and CRMOD was given 20% less than that of the CON. The body weight 

of each rat was then monitored daily. The amount given to the CR groups was then adjusted 

throughout the study so that the CRMI rats maintained their body weight at a level that was 

midpoint between the ad libitum fed group and the CRMOD group. The target body weight for the 

CRMOD group was approximately 400 g. All of the groups were on their respective diets for a 

period of 20 weeks. Food and water intake were recorded daily. CR targets were chosen based on 

previous literature, ensuring that over the 20 weeks, the rats were appropriately nourished.151,181 
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The end-point body weight targets were as follows, approximately 700 g for CON, 550 g for the 

CRMI, and 400 g for the CRMOD. 

 

2.2.3 Assessment of Adiposity 

 Body weights were recorded daily, whereas abdominal girth (i.e., measurement between 

the sternum and top of iliac crest above the hind limbs) was recorded weekly. Each abdominal 

girth measurement was performed 2-3 times by two different experimenters. Abdominal girth was 

measured in upright, conscious animals, and in both an upright and supine position in 

anesthetized animals. VAT was quantified at four different time points (study weeks 2, 5, 9, and 

17; CON[n =5], CRMI[n =6], CRMOD[n =6]) using MRI, as previously described in an established 

protocol.374 Briefly, using a Siemens 3 Tesla Magnetom Trio whole-body MRI scanner (Siemens 

Medical Systems, Erlangen, Germany), 60 transverse slices (2 mm in thickness) were acquired 

over the entire length of the animal (nose to base of tail) using the half-Fourier acquisition single-

shot turbo spin echo (HASTE) normal and HASTE water suppressed sequences. Rats were fasted 

the night before and restrained in Plexiglas tubes with holes for circulation (Harvard Apparatus, 

St. Laurent, Quebec, Canada) and then placed into high efficiency particulate air (HEPA) filter-

topped cages for the imaging. Image analysis was performed by a blinded investigator using 

semiautomatic and interactive segmentation algorithms developed for Image-Pro Plus 6.0 (Media 

Cybernetics, Bethesda, MD, USA). These algorithms were based on signal density of VAT, 

calibrated in previous experiments against excised VAT to determine a "standard curve" of VAT, 

reaching an output in grams. Postmortem VAT or intra-abdominal fat pads were excised from all 

depots (omental, retroperitoneal, epididymal, and mesenteric fat pads), cleared of extraneous 

tissue and weighed. 
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2.2.4 Erectile Responses 

 At 30 weeks of age, centrally initiated erectile responses were assessed in conscious rats 

using the standardized apomorphine bioassay (80 mg/kg, SQ), as previously described.375 Seven 

to eight testing periods were conducted for each rat to determine an average response. 

Apomorphine is a dopaminergic agonist that acts within the medial preoptic area and 

paraventricular nucleus of the hypothalamus to initiate an erectile response.375,376 A limitation of 

using this method to assess responses is that it is not directly measuring blood pressure changes in 

the cavernosal bodies, which can be done using the cavernous nerve stimulation model as well as 

radiotelemetric recording of intracavernosal pressure. The total number of individual responses 

was used as an index of erectile function. Erections were further defined by an established 

severity scale of ED: no dysfunction ≥2.0 erections, mild dysfunction less than 2.0 but >1.0 

erection, moderate dysfunction 0.5 to 1.0 erection; or severe dysfunction <0.5 erections.377 

 

2.2.5 Serum Analyses 

 Rats were anesthetized with sodium pentobarbital (120 mg/kg IP), following 12 hours of 

fasting. After physical measurements were made, venous blood was collected in non-heparinized 

tubes and subsequently centrifuged (2,632 g) for 20 minutes. Serum samples were assessed for 

electrolytes, glucose, triglycerides, total cholesterol, and high-density lipoprotein cholesterol by 

the Core Laboratory at Kingston General Hospital (KGH). 

 

2.2.6 Vascular Structure and Function of the IPA 

 At sacrifice, the IPAs were removed for structural and functional analysis. As previously 

described, the medial portion of the IPA was processed, embedded in paraffin, cut into 5 µm 

sections and placed on glass slides.305 The IPA sections were stained with hematoxylin and eosin. 

The wall thickness and lumen diameter of the vessels were measured for every octant and 
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quadrant, using Image-Pro Plus 6.0 (Media Cybernetics). The distal portion of the IPA was cut 

into 2 mm rings and mounted in a wire myograph (Danish Myograph Technology 610 M, Aarhus, 

Denmark) with 25 mm tungsten wire. Vessels were bathed in Krebs solution (118 mM NaCl, 4.74 

mM KCl, 2.5 mM CaCl2, 1.18 mM MgSO4, 1.18 mM KH2PO4, 25 mM NaHCO3, 10 mM 

dextrose) maintained at 37°C and aerated with a mixture of 95% O2 and 5% CO2. The vessels 

were then stretched to an optimal resting tension, based on a passive length tension curve, of 

approximately 1.2–1.5 mN and equilibrated for 30 minutes. Vessels were pre-contracted (~80%) 

with phenylephrine and concentration-response curves to acetylcholine (ACh) were performed to 

assess endothelium-dependent relaxation. All recordings were carried out using Chart 5 software 

and Powerlab acquisition hardware (Model ML866, ADI Instruments, Colorado Springs, CO, 

USA). All compounds and drugs were obtained from Sigma-Aldrich (Oakville, ON, Canada). 

 

2.2.7 Heart Weight 

 At sacrifice, hearts were removed, cleared of fat, and placed into cold saline. The right 

and left ventricle plus septum were separated, blotted dry, and weighed. Changes in cardiac 

structure were assessed by the left ventricle (LV) mass and LV/body weight (LV/BW) ratio. 

 

2.2.8 Statistical Analysis 

 All statistical calculations and graph preparations were performed using Graphpad Prism 

version 5.0 (GraphPad Software Inc, La Jolla, CA, USA; http://www.graphpad.com) and/or 

Microsoft Excel (Microsoft Canada Co, Mississauga, ON, Canada). The values of erectile 

responses, abdominal girth measurements, IPA morphology and function represent an average of 

multiple measurements and are thereby presented as mean ± standard error of the mean. IPA 

function was assessed via relaxation induced by ACh, as the percent relaxation from the original 

phenylephrine-induced contraction. All other data were represented as the mean ± standard 
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deviation (SD). Statistical differences between treatment groups were determined via a one-way 

analysis of variance (ANOVA), followed by a Newman–Keuls post hoc test. Differences between 

and within groups in accumulation and distribution (i.e., omental vs. mesenteric) of VAT, body 

weight, and abdominal girth were assessed using a two-way ANOVA, followed by Bonferroni 

post hoc testing. Repeated measures ANOVA (one and two-way) was used when appropriate. 

Linear regression analyses were performed to yield slopes, y-intercepts, and equations as well as 

Pearson correlation coefficients to determine the degree of association between variables. P < 

0.05 was considered statistically significant, determined using either the student's t-test, a one- or 

two-way ANOVA. 

 

2.3 Results 

 

2.3.1 Body Weight, Abdominal Girth, and VAT - Longitudinal Assessment 

 There was a significant difference between all groups in absolute food intake over the 20-

week experimental period (Figure 2.1A insert). This difference was normalized when body 

weight was accounted for (Figure 2.1A), especially during the last 3 weeks of study. Water 

consumption throughout the 20-week experiment was significantly different between all groups, 

with an increase in water consumption occurring with increases in food consumption: CON vs. 

CRMI, and vs. CRMOD (P < 0.001), and CRMI vs. CRMOD (P < 0.01). This difference was 

proportional to food intake as there was a significant correlation (r2= 0.71, P < 0.0001) between 

water and food consumption.  

 With ad libitum feeding the CON group progressively gained weight throughout the 

study. CR blunted the weight gain in CRMI rats and prevented weight gain in the CRMOD group 

(Figure 2.1B). Although there were no differences in the initial body weights (CON 398 ± 19.6, 

CRMI 401 ± 22.2, CRMOD 400 ± 23.9), there were marked differences in body weight at 30 weeks 
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of age (CON 653 ± 58.6, CRMI 535 ± 47.4 [↓18%], CRMOD 409 ± 17.4 [↓37%]). There was a 

significant difference between the CON and CR groups in longitudinal abdominal girth 

measurements (conscious, upright), with significant differences visible as early as study week 3 

(Figure 2.1C). At study end, the decrease in abdominal girth from the CON group to the CRMI and 

CRMOD groups was 6% and 18%, respectively.  

 Longitudinal analysis of VAT by MRI revealed a progressive increase in adiposity in 

both the CON and CRMI groups, but not in the CRMOD group (Figures 2.2A and 2.3). At the time 

points when MRI was performed, the impact on body weight (Figure 2.2B) and abdominal girth 

(Figure 2.2C) in the CRMOD group was similarly blunted. In the CRMI these parameters (Figure 

2.2) were in between the CON and CRMOD groups, although significant changes were found 

primarily near the end of the study. 

 

2.3.2 Abdominal Girth, VAT, Serum Biochemistry, and Ventricular Weights - Study End 

 At sacrifice, differences in abdominal girth in animals in the conscious and upright 

position vs. those in an anesthetized and supine position (Figure 2.4A) were measured to confirm 

the differences found during the longitudinal assessment. The abdominal girth values in the 

anesthetized animals were not significantly different from those in conscious rats for the CON 

and CRMOD groups, although in the CRMI group there was a small, but significant difference (20.2 

vs. 19.6 cm). Thus, in general, differences between treatment groups at this final time point 

confirmed the longitudinal data. Despite the difference in the CRMI group, linear regression 

analysis of the abdominal girth in conscious vs. the anesthetized animals revealed a high degree 

of correlation (r2= 0.93, P < 0.0001). When VAT was normalized as a proportion of body weight 

(%), only CRMOD (3.3 ± 0.9%) and not CRMI (5.5 ± 1.8%, CON 6.0 ± 1.2%) was significantly 

altered by the treatment. 
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Figure 2.1. Longitudinal Assessment of Food Intake, Body Weight and Abdominal Girth 

over the 20 Week Study Period. CON (n= 7), CRMI (n= 6), and CRMOD (n= 6) Sprague-Dawley 

rats. (A) Food intake for both absolute (insert) and normalized (/BW) (B) body weights (BWs), 

and (C) abdominal girth were all significantly different between groups across the study (P < 

0.001). Data are presented as mean ± SEM. CON = control group; CR = caloric restriction; CRMI 

= mild CR; CRMOD = moderate CR. 
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Figure 2.2 Longitudinal Measurements of VAT via Magnetic Resonance Imaging at Four 

Time Points and Corresponding Body Weight and Abdominal Girth Values. (A) Visceral 

adipose tissue CON (n= 5), CRMI (n= 6), CRMOD (n= 6) (B) body weight CON (n= 7), CRMI (n= 6) 

and CRMOD (n= 6) (C) abdominal girth CON (n= 7), CRMI (n= 6) and CRMOD (n = 6). * indicates 

significant difference from other two groups at the same time point (P < 0.001). † indicates a 

significant effect of time within a group (P < 0.001). § indicates significant decrease over time 

within a group (P < 0.05). CON= control group; CR= caloric restriction; CRM= mild CR; CRMOD= 

moderate CR. 
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Age CON CRMI CRMOD 

13-14 

Weeks 

   
 21.0g 19.0g 15.8g 

16-17 

Weeks 

   
 27.5g 23.1g 18.8g 

20-21 

Weeks 

   
 41.9g 36.3g 25.9g 

28-29 

Weeks 

   

 49.0g 43.8g 23.1g 

 

Figure 2.3 Representative Magnetic Resonance Imaging of the Three Dietary Groups at 

Four Time Points. CON (n= 5), CRMI (n= 6), CRMOD (n= 6). Data presented in Figure 2. The 

white areas are visceral adipose tissue with the associated values presented below the image. 

CON = control group; CR = caloric restriction; CRMI = mild CR; CRMOD = moderate CR. 

  



37 

 

 

 

  

Figure 2.4 End of Study Measurements of Abdominal Girth, Excised VAT and 

Longitudinal Correlation of VAT to Abdominal Girth. CON (n= 7), CRMI (n= 6), and CRMOD 

(n= 6) Sprague-Dawley rats at 30 weeks of age. (A) Final abdominal girth measured conscious 

vs. anesthetized. Data are presented as mean ± SEM. * indicates significant difference from other 

two groups (P < 0.001). † indicates significant difference from conscious value in same group (P 

< 0.05). ‡ indicates significant difference vs. CON (P < 0.05). (B) Individual visceral adipose 

tissue (VAT) fat pads and total VAT. * indicates significant difference from other two groups (P 

< 0.001). ‡ indicates significant difference from other two groups (P < 0.05). † indicates 

significant difference vs. CON (P < 0.001). Abdominal girth and VAT were found to be well 

correlated when assessed (C) longitudinally (at the time of MRI measurements), and (D) at the 

end of the study (excised VAT). CON = control group; CR = caloric restriction; CRMI = mild CR; 

CRMOD = moderate CR. 
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Table 2.1 Physical Parameters and Serum Analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

± SD for all measurements 

 *CON vs. CRMI, †CON vs. CRMOD, ‡CRMOD vs. CRMI: P < 0.05. **, ††, ‡‡ P < 0.01. ***, †††, 

‡‡‡ P < 0.001. CON (n= 7), CRMI (n= 6) and CRMOD (n= 6) 

CON = control group; CR = caloric restriction; CRMI = mild CR; CRMOD = moderate CR; LV = 

left ventricle; HDL = high-density lipoprotein 

 

 

 

 

 

 

 

 

 

 

 

 

 CON CRMI CRMOD 

Physical Parameters    

Delta Body Weight (g) 254 ± 67.5 134 ± 29.3 9 ± 15.0***, †††, ‡‡‡ 

Absolute Heart Weight - LV 1.14 ± 0.125 0.93 ± 0.137 0.86 ± 0.070 **,†† 

LV/B.Wt. Ratio 1.74 ± 0.122 1.73 ± 0.122 2.09 ±0.211††, ‡‡ 

Serum Analysis    

Glucose (mmol/L) 9.9 ± 1.18 9.2 ± 1.43 9.5 ± 1.00 

Potassium (mmol/L) 5.4 ± 0.23 5.4 ± 0.54 5.9 ± 0.90 

Sodium (mmol/L) 136.0 ± 1.79 135.8 ± 2.86 138.8 ± 1.30 

Triglycerides (mmol/L) 0.5 ± 0.14 0.5 ± 0.28 0.5 ± 0.40 

Cholesterol (mmol/L) 0.8 ± 0.24 0.8 ± 0.21 1.0 ± 0.30 

HDL (mmol/L) 0.8 ± 0.26 0.8 ± 0.18 1.0 ± 0.30 

Lipid Ratio (Chol/HDL) 1.10 ± 0.16 1.10 ± 0.11 1.07 ± 0.05 
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 Furthermore, there was no significant difference between the CON and CRMI group, 

confirming the longitudinal findings of accumulation of VAT. With an increase in body weight 

from approximately 400 to 700 g there was a disproportionately high fivefold increase in the 

amount of excised VAT (Figure 2.4B). Abdominal girth was found to be a strong indicator of the 

amount of VAT either using the longitudinal, MRI assessments (r2= 0.61; Figure 2.4C) or the 

excised VAT (r2= 0.87; Figure 2.4D).  

 A comparison of means of the serum analyses of various metabolic factors between the 

three groups revealed no statistically significant differences (Table 2.1). At the end of the study 

there were no pathological changes in left ventricular mass (Table 2.1). The only difference was 

that the CRMOD group had an expected increase in the LV/BW ratio as a result of the lower body 

weight. 

 

2.3.3 Erectile Function 

 Erectile function was significantly decreased in the CON group (0.6 ± 0.45) compared 

with a young, healthy Sprague Dawley rat (>2.5 erections per 30 minutes)151 (Figure 2.5A). The 

decline in function was accompanied by an increase in body weight and accumulation of VAT. 

After 20 weeks of CR, the 30-week-old rats in the CRMOD group had normal erectile responses 

(2.5 ± 0.43) whereas in the CRMI group (1.2 ± 0.77) there was a significant decline in erections. 

The severity of ED across the groups also revealed marked differences (Figure 2.5B). That is, 

100% of the CON group had some level of ED (72% had moderate to severe ED), whereas 83% 

of CRMI rats had some ED (34% had moderate to severe ED), and none of the CRMOD group had 

any ED (i.e., less than 2 erections).  

 The rank order of linear correlations between the decline in the number of erectile 

responses vs. the indices of adiposity was as follows: % total VAT (r2= 0.74), total VAT (g) (r2= 

0.73), abdominal girth (r2= 0.61) and body weight (r2= 0.48) (Figure 2.6). Thus, an increase in 
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total VAT from 2% (10 g) to 8% (50 g) of body weight was associated with a near elimination of 

erectile responses. Similarly, an increase in abdominal girth from 17 to 23 cm was associated 

with a marked decline in erectile responses. 

 

2.3.4 Structure and Function of the IPA 

 There were no significant differences between the two extreme groups (CON vs. CRMOD) 

with respect to differences in lumen diameter (327 ± 12.4 vs. 322 ± 14.3 µm) and wall thickness 

(39 ± 1.9 vs. 43 ± 3.8 µm) of the IPA. In contrast, endothelial functional assessments using 

maximum ACh-mediated relaxations revealed there were significantly improved responses in the 

CRMOD group (53 ± 4.5%) compared with the CON group (35 ± 4.1%). However, no significant 

differences in relaxation were evident between the CRMI (42 ± 4.4%) and CON or CRMOD. 
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Figure 2.5 Erectile Function at End of Study. CON (n= 7), CRMI (n= 6), and CRMOD (n= 6) at 

30 weeks of age. (A) Average number of erections per half hour testing period ± SEM (7–8 

testing periods). * indicates CRMOD was significantly different from other two groups (P < 0.001). 

(B) The severity of ED classified as no dysfunction ≥2.0 erections, mild dysfunction less than 2.0 

but >1.0 erection, moderate dysfunction 0.5 to 1.0 erection; or severe dysfunction <0.5 erections. 

CON = control group; CR = caloric restriction; CRMI = mild CR; CRMOD = moderate CR; ED = 

erectile dysfunction. 
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Figure 2.6 Correlations of Average Erections with Anthropometric Measurements. Average 

erections (n= 19) with (A) Visceral adipose tissue (VAT)/body weight (BW) (%) and (insert) 

VAT (g) (B) abdominal girth (anesthetized, supine) and (C) body weight. CON = control group; 

CR = caloric restriction; CRMI = mild CR; CRMOD = moderate CR. 
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2.4 Discussion 

 The major finding of this study in normotensive Sprague Dawley rats was that 

accumulation of VAT negatively impacted endothelial function of the IPA as well as erectile 

responses, without altering the profile of traditional biochemical markers. This accumulation of 

VAT was predicted with good precision by abdominal girth, but not by body weight, validating it 

as a tool in rats for the longitudinal assessment of VAT. Despite the fact that mild CR attenuated 

body weight increases, it was not as effective as moderate CR in preventing accumulation of 

VAT and the decline in erectile responses that typically occurs with age and increased adiposity 

in ad libitum fed rats.151 However, moderate CR significantly attenuated VAT accumulation and 

prevented the decline in erectile responses. This demonstration of a successful preventative 

strategy using only a dietary intervention in an animal model recapitulates several key aspects of 

the human condition and validates this experimental approach for future studies.  

 MRI- and abdominal girth-based longitudinal assessment of VAT both showed time 

dependent changes that were confirmed by fat pad analysis at the end of the study. Whereas MRI 

is relatively expensive, measurement of abdominal girth is a simple and cost-effective approach, 

providing a non-invasive, longitudinal index of VAT in rats. Alterations in abdominal adiposity 

were not well correlated with changes in body weight thereby highlighting the importance of 

more definitive measurements of VAT. 

 Our studies implicate VAT per se as an underlying mechanism by which increases in 

body weight negatively impact on erectile responses induced by apomorphine, a centrally acting 

erectogenic agent. This pharmacological approach integrates all aspects of the erectile pathway; 

starting from hypothalamic stimulation, to neural mediation and peripheral neurovascular 

coupling.12,378 It is notable that VAT and abdominal girth as a marker of VAT, independent of 

changes in traditional risk factors (e.g., glucose, lipids) was sufficient to alter erectile function 

measured in this manner. Taken from a pharmacological perspective, our studies suggest that 
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VAT may be regarded as a “drug depot,” with a “concentration-response relationship”; in that a 

higher accumulation of VAT could induce a greater negative impact on the circulation by 

releasing increasing amounts of various cytokines and adipokines.51,154,156,379  

 A moderate level of CR attenuated the development of adiposity and delayed the onset of 

ED that occurs with age in male Sprague Dawley rats. Although mechanisms remain to be 

elucidated, lifestyle modifications, including CR and exercise, are recommended in the initial 

intervention of both CVD and ED to elicit global improvement in cardio-metabolic risk 

factors.103,121,137,140 The present findings suggest that a threshold level of CR is required to achieve 

a significant reduction in adiposity, improve endothelial function of the IPA, and thereby enhance 

erectile function.  

 The increase in body weight in the control group produced an expected increase in left 

ventricular weight and a decrease in LV/BW ratio. The LV/BW ratio naturally decreases with an 

increase in body weight.380,381 Since animals in this study were age-matched, differences in their 

LV/BW ratio reflect differences in body weight and not significant changes in the 

circulation.380,381 

 Clinically, age-related hypogonadism has been associated with reduced erectile function, 

with the metabolic impact of accumulating abdominal obesity implicated as a possible 

mechanism.140,382 However, previous experimental findings showed that ED in 44-week-old rats, 

likely with substantial VAT, was not altered by testosterone supplementation.151 The same strain 

of rats, at a younger age, was used in this study, thus it is unlikely that androgen deficiency 

explains the progression of ED found in the control group or that normalization of testosterone 

levels is the mechanism of CR-induced maintenance of erectile responses. Functional changes, 

but not alterations in the wall thickness and lumen diameter of the IPA, accounted for the 

differences in erectile responses between groups. Given the lack of impact on serum 

biochemistry, how improved endothelial function following moderate CR mediates this effect on 
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erectile processes remains to be established. Regardless, this finding indicates an important role 

for the endothelium of the IPA in erectile function that warrants further investigation.  

 CR is a relatively noninvasive, and yet efficient approach that can be readily used 

experimentally. This simple approach is in contrast to invasive methods such as surgical removal 

of adipose tissue. The positive effects on VAT, endothelial function and erectile function 

observed in this study were achieved in a relatively short time span, without severe or prolonged 

CR, additional physical activity or significant impact on metabolism. In conclusion, these 

findings highlight the considerable benefit on erectile function associated with preventing 

accumulation of VAT in aging normotensive rats (i.e., maintaining endothelial function). 
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Chapter 3 

Erectile and Female Sexual Function in Sedentary and Overweight or Obese Males 

and Females and the Effect of a Chronic Exercise Intervention 

 

3.1 Introduction 

 Erectile dysfunction (ED) is defined as the persistent inability to attain or maintain an 

erection sufficient for sexual function.17 ED affects the quality of life of individuals as well as 

their personal relationships.19 The worldwide prevalence of ED is over 125 million.26 The 

advancing age of the population, climbing obesity rates, and the prevalence of physical inactivity 

will contribute to an increased risk of ED, such that, it is estimated that the prevalence will double 

by 2025.36  In women, the actual prevalence of  female sexual dysfunction (FSD) remains 

contentious, although, the largest, global report to date estimates that approximately 40% of 

women 40-80 years of age have at least one aspect of FSD,90,91 with personal distress being 

involved in up to 25% of FSD.92,93 FSD is complex and encompasses several types of 

dysfunctions, including those related to desire, arousal, orgasm or sexual pain (i.e., dyspareunia 

and vaginismus).81,84–89 Psychological and physiological changes to the sexual response cycle can 

cause disturbances in sexual function, resulting in  a decrease in quality of life and difficulty in 

interpersonal relationships.81,86–89  

  ED and cardiovascular disease (CVD) share similar etiologies and pathologies (e.g., 

endothelial dysfunction, inflammation).28,49,50,101 Additionally, the prevalence of ED is associated 

with various cardiovascular risk factors (e.g., obesity, age,  dyslipidemia, hypertension, diabetes, 

inflammation and physical inactivity).105–109 Vasculogenic ED, resulting from disease of the 

arteries supplying the penis, and accounts for, at least in part, approximately 80% of all cases of 

ED.40,41 In fact, the onset of  ED is now recognized to be  a strong indicator of silent systemic 

vascular disease, and a sentinel of future cardiovascular events.119,120,128–133 Because ED and CVD 
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are linked in this fashion, it is recommended that men with ED who have no other cardiovascular 

symptoms should be managed as a cardiac patient until “proven otherwise”.103 Normal vascular 

and endothelial function of the genital arteries and arterioles is also required for female sexual 

function.76,78,79 That is, vasculogenic FSD can be attributed to atherosclerosis of feeder pelvic 

arteries resulting in a decreased capacity for vaginal engorgement and lubrication, as well as 

clitoral insufficiency syndrome.76,78,79 Whereas there is limited information on the role of CVD in 

FSD,81 findings from the Third Princeton Consensus Conference reveal that women with 

increased cardiovascular risk profiles, that is the presence of hypertension, hyperlipidemia, 

obesity, metabolic syndrome, and diabetes, have more FSD than those without.79 However, to 

date, FSD has not been established to be a predictor of cardiovascular events.79. 

 Obesity is a risk factor for conditions such as diabetes, dyslipidemia, hypertension and 

prothrombic states,142 and has reached epidemic proportions in North America.195 A significant 

portion of Americans are currently overweight or obese with a prevalence of 35% in adult men 

and women.383 Obesity is associated with both endothelial dysfunction, and subclinical 

inflammation, which contribute to the risk of CVD.51,384–386 ED is more prevalent in males who 

are overweight and obese.101,106,143,144 Strikingly, in one report on a population of men with ED, 

almost 80% were overweight or obese (BMI>26).28 In males who are obese, there is a strong 

association between impaired blood flow and incident ED.387 In contrast, findings linking obesity 

and sexual dysfunction in females remains sparse, although one study suggests an increased risk 

of FSD in females that are overweight or obese.146 The cardiometabolic risk profile leading to an 

increased risk of CVD and mortality that has classically been attributed to obesity, appears to be 

dependent on the regional distribution of adipose tissue. Specifically, increased deposition of 

visceral adipose tissue (VAT) appears to incur the greatest risk.157–160 Waist circumference is a 

good predictor VAT and of overall morbidity and mortality.164–166 In Canada, 32% of men and 

42% of women are abdominally obese, as defined by an increased waist circumference (>88cm in 
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women, >102cm in men).167 Furthermore, in both men170,171 and women171 increased waist 

circumference is associated with increased prevalence of sexual inactivity. In fact, men with a 

high waist circumference have a 50% greater chance of having ED.172 

 In addition to the risk associated with obesity in men alone, the presence of metabolic 

syndrome is a strong predictor of all-cause and CVD mortality.175 In fact, the risk of CVD can 

increase by 50% in individuals with the metabolic syndrome.176 Waist circumference, in 

particular, is an important determinant of the metabolic syndrome, such that an increase in waist 

circumference of 1 cm, increases the prevalence of the metabolic syndrome by 7% in men and 

6% in women.155 The metabolic syndrome is prevalent in Canadians174 and is an important risk 

factor for ED.170 In fact, there is a high prevalence of ED (40%) in males with the metabolic 

syndrome.108 This frequency increases as the number of “components” of the metabolic syndrome 

increase.108,144,177 Despite this association, one study found a lack of correlation between arterial 

insufficiency-induced ED and the metabolic syndrome.388 In women with the metabolic syndrome 

there is an increased prevalence of FSD178,179 that occurs in both pre178 and post95 menopausal 

women. 

 A significant proportion of Americans194,195 and Canadians (~69% of men and women)193 

spend most of their waking hours sedentary. The disease burden resulting from physical inactivity 

has been assessed globally to account for 6% of all disease (e.g., coronary heart disease, type 2 

diabetes) and 9% of premature mortality.196 Physical inactivity also increases the incidence of 

ED.144,171,172,197,198 Inactive or only moderately active men have a 40-60% increase in risk of ED, 

independently of BMI, compared to active men (>or =150 min/week).172 When obesity and 

physical inactivity occur together there is an additive increase in the risk of ED, particularly in 

younger men.30 Exercise, on the other hand, has been shown to increase life expectancy,196 and 

lower the risk of ED.25,106,203–207 Higher levels of physical activity result in a further lowering of 

risk of ED, in a stimulus-response manner.206 However, the presence of increased adiposity (BMI 
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> 25), regardless of level of exercise, increases the risk of ED.30 There is some evidence to 

support a role in reduction of body mass, in part using exercise in the amelioration of FSD.208 

 Obesity209 and inactivity210,211 contribute to a dysfunctional endothelium, whereas aerobic 

exercise can improve endothelial function.199,200 Endothelial function impairs vasodilatory 

processes, resulting in pro-thrombic and pro-inflammatory signals, which can contribute to 

CVD.212 Initiation and maintenance of an erectile response is dependent on functional 

endothelium, particularly, the release of nitric oxide (NO) from the endothelium to insure 

relaxation of pre and intra-penile arteries and an increase in blood flow to the penis.12–14 Thus, 

dysfunction in this regard, that is endothelial dysfunction, is thought to be the first clinical 

manifestation of vascular pathogenesis,56 playing a key role in the initial stages of vasculogenic 

ED.40,49–52 This association is not as well established in females, although there is some evidence 

to suggest that vascular insufficiency occurring as a result of endothelial dysfunction, contributes 

to diminished genital blood flow and FSD.97 

 Two markers of endothelial function include von Willebrand Factor (VWF) and 

osteoprotegerin (OPG), both of which are produced in the endothelium and stored in Weibel-

Palade bodies until they are co-released.215,216,233 When endothelial injury occurs, endothelial cells 

secrete VWF which initiates the maintenance of hemostasis.230,231 OPG attaches to VWF, 

traveling to sites of vascular injury and inhibiting vascular calcification.215,236,237 OPG also 

regulates osteoclasts, calcification & bone resorption and prevents endothelial apoptosis. 215,236 In 

addition, upon release VWF:Ag and VWFpp dissociate in the plasma where only the antigen is 

functional.233,235 These biomarkers correlate with endothelial dysfunction, are elevated in CVD, 

and are predictive of cardiovascular events and mortality.221,224–231 C-reactive protein (CRP), an 

indicator of inflammation is also associated with endothelial dysfunction,144 obesity,213 and is a 

biomarker associated with risk of CVD, including, coronary artery disease (CAD), ischemic 

stroke, and mortality.213,214 
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 Measurement of both VWF antigen (VWF:Ag) and pro-peptide (VWFpp) levels allow 

for discrimination between chronic and acute phases of endothelial cell activation in vivo.216 

VWFpp facilitates the production and packaging of VWF:Ag multimers (the functional and active 

component) and can be used to indicate the synthesis level of VWF:Ag. After secretion into 

plasma, VWFpp dissociates from VWF:Ag and is more rapidly cleared with a half-life of 2 to 3 

hours, whereas mature VWF:Ag circulates with a half-life of 8 to 12 hours.216,389 Thus, 

assessment of VWFpp provides additional evidence of VWF:Ag synthesis, since measuring 

VWF:Ag alone would not account for degradation of the antigen. To date, the measurement of 

both VWF:Ag and VWFpp, has not been done in men and women with erectile and female sexual 

dysfunction.  

 This study examines a sub-population of sedentary and overweight or obese subjects 

within a larger clinical trial,390 which examined 160 males and 160 females (35-65 years of age) 

over 24 weeks in 3 different exercise groups. Erectile and female sexual function of this sub-

population was evaluated at baseline and after 24 weeks of exercise. Additionally a cross 

sectional analysis was conducted to evaluate differences in cardiometabolic factors between 

subjects with and without erectile and female sexual dysfunction. 

 

3.2 Methods 

 

3.2.1 Study Design and Population 

 The methods of the large scale randomized controlled study, of which this sub-analysis is 

derived from, have been published previously.390 A brief review follows, along with additional 

methods used in the sub-analysis of this patient cohort.  

 This study assessed erectile function in males and sexual function in females from a 

cohort of patients of a 6-month, single-center, randomized, and controlled trial with a parallel 
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group design. The original study was designed to evaluate the separate effects of habitual exercise 

that differed in dose (energy expenditure, kcal/session) and intensity (relative to VO2max, a 

measure of maximal oxygen uptake) on abdominal obesity and glucose tolerance. Participants 

were recruited from the Kingston area. The study was approved by the Queen's University Health 

Sciences Research Ethics Board (REB) - see Appendix A. All participants received medical 

clearance from their personal physician and gave informed consent before participation. 

 A cross sectional analysis was done in a cohort of sedentary (<1 hour of recreational 

physical activity per week) men (n=160) and women (n=160) aged 35 to 65 years. Additional 

inclusion and exclusion criteria for the study consisted of the following parameters: abdominally 

obese (high waist circumference; >88cm for women and >102 cm for men);173 stable weight for 6 

months prior to the study (±2 kg); BMI less than 40 kg/m2. Exclusions were: diabetes (glucose 

>11); smoker; pregnancy; hypertensive; pelvic surgeries.86 Based on Hypertension Canada's latest 

recommendations, hypertension was determined as 140/90 mmHg or higher.391 Subjects were free 

of disease and other factors that would influence their ability to participate in the study as 

determined by a pre-participation medical exam. Medications were documented by participants 

and their physicians and were grouped by hormonal, neurological, cardiovascular and general 

prescription medications.  

 The primary laboratory variables measured in this study include: systolic and diastolic 

blood pressure; body weight; BMI; waist circumference (mid-point); insulin; fasting glucose; 2 

hour oral glucose tolerance test; triglycerides; total cholesterol; HDL-cholesterol; LDL-

cholesterol. These variables were measured in the laboratory of Dr. R. Ross at Queen’s 

University and are outlined in a methods paper.390 BMI divided the participants based on level of 

obesity as follows: overweight (BMI≥25), moderately obese (BMI 30-34.9), severely obese (35-

39.9), very severely obese (BMI≥40).392  
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 The presence of the metabolic syndrome, as defined by NCEP ATP III guidelines, was 

determined as the presence of any three of the following: abdominal obesity (waist circumference 

>88cm in females and 102cm in males); high triglycerides (≥150 mg/dL); low HDL cholesterol 

(men <40 mg/dL, women <50 mg/dL); high blood pressure (systolic  130 or diastolic  85 

mmHg); and high fasting glucose (≥110 mg/dL).173 

 In the original study, participants were randomized to one of 4 conditions: no-exercise 

control (monitor diet composition to maintain baseline body weight), low volume, low intensity 

exercise, high volume, low intensity exercise, and high volume, high intensity exercise.390 The 

different exercise groups varied on exercise dose (energy expenditure, kcal) or intensity (relative 

to VO2max) for 5 sessions/week for 24 weeks. Number of calories burned per session varied 

depending on sex (male or female). The control group was told to not deviate from normal 

activity, or change exercise habits for the duration of the study. The exercise and control group 

remained on an isocaloric diet. For the purpose of this study, the effect of exercise on erectile and 

female sexual function was assessed using all exercise groups, regardless of volume or intensity, 

as the number of participants who completed sexual health questionnaires at both baseline and 

after 24 weeks of exercise was low.  

  

3.2.2 Circulating Metabolic and Endothelial Biomarkers 

 Fasting blood samples were collected into EDTA, centrifuged, and plasma stored at -

80°C until further analysis. Total VWF antigen (VWF:Ag) and VWF pro-peptide (VWFpp) were 

determined using a VWF antigen and pro-peptide enzyme-linked immunosorbent assay (ELISA), 

following manufacturer’s protocol (GTI Diagnostics, Waukesha, WI, USA), as described 

previously.393 CRP (DY1707), and OPG (DY805) were measured via sandwich ELISA using 

included standards following manufacturer’s protocol (R&D Systems, Inc. Minneapolis, MN, 

USA). 
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3.2.3 Sexual Health Questionnaires  

 Male and female subjects were given a validated, self-administered, multi-dimensional 

questionnaire on sexual function. A consent form and cover letter explaining the purpose of the 

study were distributed with the questionnaires - see Appendix B. The questionnaire was 

distributed to 160 male patients and 160 female patients. Both male394–396 and female397–401 

questionnaires have been recommended previously as a primary end point for clinical trials 

assessing erectile and female sexual function, particularly with regard to evaluating the  response 

to chronic treatments.268,394 

 Specifically, males were given the International Index of Erectile Function (IIEF) 

questionnaire.394 Erectile function (EF) score was used to determine the presence (≤25) or 

absence (>25) of ED in men, with higher scores indicating greater levels of erectile function. To 

determine the severity of ED, results were then divided based on a five-level ordinal scale of 

dysfunction: none (26–30); mild (22–25); mild to moderate (17–21); moderate (11–16); severe 

(10 or less).395,402 The IIEF index is comprised of 5 domains (sum of the scores for individual 

items), which are each evaluated separately. The five domains were: EF (Q:1,2,3,4,5,15); 

Orgasmic Function (Q:9,10); Sexual Desire (Q:11,12); Intercourse Satisfaction (Q:6,7,8); Overall 

Satisfaction (Q:13,14). Two additional key components of erectile function17 were also evaluated: 

the ability to achieve penetration (Question 3); the ability to maintain an erection (Question 4) 

sufficient for satisfactory sexual performance.      

 Females were given the Female Sexual Function Index (FSFI) questionnaire. The 

presence (≤26) or absence (>26) of sexual dysfunction was based on total score,398 with higher 

scores indicating greater sexual function.398,403 Scores of zero indicate an absence of sexual 

activity over the past 4 weeks and thus the presence or absence of sexual dysfunction cannot be 

determined.398,400,403,404 Therefore if scores of zero were present on the questionnaire it was not 

included in analysis. The FSFI results are divided into six relevant domains (sum of individual 
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domain items)  to be evaluated separately: Total Score (Q:1-15); Desire (Q:1,2); Arousal 

(Q:3,4,5,6); Lubrication (Q:7,8,9,10); Orgasm (Q:11,12,13); Satisfaction (Q:14,15,16); Pain 

(Q:17,18,19). These domains correspond to the FSD disorders of hypoactive sexual desire 

disorder, sexual arousal disorder, orgasmic disorder, sexual pain disorders.398,403 For the purposes 

of this study, females were divided into quartiles146,405 based on total score, as the basis of specific 

the cut-off points (of sexual dysfunction) remain contentious. Menopausal status was determined 

by the female participant's age, as described by McKinlay et al.406 

 For each questionnaire item, some respondents may have intentionally or accidentally 

given no response. For the FSFI and IIEF, subjects who left answers blank were excluded from 

analysis.  

 

3.2.4 Statistical Analysis 

 All statistical calculations and graph preparations were performed using Graphpad Prism 

6.0 (GraphPad Software Inc, La Jolla, CA, USA; http://www.graphpad.com). Summary statistics 

(e.g., IIEF and FSFI domain scores) were expressed as means or percentages ± SD. Descriptive 

analysis included Student's t tests (paired and unpaired) to determine differences between means 

and Chi squared test to determine differences in proportions. Linear regression analyses were 

performed to yield slopes, y-intercepts, and equations as well as Pearson correlation coefficients 

to determine the degree of association between variables. P<0.05 was considered statistically 

significant. 
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3.3 Results 

 

3.3.1 Study Population - Males and Females 

 The distribution of BMI categories in females was: overweight (n= 10), moderately obese 

(n= 16), severely obese (n= 10), very severely obese (n= 2). All women were abdominally obese 

(waist circumference >88cm) except two (84 and 88cm). A number of women had high fasting 

glucose (5.6 mmol/L or higher, n= 11), high levels of triglycerides (1.7 mmol/L or higher, n= 15), 

or low levels of HDL (<1.3 mmol/L, n= 21).  

 The distribution of BMI categories in males was: overweight (n= 5), moderately obese 

(n= 11), severely obese (n= 8), very severely obese (n= 2). All men were abdominally obese 

(waist circumference >102cm) except one (101 cm). A number of men had high fasting glucose 

(5.6 mmol/L or higher, n= 10), high levels of triglycerides (1.7 mmol/L or higher, n= 16), or low 

levels of HDL (<1.3 mmol/L, n=9). Impaired fasting glycaemia (IFG) (> 6.1 & <7.0 mmol/l) was 

present in 3 males and 2 females. Impaired glucose tolerance (IGT) (>7.8 mmol/l), occurred in 17 

males and 17 females. 

  

3.3.2 Erectile Function - Males 

 The IIEF sexual health questionnaire was distributed to males at baseline and after 24 

weeks of exercise. Thirty nine out of 160 men (24%) completed and returned the questionnaire at 

baseline, with 2 participants leaving one or more questions blank. Seven males who had 

completed a questionnaire at baseline also returned a questionnaire after 24 weeks. Men with ED 

were older on average (57.6 ± 5.16, n= 13) compared to men without ED (49.0 ± 9.18, n= 24), 

(P<0.01). Because this significant difference would confound further analysis and interpretation, 

men were age-matched for subsequent analysis: men 48 and younger were not included in 

analysis of direct comparisons. After performing the age match, there was no significant 
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difference in age between men with ED (EF score <25), (n= 13, 57.6 years ± 5.16) and those 

without (EF score ≥ 25), (n= 13, 56.8 years ± 3.79). The remaining sexual function domain scores 

(Orgasmic Function, Sexual Desire, Intercourse Satisfaction, Overall Satisfaction) as well as 

Question 3 and Question 4 of the IIEF were significantly different between those with ED and 

those without (P<0.05, Figure 3.1). The distribution of level of ED was as follows: severe (9), 

mild (4) and none (13). The mean sexual function domain scores of males with ED at an 

equivalent age were similar to those found by Rosen et al.394 

 

3.3.3 Sexual Function - Females 

 The FSFI sexual function questionnaire was distributed to females at baseline and after 

24 weeks of exercise. Sixty seven out of 160 women (42%) completed and returned the 

questionnaire with 15 participants leaving one or more questions blank. Fourteen women had 

zeros in their questionnaires, which resulted in the total score not being used to characterize 

overall sexual function. Twelve females who had completed a questionnaire at baseline also 

returned a questionnaire after 24 weeks. When subdivided by total sexual function score, the age 

of women without sexual dysfunction (n= 13, Total Score (TS) <26, 45.5 ± 9.85) was not 

significantly different from those with sexual dysfunction (n= 25, TS ≥26, 49.0 ± 6.41). Note that 

the number of female participants included in the analysis of sexual function is less than the 

number of women who filled out the questionnaire as some women left parts of the questionnaire 

blank and others reported scores of zero, indicating no sexual activity within the last four weeks. 

When women were divided by menopause status based on groupings by McKinlay et al406: pre-

menopausal (<47.5), peri-menopausal (≥47.5), post-menopausal (≥51.3 post-menopause), there 

was no significant difference in any of the sexual function domains. Females were rank ordered 

by their total sexual function score and divided into quartiles (n= 10, 9, 9, 10, Figure 3.2). There 

were no significant differences between the ages of these women: 1 (44 ± 9.4), 2 (49 ± 6.1), 3 (51 
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± 7.8), 4 (48 ±6.8). The total score of these quartiles was significantly different between all 

groups (P<0.05, Figure 3.2). Following the quartile distribution, there were significant differences 

between most groups of all the domains (Desire, Arousal, Lubrication, Orgasm, Satisfaction, 

Pain), with pain being the least significantly different category (Figure 3.2).  
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Figure 3.1. Sexual Function Domain Scores in Men. Sexual function domain scores of the IIEF 

in aged matched males with ED (n= 13) and without (n= 13). Erectile Function, Orgasmic 

Function, Sexual Desire, Intercourse Satisfaction, Overall Satisfaction as well as Q3 and Q4. All 

sexual function domain scores were significantly different between those with ED and those 

without. *P<0.05 vs. control. All data presented as ± SD. 
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Figure 3.2. Sexual Function Domain Scores in Women. Sexual function domain scores of the 

FSFI in females divided by quartiles (rank ordered by Total Score): 1 (n= 10), 2 (n= 9), 3 (n= 9), 

4 (n= 10). There were significant differences between most groups of all the domains: Total 

Score, Desire, Arousal, Lubrication, Orgasm, Satisfaction, Pain. *P<0.05 vs. control; †P<0.05 vs. 

quartile 2, ‡P<0.05 vs. quartile 3. All data presented as ± SD. 
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3.3.4 Medications and Surgeries - Males 

 The number of medications (grouped by class) were compared between men with ED and 

men without ED (Table 3.1). Men with ED (39%) were significantly more likely to be taking 

neurological drugs compared to men without ED (0%). There were no statistically significant 

differences between men with ED and men without ED in any other medication groups 

(cardiovascular, hormonal, total prescription). None of the males reported taking PDE5 inhibitors 

(e.g., ViagraTM).  All surgeries were documented by the participant as well as their physician. 

None of the participants of this study had undergone any type of surgery involving the prostate 

(e.g., TURP).  

 

3.3.5 Medications and Surgeries - Females 

 The number of medications (grouped by class) were compared between quartiles based 

on female sexual function (Table 3.2). There were no statistically significant differences in 

medications between any of the quartiles groups (neurological, hormonal, cardiovascular, total 

prescription). All surgeries were documented by the participant as well as their physician. At least 

one woman in 3 of 4 quartiles had a hysterectomy (none in group 4, 2 in Group 3). 

 

3.3.6 Males - Anthropometric, Hemodynamic and Biochemical Measurements 

 In male subjects with and without ED there were no differences between lipids 

(triglycerides, cholesterol, HDL, LDL; Figure 3.3). Insulin, the Homeostasis Model of 

Assessment-Insulin Resistance (HOMA-IR) ratio and glucose values over a two hour oral glucose 

tolerance test were also not significantly different between groups (Figure 3.4). Whereas there 

was no difference in blood pressure (SBP or DBP) or body weight, both BMI and waist 

circumference were elevated in men with ED (P<0.05, Figure 3.5). There were no differences 

between any of the biochemical factors (e.g., inflammatory and endothelial), including CRP, 
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Table 3.1. Percentage of Male Participants Taking Prescription Medications 

 

 

 

 

 

 

 

  *P<0.05 vs. No ED 

 

Table 3.2. Percentage of Female Participants Taking Prescription Medications 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Type of Medication No ED (n=13) ED (n=13) 

   

Neurological (%) 0 39* 

Cardiovascular  (%) 23 46 

Hormonal (%) 8 8 

Prescription (%) 31 62 

Type of Medication Quartiles 

 1 (n=10) 2 (n=9) 3 (n=9) 4 (n=10) 

Neurological (%) 10 20 20 10 

Cardiovascular (%) 22 22 11 11 

Hormonal (%) 33 33 11 11 

Prescription (%) 20 20 10 0 
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Figure 3.3. Lipid Levels in Men with and without ED. Lipids in aged matched males with ED 

(n= 13) and without (n= 13). There was no difference between any of the lipids: triglycerides, 

cholesterol, HDL, LDL between men with ED and those without. All data presented as ± SD. 
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Figure 3.4. Blood Glucose and Insulin Levels in Men with and without ED. Blood glucose 

and insulin in aged matched males with ED (n= 13, n= 12 for HOMA-IR) and without (n= 13). 

There was no difference between levels of insulin, the Homeostasis Model of Assessment-Insulin 

Resistance (HOMA-IR) ratio and glucose values over a two hour oral glucose tolerance test 

between men with ED and those without. All data presented as ± SD. 
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Figure 3.5 Hemodynamic and Anthropometric Measurements in Men with and without ED. 

Hemodynamic and anthropometric measurements in aged matched males with ED (n= 13, n= 12 

for SBP and DBP) and without (n= 13). BMI and waist circumference were significantly elevated 

in men with ED. The high waist circumference indicates the presence of increased visceral 

adipose tissue (VAT). There was no difference in blood pressure (SBP or DBP) or body weight 

between men with ED and those without. *P<0.05 vs. control. All data presented as ± SD. 
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VWF:Ag, WVFpp, and OPG (Figure 3.6). VWF:Ag and VWFpp were positively correlated (r2= 

0.55, P<0.0001, Figure 6) as was the VWF Ag:pp ratio (r2= 0.46, P<0.001). In contrast, VWF:Ag 

was not correlated with OPG (r2= 0.038, P=0.35, Figure 3.6), or CRP (r2= 0.024, P=0.45). There 

were no significant correlations between VWF:Ag and any of the the sexual function domains.  

 

3.3.7 Females - Anthropometric, Hemodynamic and Biochemical Measurements 

 In females, there were no differences between the quartiles in lipids (triglycerides, 

cholesterol, HDL, LDL; Figure 3.7). There were also no differences in insulin, HOMA-IR ratio 

and glucose values over a two hour oral glucose tolerance test (Figure 3.8). No differences 

between quartiles occurred for blood pressure (DBP or SBP), body weight, BMI, or waist 

circumference (Figure 3.9). Similarly, there were no differences between groups for any of the 

biochemical factors (e.g., inflammatory and endothelial), including CRP, VWF:Ag, WVF:pp, and 

OPG (Figure 3.10). Similar to the male data, VWF:Ag and VWFpp were positively correlated 

(r2= 0.64, P<0.0001, Figure 3.10) as was the VWF Ag:pp ratio (r2= 0.60, P<0.0001). VWF:Ag 

was also correlated with OPG (r2= 0.15, P<0.05, Figure 3.10) but not with CRP (r2= 0.01, 

P=0.57). There was no correlation between VWF:Ag or any sexual function domains. 

 

3.3.8 Effect of Exercise on Erectile Function - Males 

 Erectile function in age-matched males, based on their EF score, was significantly 

improved after 24 weeks of exercise (n= 7). Erectile function scores at baseline (14.86 ± 14.29) 

increased after 24 weeks of exercise (27.43 ± 2.76) (P<0.05, Figure 3.11). The IS score domain as 

well as Question 3 and Question 4 were also significantly improved after 24 weeks of exercise 

(P<0.05, Figure 3.11). When only men who had ED at baseline (n= 4) were included in the 

analysis, there was an even greater improvement from baseline (3.5 ± 2.6) to 24 (25.75 ± 2.5) 

weeks of exercise that was statistically significant (P<0.001). 
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Figure 3.6. Endothelial and Inflammatory Markers in Men with and without ED. 

Biochemical markers of endothelial function and inflammation in aged matched males with ED 

(n= 13, n= 12 for OPG) and without (n= 13). There were no differences between inflammatory 

(CRP) and endothelial (VWF:Ag, VWFpp, OPG) markers between men with ED and those 

without. All data presented as ± SD. VWF:Ag and VWFpp were positively correlated (r2= 0.55, 

P<0.0001). In contrast, VWF:Ag was not correlated with OPG (co-released) (r2= 0.038, P=0.35).  
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Figure 3.7. Lipid Levels in Women Divided by Quartiles Based on Sexual Function. Lipids 

in females divided by quartiles (rank ordered by Total Score): 1 (n= 10), 2 (n= 9), 3 (n= 9), 4 (n= 

10). There was no difference between any of the lipids: triglycerides, cholesterol, HDL, LDL 

between women in any of the quartiles. All data presented as ± SD. 
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Figure 3.8. Blood Glucose and Insulin Levels in Women Divided by Quartiles Based on 

Sexual Function. Blood glucose and insulin in females divided by quartiles (rank ordered by 

Total Score): 1 (n= 10, n= 9 for Insulin and HOMA-IR), 2 (n= 9, n= 8 for Insulin and HOMA-

IR), 3 (n= 9, n= 8 for Glucose (30 min)), 4 (n= 10, n= 9 for Insulin and HOMA-IR). There was no 

difference between levels of insulin, the HOMA-IR ratio and glucose values over a two hour oral 

glucose tolerance test between women in any of the quartiles. All data presented as ± SD. 
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Figure 3.9. Hemodynamic and Anthropometric Measurements in Women Divided by 

Quartiles Based on Sexual Function. Hemodynamic and anthropometric measurements in 

females divided by quartiles (rank ordered by Total Score): 1 (n= 10), 2 (n= 9), 3 (n= 9, n= 7 for 

DBP and SBP), 4 (n= 10). There was no difference in blood pressure (SBP or DBP), body weight, 

BMI or waist circumference between women in any of the quartiles. All data presented as ± SD. 
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Figure 3.10. Endothelial and Inflammatory Markers in Women Divided by Quartiles Based 

on Sexual Function. Biochemical markers of endothelial function and inflammation in females 

divided by quartiles (rank ordered by Total Score): 1 (n= 10), 2 (n= 9), 3 (n= 9), 4 (n= 10). There 

were no differences between inflammatory (CRP) and endothelial (VWF:Ag, VWFpp, OPG) 

markers between women in any of the quartiles. All data presented as ± SD. VWF:Ag and 

VWFpp were positively correlated (r2= 0.64, P<0.0001) as was VWF:Ag and OPG (r2= 0.15, 

P<0.05).  
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Figure 3.11. Erectile Function in Males at Baseline and after 24 Weeks of Exercise. Sexual 

function domain scores of the IIEF in aged matched males (n= 7) after 24 weeks of exercise. The 

Erectile Function and Intercourse Satisfaction domain scores as well as responses to Q3 and Q4 

were significantly improved after 24 weeks of exercise. *P<0.05 vs. control. All data presented as 

± SD. 
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Although some medical and dental procedures were performed on several subjects, the timing of 

the medical interventions would likely have not impacted the results found at 24 weeks. 

 

3.3.9 Effect of Exercise on Sexual Function - Females 

 There was a modest but significant improvement in sexual function in females, based on 

Total Score, after 24 weeks of exercise (n= 12). Values at baseline (29.29 ± 5.07) increased 

modestly after 24 weeks of exercise (31.28 ± 3.76) (P<0.05, Figure 3.12). However, none of the 

individual sexual function domains were found to be significantly different (Figure 3.12). When 

only females who had FSD at baseline (n= 3) were included in the analysis, there was an even 

greater improvement from baseline (21.80 ± 3.5) to 24 (26.03 ± 4.1) weeks of exercise. This did 

not reach statistical significance. Although some medical and dental procedures were performed 

on several subjects, the timing of the medical interventions would likely have not impacted the 

results found at 24 weeks. 
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Figure 3.12. Sexual Function in Females at Baseline and after 24 Weeks of Exercise. Sexual 

function domain scores of the FSFI in females (n= 12) after 24 weeks of exercise. The Total 

Score was significantly improved after 24 weeks of exercise but none of the other domains 

showed any significant improvement: Desire, Arousal, Lubrication, Orgasm, Satisfaction, Pain. 

*P<0.05 vs. control. All data presented as ± SD. 
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3.4 Discussion 

 A major finding was that despite the fact that all male subjects were sedentary, obese and 

overweight (ages 48-68), those with erectile dysfunction (ED) had higher BMI and waist 

circumference measurements than males with normal erectile function. In the overweight and 

obese females (ages 34-63) this difference did not occur; that is, women in the highest quartile of 

sexual function had a similar waist circumference and BMI as women in the lowest quartile. In 

both males and females, the additional presence of the metabolic syndrome did not significantly 

affect differences in the sexual function domains. In both males and females, there were no 

significant differences in the markers of endothelial dysfunction (VWF:Ag, VWFpp and OPG) 

and inflammation (CRP) between participants with and without erectile and female sexual 

dysfunction. As expected, there was a strong correlation between VWF:Ag and VWFpp in both 

males and females, whereas OPG levels were only correlated with VWF:Ag in females. 

Prescription medications, specifically neurological drugs (e.g., antidepressants) were more 

common in men with ED, whereas there was no significant difference in medications between the 

quartiles of women based on their sexual function. Finally, in a preliminary analysis, erectile 

function in males and sexual function in females was found to be significantly improved with 24 

weeks of exercise. Other outcome variables and biomarkers will be available for the 24 week time 

point in the near future from this ongoing study. 

 Although both sexes shared similar risk factors, the impact of these factors appeared to 

affect the erectile and female sexual function differently. In this study, there was an association 

between ED and BMI, confirming the results of previous studies.25,28,30,35,145,172 There also appears 

to be a relationship between BMI and prevalence of ED, such that increases in adiposity incurs an 

even greater risk of ED.145 Findings from a study done by Bacon et al show that compared to men 

of normal body mass (BMI <25), overweight men on the lower end of the cut off (BMI 25.0 to 

26.9) had a 19% increase risk of ED, whereas overweight men at the higher end of the cut off 
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(BMI 27.0 to 29.9) had a 33% increase risk of ED. Strikingly, in obese men (BMI 30 or greater), 

the relative risk of ED was twice that of men with a normal body mass (BMI<25).145  

 Independent of BMI, waist circumference is a predictor of abdominal obesity (i.e., 

VAT)407,408, obesity-related health risks,147,154,155 ED,105,168 as well as morbidity and 

mortality.155,166,409,410 Thus, it is likely that the increase in waist circumference found in the males 

with ED in this study was associated with an increase in VAT. This needs to be confirmed in 

future studies. Abdominal, or visceral fat is the depot that has the strongest association with 

cardiovascular risk147,154,157,158,411 and mortality in men,158 and at least one other study has 

confirmed an association between ED and VAT.161 Therefore, it may be this increase in VAT that 

is contributing to a further increase in ED.  

 There was no association between FSD and BMI or waist circumference, suggesting that 

increases in body mass or distribution of fat do not play as large a role in FSD. Whereas some 

studies do not support an association between FSD and obesity,412,413 other reports suggest a 

linkage.146,414 Other variables such as psychological distress, poor body image, and hormonal 

profiles may have contributed to FSD in this study population. Thus, the present study, although 

not definitive, indicates that this interaction is likely either complicated or does not exist, with the 

former being more likely.  

 In our study, the metabolic syndrome did not associate with erectile and female sexual 

dysfunction. Findings in the literature are conflicting, with some reports showing a lack of 

correlation between the metabolic syndrome and FSD415 whereas others demonstrate an increased 

risk of both ED108,170 and FSD.416  

 Chronic exercise (24 weeks), without caloric restriction, was able to improve erectile and 

female sexual function in this population of sedentary and overweight or obese men and women. 

Of note is that these findings occurred in a relative low sample size and using a self-reported 

response of sexual function. Furthermore, effect on self-esteem and other psychological factors 



76 

 

were not reported. These findings need to be confirmed in a larger sample size using other 

validated measures of erectile and female sexual function assessment such as the Rigi-Scan, echo 

and duplex Doppler ultrasonography (DUS) and vaginal photoplethysmograph. At this time, we 

do not have the data to explain the mechanisms accounting for this improvement, although it 

likely will be a combination of physiological and psychological factors. The present data in males 

is supported by the largest, randomized and controlled exercise study which found that lifestyle 

modifications such as exercise and caloric restriction, independent of changes in BMI and other 

confounders improved erectile function in males with ED.105 Additional experimental and clinical 

exercise interventions have also shown improvement in erectile function with exercise.151,183,197,198 

In females, data is limited, however there is some evidence to support that weight loss can 

improve FSD in women.79,88,414 

 Currently, the mechanisms attributed to the benefits of exercise (e.g., decrease risk of 

CVD)193 are not well understood, although most attribute it to a decrease in adiposity, specifically 

in adipose tissue surrounding the organs (i.e., VAT).150 In fact, exercise might selectively target 

abdominal adiposity;417 with a reduction in VAT being associated with positive health 

outcomes.150 Although at this time we can only speculate on the mechanisms involved in 

improved erectile and female sexual function with exercise, they likely include a reduction in 

abdominal adiposity, metabolic disturbances, vascular dysfunction, as well as an improvement in 

mood and self-esteem.144,197,198,418,419 

 VWF antigen levels, considered to reflect the status of the endothelium, at least in part, 

have been shown to rise acutely following exposure to the higher shear forces generated during 

acute exercise.420 However, changes in VWF levels with chronic exercise have not been 

evaluated. The only study to date that evaluated VWF levels in ED was done in males of normal 

body weight54 and reported an increase in VWF levels in males with ED.54 Thus, the present 

study is the first to evaluate both the VWF antigen and VWF pro-peptide in sedentary and 
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overweight or obese males and females. Endothelial dysfunction can develop into atherosclerotic 

disease55,133 and is considered to be a key player in the development of vasculogenic ED.133 In this 

study, there was no significant association between erectile or female sexual function and either 

endothelial or inflammatory markers in males or females. These results are somewhat unexpected 

as endothelial dysfunction has been linked to ED in men51,53,81 and is thought to contribute to 

FSD.81  These findings may reflect differences in the study population, differences in severity of 

comorbidities, or the fact that only sedentary individuals were involved. Furthermore, changes in 

VWF levels as an indicator of endothelial function should also be confirmed using methods 

including the assessment of molecules such as vascular endothelial growth factor (VEGF) and 

soluble adhesion factors, since VWF provides only one aspect of endothelial function. The fact 

that the entire group consisted of sedentary individuals may have induced a common circulatory 

deficit and inflammatory activation in all subjects that impacted differentially on the affected 

subpopulation. Improvements in erectile function have been associated with improvement in 

endothelial function and inflammatory status with exercise.105 Therefore, one would expect 

endothelial function to be improved after 24 weeks of exercise, particularly in the men who saw 

an improvement in erectile function. This will be determined by examining changes in VWF and 

OPG levels once the study is complete. 

 Therapeutic agents have varying effects on erectile function. For example, 

antihypertensive medications (e.g., beta-blockers, diuretics) and antidyslipidemics (statins) can 

contribute to ED, whereas antihypertensive medications that impact on the renin angiotensin 

system (RAS) (e.g., ACE inhibitors), can ameliorate ED.421–423 Whereas the classes of 

therapeutics that some of the participants in this study were taking have been known to impact on 

erectile function, only neurological drugs, namely antidepressants were significantly elevated in 

males with ED. There is a well-established association between depressive symptoms and 

ED.424,425 Additionally, erectile and female sexual dysfunction is a common adverse effect of 
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antidepressant treatment.426,427 Thus it is difficult to determine whether it is the neurological 

condition, or the treatment for said condition which is contributing to the increased prevalence of 

ED in this study population. 

 This study was primarily an examination of cross sectional data and thus no cause and 

effect may be inferred. There was a relatively low number of participants recruited for the study, 

particularly as it relates to follow through after 24 weeks of exercise. An explanation for this may 

be that the sexual health questionnaires were an optional add on to an exercise study in which the 

participant enrolled with no knowledge that they would be asked about their sexual health. 

Furthermore, the questionnaires were distributed in the exercise facility by students and 

employees who did not have a background in sexual health and thus likely did not accurately 

explain why the questionnaire was being distributed. There is a lack of a control group of normal 

weight or physically active participants, as the original study only recruited sedentary and 

overweight or obese participants. In the preliminary 24 week outcomes analysis, there was a 

small number of participants who complete sexual health questionnaires, which limits the 

analysis. Furthermore, the study is not complete and therefore not all of the data at 24 weeks is 

currently available. There are other confounding variables that could affect erectile and female 

sexual function that were not measured in this study (e.g., phase of menstrual cycle, hormone 

levels). All measures of erectile and female sexual function were via self-reported questionnaires 

and no physical or diagnostic tests were performed to confirm the level of function. The 

questionnaires themselves also do not provide information about onset or duration of erectile and 

female sexual dysfunction, and do not address psychological factors (e.g., depression) or 

relationship issues. Although they were limited in number, patients who refused to participate in 

this study may be different than patients who chose to respond, therefore giving a bias to the 

results. Whether there were psychological improvements associated with exercise, such as 

increases in self-esteem, was not measured. 
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 Men with ED were more likely to have a higher BMI and waist circumference, a finding 

that was not mirrored in the women evaluated in this study. In this population, it did not appear 

that the additional presence of the metabolic syndrome incurred additional risk. Chronic exercise 

was able to restore erectile function and female sexual function. In men with ED there was a 

higher incidence of neurological medications, indicating that in some males, depression, or the 

effects of antidepressants may be contributing to the dysfunction. 

 Some previous investigators have proposed that the importance of vascular mechanisms 

underlying ED in men and women are dissimilar. As it relates to these findings, other 

mechanisms are likely complicating FSD in women and yet obesity-specific mechanisms and 

outcomes clearly appear to play a significant role in males. 

 Additional studies will be needed to determine the mechanisms underlying the 

relationship between BMI and waist circumference (i.e., as an indicator of VAT). Specifically, 

how increasing amounts of adiposity, particularly abdominal adiposity, differentially affect 

erectile and female sexual function. Moreover, the physiological and psychological changes that 

provide the observed benefit in erectile and female sexual function with chronic exercise need to 

be resolved.  

  Early detection of cardiovascular pathologies through the diagnosis of incident ED and 

FSD could result in interventions that could attenuate the progression of CVD. Currently 

recommendations exist for the initiation and maintenance of lifestyle modifications (i.e., diet and 

exercise) in men with ED to prevent or attenuate the progression of the disease.133,418,428 Our data 

support the concept that erectile and female sexual function could benefit from a chronic exercise 

program. 
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Chapter 4 

Calcification of the Internal Pudendal Artery and Development of Erectile 

Dysfunction in Adenine-Induced Chronic Kidney Disease: A Sentinel of Systemic 

Vascular Changes 

 

4.1 Introduction 

 There is a strong link between chronic kidney disease (CKD) and the development of 

cardiovascular disease (CVD),244 such that at every stage of CKD, CVD is the leading cause of 

morbidity and mortality.242 Erectile dysfunction (ED) and CVD share common vascular etiologies 

and risk factors, where the degree of ED correlates with the severity of CVD.100 It is widely 

acknowledged that sufficient arterial function is critical in the initiation and maintenance of an 

erection.39,40 Incident ED appears to be a sentinel of impending cardiovascular events, preceding 

CVD by an average of 3-5 years.102,129  

 CKD increases the risk of ED, with the prevalence of ED in CKD patients being 

comparable to or greater than that of patients without CKD that are nearly two decades older.22,262 

Whereas the risk for ED in men <50 years of age is relatively low (12%), the prevalence of ED 

among men with CKD was found to be over five-fold greater within this age group.373 ED risk 

increases further with CKD progression,265 age and obesity,264 as well as dependency on 

dialysis.65 

 Framingham risk factors, such as age, sex, systolic blood pressure, smoking, diabetes 

mellitus, cholesterol, and BMI do not fully account for the increased vascular risk observed in 

patients with CKD.245,247 Non-traditional risk factors, such as endothelial dysfunction and 

disordered mineral metabolism (e.g., dysregulation of calcium and phosphate handling), 

contribute to the increased vascular risk observed in patients with CKD.245,247,248 Both ED and 

progressing renal dysfunction have been linked to underlying endothelial dysfunction.53,54,253,372,429 
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In the present study, acetylcholine (ACh)-mediated relaxation and circulating von Willebrand 

factor (VWF) levels were used to characterize endothelial function.218,234 Increased circulating 

VWF levels have been observed in patients with ED,54 CKD,218,253,429 and may predict 

atherosclerotic disease,218 as well as risk of cardiovascular events and mortality.228,234 Clinically, 

VWF levels are higher in CKD patients than in individuals with coronary artery disease (CAD) 

and no renal impairment, suggesting that the uremic environment plays a role in the progression 

of endothelial dysfunction.364      

 Disordered phosphate metabolism plays a key role in the accelerated pathogenesis of 

vascular calcification that frequently occurs in CKD patients.306 Vascular calcification involves 

transformation of medial vascular smooth muscle cells (VSMC) into an osteoblastic phenotype 

that produces alterations in the surrounding microenvironment.309,320,321 Calcification within the 

medial layer of the blood vessel is a prevalent and prominent outcome of CKD.311 Medial 

calcification is recognized clinically as accelerated vascular aging that results in dysfunctional 

outcomes related to increases in systolic blood pressure (SBP), pulse wave velocity (PWV), pulse 

pressure (PP), and left ventricle (LV) afterload.248,312,322,323 These include LV hypertrophy, altered 

distribution of cardiac output, inadequate peripheral blood flow (i.e., vascular insufficiency), and 

compromised coronary perfusion.248,312,322 

 Clinically and experimentally, accelerated pathogenic vascular adaptations have been 

linked to a decline in erectile function.63,65 In CKD patients, both the degree of CAD315 and 

severity of CAC316 have been associated with ED. Whereas the bilateral internal pudendal artery 

(IPA) is the dominant controller of total penile vascular resistance (~70%),43 its susceptibility to 

vascular calcification in CKD is not well established. However, in men on dialysis, various penile 

tissues have been shown to develop calcification.327 Taken together, these data suggest that 

vascular disease of the IPA, including calcification, may be important in the development of ED 

in CKD.  
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 Some evidence suggests that there is a differential regional susceptibility of blood vessels 

to calcification; with an increase in calcification in distal compared to proximal vessels.100,329,430 

Although ED is highly prevalent in CKD, the mechanisms involved in the onset and progression 

of ED, particularly as they relate to calcification of the IPA and endothelial dysfunction, have not 

yet been elucidated. In the present study, we characterized the pathological consequences of 

experimental CKD on circulatory changes, regional susceptibility to vascular pathologies, and 

erectile function in rats with and without vascular calcification. 

 

4.2 Methods 

 

4.2.1 Animals 

 Male Sprague-Dawley rats (n= 52; 454 g; 14 weeks of age, Charles River Laboratories, 

Montreal, Canada), were acclimatized (12/12 light/dark cycle) for 1-week prior to 

experimentation. During the acclimatization all rats were provided with standard rat chow 

(LabDiet 5001, Ren’s Pets Depot, Oakville, ON, Canada) and tap water ad libitum. All studies 

were performed in accordance with the guidelines of the Canadian Council on Animal Care 

(CCAC) and the Queen’s University Animal Care Committee (UACC).   

 

4.2.2 Treatment, Groups, and Time Course 

 For induction of CKD the standard chow was replaced with an adenine diet (Harlan, 

Teklad, Madison, USA) as described previously.430–432 Exposure to this diet results in 

the crystallization of adenine metabolites within the tissue of nephrons, induction of dysfunction, 

and nephron death, thus generating a model of stable CKD.433 In particular, the diet contained 

moderately high phosphate (1%), normal calcium (1%), moderate levels of vitamin K (0.2mg/kg), 

normal vitamin D (1IU/g), and moderate levels of protein (6%). This approach minimized weight 
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loss, however, if weight loss approached 10% in individual rats, the diet was then supplemented 

with normal chow and/or Nutri-Cal. Control rats were fed the same modified diet but without 

adenine and calorically restricted (~20% less than an ad libitum diet) to maintain their initial 

weight.183 This approach was based on previous studies which showed sustained health with 

minimal weight gain could be achieved with caloric restriction.183  

 Bi-weekly sampling of blood (< 1 ml) from the saphenous vein was obtained for the 

assessment of serum creatinine and phosphorous as described previously.430,431 Creatinine levels 

were measured using QuantiChromTM Creatinine Assay Kit (DICT-500) (BioAssay Systems, 

Hayward, CA, USA) and serum phosphate assays as described below for tissues. After 3 weeks 

12 animals were sacrificed for a three week time point analysis. The remaining animals continued 

on their respective diets for another 4 weeks. At 7 weeks, final serum creatinine levels were 

obtained. Rats were rank ordered and grouped by their severity of renal insufficiency into control 

(<83 µM, n=18), moderate CKD (188-297 µM, n= 10) and severe CKD (308-542 µM, n= 12) as 

previously described.431 These values were also used to divide the three week data into two 

groups: control (≤83 µmol, n= 6) and CKD (≥84 µmol, n= 6). At the end of the study creatinine 

and urea levels were measured using a Roche Modular (Hytachi) in the Clinical Chemistry Core 

Laboratory (Kingston General Hospital, Kingston, Ontario, Canada).  

 

4.2.3 Assessment of Erectile Function 

 After 3 (n= 12) and 7 weeks (n= 39) on the adenine diet, erectile responses were assessed 

in conscious rats using the standardized apomorphine erectile response bioassay (80μg/kg, SQ, 1 

ml/kg) as described previously.375,434 This agent is a non-selective, centrally-acting dopaminergic 

agonist that produces hypothalamic-initiated erections.375,434 Specifically, apomorphine has been 

shown to act within the medial preoptic area (MPOA) and paraventricular nucleus (PVN) to 

initiate a neural-to-vascular cascade, culminating in an erectile response.375,376 A limitation of 
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using this method to assess responses is that it does not directly measure blood pressure changes 

in the corpus cavernosum, which can be done using either the cavernous nerve stimulation model 

or radiotelemetric recording of intracavernosal pressure. Four testing sessions were conducted for 

each rat to determine an average response as an index of erectile function. According to 

previously established criteria, erectile function was further defined by an established severity 

scale of ED: no dysfunction ≥2.0 erections, mild dysfunction less than 2.0 but >1.0 erection, 

moderate dysfunction 0.5 to 1.0 erection; or severe dysfunction <0.5 erections.377 

 

4.2.4 Blood and Tissue Collection 

 At study end, fasted animals were anesthetized and surgically prepared for   

hemodynamic assessments, as described previously.431 In brief, fasted animals were anesthetized 

with ketamine (30 mg/kg, Rogar/STB, London, ON, Canada) and thiobutabarbital sodium 

(Inactin™, 100 mg/kg, Sigma-Aldrich Canada, Oakville, ON, Canada). After the completion of 

hemodynamic assessments, while the animal was still under anesthesia a 22G hypodermic needle 

was inserted into the left ventricle of the heart and approximately 6mL of blood was extracted, 

euthanizing the animal via exsanguination. Samples were collected into vacutainer blood 

collection tubes (EDTA tubes for VWF and serum tubes for all other measurements) then 

centrifuged (4 degrees C, 4000g, 20min) using a BHG Hermle Z320K refrigerated centrifuge 

(Mandel Scientific Company, Gosheim, Germany). Plasma was then stored at -80°C until further 

analysis.  

 The heart was excised and the right and left ventricle plus septum were separated, 

cleaned and weighed. The IPAs, thoracic aorta, carotid artery and penile tissue were then 

dissected and collected. After excision, each IPA was divided into four sections of similar length: 

I (proximal - iliac artery) to IV (distal - penis), and either prepared for embedding and histology 
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(left IPA) or snap frozen in liquid nitrogen and stored at -80°C for calcium and phosphate 

assessments (right IPA).  

 

4.2.5 Tissue Mineral Content 

 Tissue sections from the thoracic aorta, carotid artery, and IPAs were homogenized in 0.6 

N hydrochloric acid (HCl) for 24h at 4°C and centrifuged (4 degrees C, 4000g, 20 min). Samples 

were assessed for levels of calcium using the established O-cresolphthalein complexone method 

(Sigma-Aldrich Canada, Oakville, Canada). The determination of the presence of calcification in 

each tissue section was based on the levels being greater than three standard deviations from the 

mean calcium content of the control group tissues. Phosphate levels were quantified using the 

malachite green method as described previously.435  

 

4.2.6 Assessment of Endothelial Function 

 Rat VWF protein concentration (VWF:Ag) was determined by enzyme-linked 

immunosorbent assay (ELISA) using polyclonal VWF antibodies A0082 and P0226 (DAKO, 

Carpenteria, USA). Values were normalized against the average value arbitrarily set to 1.0 U/ml 

from control rats in the experiment. 

 At sacrifice, the thoracic aorta was removed for assessment of endothelial function. Two 

segments were evaluated from each animal and the data averaged and pooled into control (n=5) 

and animals with CKD (n=10). The mid-section of the thoracic aorta was cut into 2 mm rings and 

mounted in a wire myograph (Danish Myograph Technology 610 M, Aarhus, Denmark) with 200 

µm pins. Vessels were bathed in Krebs solution (37°C, 95% O2 and 5% CO2). The vessels were 

then pre-stretched and stabilized at an optimal resting tension (9.8mN, 30 minutes). After 

submaximal pre-contraction (~80%) with phenylephrine (~3x10-4), maximal endothelium-

dependent relaxation was determined using acetylcholine (ACh). All data was recorded using 
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Chart 5 software and Powerlab acquisition hardware (Model ML866, ADI Instruments, Colorado 

Springs, USA). All compounds and drugs were obtained from SigmaAldrich (Oakville, ON, 

Canada) and Fischer Scientific (Whitby, ON, Canada). 

 

4.2.7 Histological Assessment - Vascular Calcification and Morphometrics 

 The IPA, thoracic aorta, carotid artery, mesenteric artery as well as penile tissue were 

fixed in neutral phosphate-buffered saline (10X) with 4% paraformaldehyde prior to embedding 

in paraffin. Five µm sections were cut, placed on a glass slide and stained using the Von Kossa 

method to visualize vascular calcification as previously described.436 Briefly, this method 

involves first deparaffinising and then rehydrating in distilled water. Sections are incubated into a 

silver nitrate solution (1%) and then exposed to ultraviolet light (20 min). Following this, sections 

are placed in sodium thiosulfate (5%, 2 min) and counterstained with nuclear Fast Red (5 min). 

Tissue and vessel calcification, appearing as dark brown regions, were visualized using a Nikon 

Eclipse E800 microscope/camera.  

 The wall thickness and lumen diameter of the IPA were calculated from the perimeter of 

the lumen and cross sectional area, using Image-Pro Plus 6.0 software (Media Cybernetics, 

Bethesda, USA). Total wall cross-sectional area (CSA) was calculated using manual and 

automatic edge detection in Image-Pro to produce an area of interest around the vessel wall. 

 

4.2.8 Hemodynamic Measurements 

 Body temperature was monitored and maintained at 37±0.5°C using a thermistor, 

temperature controller, and heating pad. Arterial pressures (systolic: SBP, diastolic: DBP, and 

pulse pressure: PP) were measured from both the superior (carotid) and inferior (femoral) ends of 

the aorta using two saline–filled catheters (PE-50, heparin 50 IU/ml, Belton Dickson, MD, USA). 

The pulsatile wave-forms were recorded (1000Hz) using PowerLab acquisition and Chart 5 
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software, as above. The foot-to-foot method was used to determine pulse wave velocity 

(PWV).437 PWV is an established method and is the gold standard to directly measure aortic 

stiffness.323,372 At least 10 normal consecutive waveforms (cycles) were analyzed. Propagation 

distance was determined using a length of silk thread. Propagation distance/propagation time 

(m/s) was used to calculate PWV. 

 

4.2.9 Statistical Analysis 

 All statistical calculations and graph preparations were performed using Graphpad Prism 

6.0 (GraphPad Software Inc, La Jolla, CA, USA; http://www.graphpad.com). PP, PWV, tissue 

levels of calcium and phosphate, as well as IPA morphology represent an average of multiple 

measurements and are thus presented as mean ± standard error of the mean (SEM). All other data 

were represented as the mean ± standard deviation (SD). Statistical differences between treatment 

groups were determined via a one-way analysis of variance (ANOVA), followed by a Newman-

Keuls post hoc test for comparison between groups. Differences between and within groups for 

tissue calcium and phosphate were done using ANOVA, followed by a Newman-Keuls post hoc 

test. Data were log transformed to normalize distribution prior to statistical analysis (e.g., one 

way ANOVA) when required. Differences in proportions (e.g., % of vessels calcified) were 

determined via Chi-squared test. Linear regression analyses were performed to yield slopes, y-

intercepts, and equations as well as Pearson correlation coefficients to determine the degree of 

association between variables. P<0.05 was considered statistically significant and determined 

using either the students t test, one-way ANOVA or chi-squared test. 
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4.3 Results 

 

4.3.1 Development of CKD with Adenine Treatment 

 After 3 weeks on an adenine diet, creatinine levels were significantly elevated (142.4 ± 

26.73, n= 5 vs. 69.2 ± 11.00 µM, n= 6; P<0.001), as was urea (8.6 ± 2.64, n= 5 vs. 3.0 ± 0.96 

mM, n= 6; P<0.001) and phosphate (1.17 ± 0.16, n= 5 vs. 0.81 ± 0.20 mM, n= 6; P<0.05) levels. 

After 7 weeks, all adenine rats had markedly increased levels of creatinine (188-542 µM), 

indicating significant renal dysfunction. CKD rats were rank ordered by creatinine levels and 

sorted into 3 groups according to severity: control (≤83 µM), moderate (188-297 µM), and severe 

(308-542 µM) (Figure 4.1 A). Similarly, renal dysfunction was reflected by the greater serum 

urea and phosphate levels (Figure 4.1, B and C). 

 

4.3.2 Changes in Body Weight and Hemodynamics 

 There were no significant differences in baseline body weights between groups (454 ± 

19.2 g). After 3 weeks, differences in body weight began to appear (control: 471 ± 11.6 g, n= 6), 

CKD: 422 ± 11.2 g; P<0.001, n= 6). After 7 weeks, body weights increased in controls (11 ± 

4.9%), even in those given a restricted diet. As expected, the development of CKD reduced body 

weights in both CKD groups compared to controls (P<0.05).430,431 Furthermore, the relative 

reductions in body weight were associated with CKD severity, where rats with severe CKD had 

significantly greater reductions in body weight compared to those with moderate CKD (16 ± 

3.4% vs. 13% ± 2.8%; P<0.05). Whereas blood pressure measures (i.e., MAP, SBP, DBP, and 

PP) were not significantly different between groups, PWV was significantly increased (23%) in 

rats with severe CKD versus control (Table 4.1; P<0.05). 
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4.3.3 Vascular Calcification and Remodeling 

 Evidence for the development of vascular calcification was based on increases in tissue 

calcium and phosphate levels and visualization of Von Kossa staining in histological sections. 

There was no calcification at 3 weeks. At 7 weeks, in the severe CKD group, there was a 

significant elevation in calcium and phosphate content in the IPA, thoracic aorta, and carotid 

artery compared to controls (Figure 4.2 A and B; P<0.05). In the moderate CKD group, 

significant elevations in calcium and phosphate content were only evident in the IPA when 

compared to controls (Figure 4.2 A and B; P<0.05). Moreover, calcium and phosphate content in 

the IPA was significantly higher compared to the other two vessels in the earlier stages of CKD 

(moderate CKD group) (Figure 4.2 A and B; P<0.01), suggesting that the IPA calcified before the 

other vessels: IPA > carotid artery > thoracic aorta. Indeed, there was a close association between 

calcium and phosphate accumulation in the IPAs of all animals (r2= 0.85; P<0.0001; Figure 4.2 

C). Consistent with the stoichiometry of crystal formation (i.e., 10 Ca: 6 PO4 for hydroxyapatite), 

correlation analysis for only the calcified vessels revealed that the Ca:PO4 ratio increased from  

1.4 (all vessel segments; Figure 4.2 C) to 1.5 (solid triangles in upper right quadrant; Figure 4.2 

C). Calcium and phosphate levels increased first in the distal portions of the vessel, which was 

reflected by the greater proportion of calcification in the distal versus proximal segments (41% 

vs. 17%; Table 4.2).  

 Figure 4.3 presents calcium and phosphate levels of all four IPA segments from the 

proximal (IPA I; Figure 4.3 A) to distal (IPA IV; Figure 4.3 D) end, demonstrating an increase in 

mineral content in the distal portions of this vessel. The presence of calcification of both proximal 

and distal segments of the IPA predicted an increase in prevalence of calcification of other 

vessels (i.e., carotid artery, thoracic aorta) (Figure 4.4, A and B). PWV and PP data are 

subdivided (Figure 4.4, C and D) according to the absence or degree of IPA calcification. 

Consistent with the calcification profile, PWV was significantly increased by 37% in rats with  
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Figure 4.1. Creatinine, Urea, and Phosphate Levels in Sprague-Dawley Rats Fed a Control 

or Adenine Diet to Induce CKD. Sprague-Dawley rats were fed either a control or a 0.25% 

adenine diet for 7 weeks to induce chronic kidney disease (CKD). Animals were rank ordered by 

creatinine levels and grouped by severity of CKD: control (<83 µM; n=18), moderate CKD (188-

297 µM; n=10) and severe CKD (308-542 µM; n=12). (A) Serum creatinine (µM), (B) urea 

(mM), and (C) phosphate (mM) levels were higher with increasing severity of renal failure. 

*P<0.05, **P<0.01 vs. control; †P<0.05, ††P<0.01 vs. moderate CKD. Data are presented as 

mean ± SD. 
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Table 4.1. Cardiovascular Parameters After 7 Weeks of Treatment in Chronic Kidney 

Disease and Control Rats 

 

Parameter 
Control 

(n=18) 

Moderate CKD 

(n=10) 

Severe CKD 

(n=12) 

 

Hemodynamic 

Measurements 

 

   

MAP (mm Hg) 

 

108.2 ± 12.85 

 

117.6 ± 14.63 

 

106.8 ± 22.07 

 

SBP (mm Hg) 

 

127.7 ± 13.95 

 

137.4 ± 15.43 

 

133.4 ± 14.99 

 

DBP (mm Hg) 

 

91.2 ± 11.36 

 

96.9 ±15.26 

 

85.7 ± 26.98 

 

PP (mm Hg) 

 

36.6 ± 5.17 40.5 ± 9.05 47.7 ± 25.64 

PWV (cm/s) 

 

532.6 ± 71.93 

 

576.5 ± 72.79 

 

655.0 ± 183.20* 

 

Ventricular Weights 

 

   

LV/Body Weight Ratio 

 

1.84 ± 0.107 2.08 ± 0.201 2.28 ± 0.500** 

RV/Body Weight Ratio 

 

0.51 ± 0.037 

 

0.56 ± 0.077* 

 

0.59 ± 0.057* 

 

LV (g) Weight 

 

0.91 ± 0.062 

 

0.83 ± 0.061 

 

0.86 ± 0.156 

 

RV (g) Weight 

 

0.25 ±0.020 

 

0.22 ± 0.024** 

 

0.22 ±0.017** 

 

 

MAP, SBP, DBP, and ventricular weights are presented as mean ± SD; PP and PWV are 

presented as mean ± SEM. *P<0.05 and **P<0.01 vs. control. 
Abbreviations: CKD, chronic kidney disease; DBP, diastolic blood pressure; LV, left ventricle; 

MAP, mean arterial blood pressure; PP, pulse pressure; PWV, pulse wave velocity; RV, right 

ventricle; SBP, systolic blood pressure. 
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Figure 4.2. Calcium and Phosphate Levels in the Internal Pudendal Artery, Thoracic Aorta 

and Carotid Artery. (A) Calcium and (B) phosphate levels of the internal pudendal artery (IPA) 

(average of all segments), thoracic aorta, and carotid artery in chronic kidney disease and control 

rats. Phosphate levels increased in proportion with calcium levels. (C) Linear regression of 

phosphate and calcium levels in the IPA of all animals demonstrated a significant positive 

relationship (r2=0.85, P<0.0001). The dotted lines along the y-axis (11.1) and x-axis (8.47) are the 

calcium and phosphate limits, respectively. Vessels with values above these limits are considered 

to be calcified (i.e., based on three SD from the mean). Hollow circles represent IPA segments 

that are not calcified and solid triangles represent calcified IPA segments. Data are presented as 

mean ± SEM and shown on a log scale. *P<0.05, **P<0.01 vs. control; ‡P<0.05, ‡‡P<0.01 vs. 

the IPA in rats with Moderate CKD.  
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Table 4.2. Proportion of Vessels Calcified in Chronic Kidney Disease and Control Rats 

 

Vessel Control Moderate CKD Severe CKD 

Entire IPA (n=63, 34, 48) 6.35% 50.00%** 66.67%** 

Distal IPA (n=29, 17, 24) 0.00% 52.94%** 83.33%**† 

Proximal IPA (n=34, 17, 24) 2.94% 23.53%* 33.33%** 

Thoracic Aorta (n=18, 10, 12) 5.56% 0.00% 25.00% 

Carotid Artery (n=17, 10, 12) 0.00% 10.00% 41.67%** 

 

The percentages are based on both proximal segments (IPA I and II) and both distal segments 

(IPA III and IPA IV). Proximal segments were those closest to the iliac artery (IPA I and II) and 

distal segments were those closest to the base of the penis (IPA III and IV).  

*P<0.05, **P<0.01 vs. control. †P<0.05 vs. moderate CKD. N values refer to control, moderate 

CKD and severe CKD respectively. 

Abbreviations: CKD, chronic kidney disease; IPA, internal pudendal artery. 
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Figure 4.3. Calcium and Phosphate Levels in the Four Segments of the Internal Pudendal 

Artery (Proximal to Distal). Mean calcification of the internal pudendal artery (IPA) from the 

(A and B; proximal) to (C and D; distal) end (shown on a log scale). Proximal segments were 

those closest to the iliac artery (IPA I and II) and distal segments were those closest to the base of 

the penis (IPA III and IV). Calcification was more pronounced in the distal segments. *P<0.05, 

**P<0.01 vs. control. †P<0.05 and ††P<0.01 vs. moderate CKD. Data are presented as mean ± 

SD. 
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Figure 4.4. Arterial Calcification and Hemodynamic Changes Occurring as a Result of 

Increases in Segmental Calcification of the Internal Pudendal Artery. Data presented 

according to whether the internal pudendal artery (IPA) had both proximal and distal segments 

calcified (IPA I, II, III, IV), only distal segments calcified (IPA III and IV) or no segments 

calcified (No Calcification). (A) Calcium content in the thoracic aorta (n=19, 8, 11) and (B) 

carotid artery (n=17, 8, 11), (C) Pulse wave velocity (n=18, 8, 10), (D) Pulse pressure (n=19, 8, 

10). Calcium content in the thoracic aorta (A) and carotid artery (B) increased with segment-

specific calcification of the IPA (i.e., from no calcification to calcification of both distal and 

proximal segments). With greater levels of vascular calcification, pulse wave velocity (C), a 

measure of arterial stiffening, significantly increased. ¶P<0.05, ¶¶P<0.01 vs. no calcification; 

¥P<0.05, ¥¥P<0.01 vs. distal and proximal segments. Data are presented as mean ± SD (A and B) 

or ± SEM (C and D). A and B shown on a log scale. 
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Figure 4.5.A. Histology of Blood Vessels and Penile Tissue Stained with von Kossa to 

Visualize Phosphate and Calcium Content. Adenine-induced chronic kidney disease (CKD) 

produced variable vascular calcification, as detected by positive Von Kossa staining (dark 

brown); visible in the distal segment of the internal pudendal artery (IPA) in rats with CKD. 

Representative histological slices are depicted for the proximal IPA (I and II) and distal IPA (III 

and IV), thoracic aorta, carotid artery, and penile tissue from the same animal for each treatment 

group (i.e., each column). Frank calcification of the entire medial section of the artery is apparent 

in the distal segment of the IPA (IPA IV). The glans penis sections depict a bilateral cross-section 

at the mid-point of the penis, which reveals the corpous cavernosal bodies, the dorsal artery (top), 

and the urethra (bottom) surrounded by corpus spongiosum. Tissue calcium levels (nmol/mg 

tissue) are presented in the bottom right hand corner of the slide (penile values not available). 

Scale bars in the top right hand corner represent 100 µm for IPA, 500 µm for thoracic aorta and 

carotid artery, and 1000 µm for penile tissue.  
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Figure 4.5.B In Situ and ex vivo Photographs Comparing Non Calcified and Calcified 

Internal Pudendal and Thoracic Arteries. Photographs of control and calcified thoracic aortas 

and IPAs (~3 cm in rats). In situ photographs show the vessel still attached inside the animal. Ex 

vivo photographs depict removed vessels, cleaned of extraneous tissue, and placed on a petri dish. 

Calcified vessels taken from CKD rats reveal a characteristic phenotype of a rigid vessel, with 

opaque and light coloring, and a full, open lumen. The open lumen of the calcified vessel is larger 

(~50%) than that of a non-calcified vessel. 
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Table 4.3. Morphometric Parameters of the Internal Pudendal Artery (IPA) in Chronic 

Kidney Disease (CKD) and Control Rats 

 

Parameter Control CKD 
All Animals 

(Paired) 

Lumen Diameter (µm) of IPA I 356.0 ± 11.96 380.4 ± 18.68 374.1 ± 13.45 

Lumen Diameter (µm) of IPA IV 267.0 ± 17.72 320.3 ± 7.31* 287.5 ± 14.26## 

Wall Thickness (µm) of IPA I 27.8 ± 2.22 25.8 ± 1.75 27.7 ± 1.75 

Wall Thickness (µm) of IPA IV 51.6 ± 2.44 57.9 ± 12.46 55.3 ± 5.94## 

Wall:Lumen Ratio of IPA I 0.08 ± 0.009 0.07 ± 0.005 0.08 ± 0.007 

Wall:Lumen Ratio of IPA IV 0.20 ± 0.014 0.18 ± 0.042 0.20 ± 0.020## 

Cross Sectional Area (µm2) of IPA I 33318.2 ± 2500 33215.6 ± 3191 34600 ± 1848 

Cross Sectional Area (µm2) of IPA IV 52384.8 ± 4842 71208.3 ± 18036 61739 ± 9446# 

 

Abbreviations: CKD, chronic kidney disease; IPA, internal pudendal artery; IPA I, most proximal 

segment of IPA; IPA IV, most distal segment of IPA. Data in All Animals column contains paired 

tissue only (IPA I and IPA IV). Data presented as mean ± SEM. 

*P<0.05 vs. control; #P <0.05 and ##P<0.001 vs. IPA I. N values: control (11, 11); CKD (10,7); 

and All Animals (14,14) for IPA I and IPA IV, respectively.  
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both distal and proximal segments of the IPA calcified compared to rats with no IPA 

calcification, suggesting that these rats had increased arterial stiffness and/or lower vessel 

compliance.323,372 

 

4.3.4 Impact on Vascular Morphology and Calcification 

 Assessment of von Kossa positive staining was performed on the IPA, thoracic aorta, and 

carotid artery, as well as cross-sections of penile tissue. Positive von Kossa staining, represented 

by a dark brown coloring, was most evident in the distal portions of the IPA from rats with CKD 

(Figure 4.5 A), but not in the cross-sections of penile tissue. Von Kossa staining was not evident 

in any animals at 3 weeks, or in any of the control animals at 7 weeks. Mineralization was 

generally localized to the medial smooth muscle layer and accompanied by marked 

dysmorphology, cellular proliferation, and fragmentation of the elastic lamellae (Figure 4.5 A). In 

CKD rats, visual assessments of the IPA in situ and thoracic aorta ex vivo (Figure 4.5 B) provided 

clear evidence of calcification. In rats with calcification, vessels were more rigid and opaque, 

with a light coloring, and a full, open lumen. The morphometry of the most distal aspect of the 

IPA (IV) was distinctive compared to the most proximal aspect (I) (Table 4.3). Specifically, IPA 

IV had a decreased lumen diameter and an increased wall thickness, wall-to-lumen ratio, and 

cross-sectional area in both control and CKD animals. Compared to controls, the lumen diameter 

in rats with CKD of the distal segment (IPA IV) was significantly greater (20%). 

 Whereas there was no evidence of pathogenic remodeling in the proximal segments (IPA 

I), there were extensive alterations in the distal segments (IPA IV), including marked 

calcification. In particular, in the IPA sections from the moderate and severe CKD animals shown 

in Figure 4.5 A, there is clear evidence of outward remodeling with cell proliferation and 

disorganization. Compared to controls, there were distinctive changes in the cross-sectional area 

of the IPA IV from the moderate and severe CKD rats (1.37- and 3.32-fold, respectively), as well 
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as lumen diameter (1.27- and 1.13-fold, respectively), wall thickness (1.12- and 2.50-fold, 

respectively), and wall-to-lumen ratio (0.85- and 2.14-fold, respectively) (Figure 4.5 A). In 

particular, the increase in cross sectional area and lumen diameter of the rat with severe CKD was 

associated with a hyperproliferative phenotype. 

 

4.3.5 Endothelial Function 

 Circulating VWF antigen levels were significantly elevated in moderate and severe CKD 

rats compared to controls (37% and 45% greater, respectively; P<0.05; Figure 4.6 A). Local 

endothelial function was also assessed through maximum ACh-mediated relaxations in 

submaximally pre-contracted rings of thoracic aorta. It was determined that there were 

significantly superior responses in control animals compared to CKD rats (44.9 ± 13.6%, n=5 vs. 

26.9 ± 14.8%, n=10; P<0.05). Dividing vessels of CKD rats according to the presence of 

calcification in the thoracic aorta, carotid artery, or IPA did not significantly impact the 

magnitude of the ACh-mediated relaxations in calcified versus non-calcified segments (26.1 ± 

16.9%, 14 segments, 7 rats vs. 28.7 ± 8.9%, 6 segments, 3 rats). Similarly, when assessed by 

CKD severity (i.e., creatinine levels), there were no differences between severe and moderate 

CKD (26.1 ± 14.5%, 14 segments, 7 rats vs. 28.5 ± 16.6%, 6 segments, 3 rats), suggesting that a 

pathogenic threshold resulting in endothelial dysfunction was reached in all CKD rats. 

 

4.3.6 Development of Erectile Dysfunction 

 Apomorphine-induced erectile responses were determined after 3 and 7 weeks of 

adenine-induced CKD. At 3 weeks, there were no significant differences in erectile function 

between control and CKD animals (1.5 ± 0.68, n=6 vs. 1.8 ± 0.77, n=6, respectively). After 7 

weeks, there were significantly fewer apomorphine-induced erections, compared to responses at 3 

weeks (~40%) and to those of controls (vs. CKD) at 7 weeks (~30%) (P<0.05; Figure 4.6 B). 
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There were no significant differences between erectile responses in CKD animals with and 

without calcified IPA vessels (1.1 ± 0.16 vs. 1.5 ± 0.15, respectively). Nonetheless, increasing 

levels of renal dysfunction appeared to be associated with increased ED severity (Figure 4.6 C). 
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Figure 4.6. Endothelial and Erectile Function in Rats with and without CKD. (A) von 

Willebrand factor (VWF) antigen levels (U/mL) were significantly increased in both moderate 

(n=9) and severe (n=10) CKD rats compared to controls (n=14), indicating the presence of 

endothelial dysfunction. (B) Apomorphine-induced erectile responses are shown as an average 

response per 30 min testing period (4 testing periods) of each group after 7 weeks of treatment 

(control: n=18, moderate CKD, n=10; severe CKD, n=11). Erectile responses significantly 

decrease with the presence of CKD. (C) ED severity increased with the progression of CKD. 

Classification of ED severity is based on the following criteria: ≥2.0 erections is indicative of “no 

erectile dysfunction”; less than 2.0 but >1.0 erection is indicative of “mild dysfunction”; between 

0.5 to 1.0 erections is indicative of “moderate dysfunction”, and <0.5 erections is indicative of 

“severe dysfunction”. *P<0.05 vs. control. All data are presented as ± SEM. 
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4.4 Discussion 

 A major finding of this study was the differential time course and magnitude of vascular 

calcification in various arteries from rats with adenine-induced, chronic kidney disease (CKD).  

In particular, the distal segments of the internal pudendal arteries (IPAs), blood vessels that are 

the predominant controller of penile vascular resistance, were found to be substantially more 

susceptible to vascular calcification compared to other vessels (i.e., thoracic aorta, carotid artery). 

That is, whereas the IPA was markedly calcified, minimal calcification was apparent in large 

conduit arteries such as the thoracic aorta (only 4 out of 40 vessels calcified at study end). Thus, 

the development of calcification in the IPA in this condition appears to be a sentinel for the 

impending onset of mineralization and the associated hemodynamic consequences (i.e., increased 

pulse wave velocity) in other parts of the circulation. Consistent with the pathogenic 

developments in the IPA, prolonged CKD produced ED that was similar to the decline seen in 

older male rats.51 However, despite the marked vascular dysmorphology, the link between the 

onset of ED and IPA calcification was less clear since the presence of IPA calcification per se did 

not predict dysfunctional erections. In fact, elevated levels of von Willebrand factor (VWF), and 

a decrease in endothelium mediated relaxation of the thoracic aorta, point to there being an 

important pathogenic role of the worsening uremic environment in the early development of 

systemic endothelial dysfunction. 

 As established in the present study, there are differences in susceptibility to tissue 

calcification in CKD. These differences are likely dependent on variations in structural and 

functional characteristics of blood vessels, as well as regional variations in the balance of local 

inhibitory and stimulatory pathways linked to the control of mineralization.309,320,321 Renal 

insufficiency induces long term changes in systemic phosphate handling, the consequences of 

which are hyperphosphatemia and increased phosphate exposure at the tissue level.309,320,321 There 

is strong evidence, both experimentally and clinically, that increased concentrations of phosphate 
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are a key stimulus in the initiation and development of vascular calcification and that once 

developed, vascular calcification is associated with poor outcomes in CKD patients.252,309,320,321,348  

Specifically, elevated phosphate in the vascular microenvironment, more so than calcium, has 

been found to be a key inducer of cellular adaptations that facilitate calcification.309,320,321 In the 

present study, analysis of the stoichiometry of the progressing mineralization provides evidence 

that phosphate leads calcium in the process of calcification. Changes in the phosphate-calcium 

stoichiometry during development of vascular calcification followed a pattern indicating that 

crystal formation was likely initiated at levels of phosphate greater than 8.5 nmol/mg tissue. That 

is, above this threshold concentration, the phosphate to calcium ratio rose from 1:1 towards a 

hydroxyapatite-type ratio of 6:10, with the accumulation of phosphate preceding the calcium. 

Previous evidence suggests that phosphate can act alone, or in concert with calcium, to promote 

osteoblastic differentiation, degradation of the extra cellular matrix (ECM), and the release of 

nidus forming vesicles and apoptotic bodies, whereas calcium does not appear to act 

alone.309,320,321 As confirmed in the present study, phosphate appears to be important in 

stimulating processes that promotes crystal formation.309,320,321 

 The underlying mechanism for different susceptibilities to vascular calcification across 

tissues is not well understood but could result from factors that include dissimilarities in 

embryonic origin, variable responses to the uremic milieu, anatomical location as well as 

heterogeneity in hemodynamic challenges. The embryonic origin of cells, regions of which are 

preserved in adult vessels, have been proposed as a factor in the susceptibility to calcification 

based on the earlier appearance of mineralization in neural crest cells compared to mesoderm 

derived VSMC.438 The impact of the uremic environment on VSMC is also important with 

respect to inducing proliferation, migration and neointimal hyperplasia, ultimately leading to a 

reduction in lumen size.301 Finally, the consequences of diverse blood pressure profiles associated 

with the proximal to distal location of vessels within the circulation has been proposed to be a 
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predisposing factor to calcification.100,329,430 That is, it may be that altered blood flow 

characteristics, exposure to local hypoxia, regional development of endothelial dysfunction, and 

variations in the response to shear and wall stress could all be a factor in predisposing vessels to 

calcification.309,320,321 Although the specific causes of the regional differences in vascular 

calcification have not been determined, the present findings clearly point to the IPA having very 

distinctive properties, predisposing it to early pathogenesis. 

 A number of factors have been implicated in the increased incidence and high prevalence 

of ED in the various stages of CKD, including complications associated with biochemical, 

endocrinological, vasculogenic, psychogenic, neurogenic, hematological and treatment-induced 

abnormalities.265,303,439 Specifically, experimental studies have shown that with aging and 

hypertension, the IPA is subject to extensive pathological remodeling (i.e., hypertrophy, 

neointimal proliferation) that is also associated with a decline in erectile function.62 Clinical 

reports are consistent with this concept in that arterial lesions of the IPA are found in more than 

50% of men with vasculogenic ED.40 More specifically, the most severe peripheral vascular 

disease does not occur in the internal iliac arteries but rather in the middle and distal portions of 

the IPA.100 In the present 7 week study, calcification of IPA, particularly the distal portions, 

preceded all other vessels studied. This mineralization was shown to greatly alter vascular 

morphology and yet paradoxically, many of the calcified vessels retained an open, largely 

unobstructed lumen, allowing them to maintain some level of erectile function. It is likely that a 

longer period of CKD, generating further calcification, would have provoked more extensive 

remodeling that would then negatively impact on penile blood flow and erectile responses. 

 Despite the importance of the distal portions of the IPA in regulating penile blood flow, 

the vascular biology of this portion of the circulation has not been well studied. In particular, 

during erectile responses, the distal aspect of this blood vessel is exposed to very large, but 

transient increases in arterial pressure (i.e., suprasystolic intraluminal pressures) and wall 
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tension.440 Consistent with this concept, previous studies established that the distal IPA has a 

wall-to-lumen ratio two to three times greater than other vessels of similar size, a finding that is 

consistent with adaptations to normalize wall stress.63 The lack of correlation between ED and 

calcification of the IPA is, in part, a result of the relatively short duration of CKD. However, 

endothelial dysfunction was evident and likely played a significant role in contributing to ED in 

the early stages of CKD. In support of this concept, endothelial dysfunction, with decreased 

production of nitric oxide (NO),441–443 is well established in the uremic milieu associated with 

CKD. Clinically, lower levels of NO have been implicated in the high incidence of hypertension 

and atherosclerosis in these patients, contributing to accelerated progression of renal deficiency as 

well as adverse cardiovascular events.441–443 Progressive loss of NO (i.e., decreased 

bioavailability) is likely a multifactorial process, resulting from limitations in substrate 

availability (e.g., L-arginine), and increases in circulating levels of endogenous NO synthase 

(NOS) inhibitors (e.g., ADMA).441–443 Importantly, it has been suggested that the onset of 

endothelial dysfunction may be the first vascular event leading to arterial calcification.372 

Consistent with this concept, increasing levels of endothelial-derived VWF have previously been 

linked with progression of CKD, and CVD, potentially serving as a prognostic marker of future 

events.218,228,234,253 Similarly, an epidemiological study found there was an inverse relationship 

between erectile function and VWF levels.54 Thus, CKD-induced endothelial dysfunction, with 

increased VWF and the onset of ED potentially acting as sentinels, may be an important 

component of the early vascular insult, preceding the onset of mineral deposition and the 

attendant vascular and hemodynamic alterations. However, changes in VWF levels as an 

indicator of endothelial function should also be confirmed using methods including the 

assessment of molecules such as VEGF and soluble adhesion factors, since VWF provides only 

one aspect of endothelial function. 
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 Previous studies have shown there is an association between pulse wave velocity (PWV), 

severity of vascular calcification and mortality.252,312,323,325 In the present study, there was a 

significant increase in PWV in the CKD animals and yet pulse pressure was not yet significantly 

affected in all rats. One of the animals with severe CKD group had a severe phenotype 

characterized by exceedingly high levels of calcification in the thoracic aorta (1600 nmol/mg 

tissue) with a corresponding high level of pulse pressure (PP) (123 mm Hg) and PWV (1041 

cm/s). This animal also had no erections, suggesting there was severe ED, likely resulting from 

severe vascular dysfunction. Whether it is the uremic toxicity, the calcification or a combination 

of the two that are linked to increases in PP and PWV in CKD remains to be determined. 

 These data provide strong evidence of a regional, and differential susceptibility to 

vascular calcification that is greatly accelerated with progressing CKD. The finding of increased 

susceptibility of distal portions of the IPA is novel and warrants additional investigation in order 

to further elucidate the mechanism(s) behind this process. The ground breaking use of stents in 

the IPA of patients with arteriogenic ED444 may find additional benefit of targeting the distal 

portions of this vessel. This work is the first to show that the IPA calcifies in CKD before other 

vessels and may act as a sentinel in systemic vascular disease progression. Furthermore, it is 

likely that endothelial dysfunction present in early stages of CKD plays a key role in the 

development of ED. 

 Experimentally these findings confirm that pathogenic remodeling of the IPA and the 

consequent ED is a sentinel event for systemic changes, a particularly important link given the 

common burden of CVD and ED in the CKD population. Previous studies have already 

recognized that important information is gained by linking the location and severity of 

calcification in different vascular beds to morbidity and mortality data.445 For example, in one 

study, calcification of the iliac artery, a distal vessel, was the most predictive compared to more 

proximal vessels of all causes mortality in CKD patients.445 Our findings suggest that 
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pathogenesis in the IPA, at least experimentally, may go one step further. Understanding and 

assessing the progress of ED in individuals with CKD may serve as a novel screening method to 

non-invasively evaluate the overall cardiovascular health status and quality of life in CKD 

patients. In conclusion, this study established key foundational elements regarding the link 

between CKD and ED, highlighting the early and increased susceptibility of the IPA, in particular 

the distal portions, to calcification during disease progression, while also recognizing an 

important role for the early onset of endothelial dysfunction. However, there is a significant gap 

in knowledge and studies to elucidate the specific mechanisms are required to facilitate 

development of novel therapeutic strategies to ameliorate ED and cardiovascular risk in these 

patients. 
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Chapter 5 

Assessment of Erectile and Sexual Dysfunction in Advanced CKD: Links to 

Progression of Vascular Dysfunction 

 

5.1 Introduction 

 Chronic Kidney Disease (CKD) is defined as the presence of decreased kidney function 

and is characterized by a significant decrease in glomerular filtration rate (GFR), over time.240,241 

At every stage of CKD, the leading cause of mortality is linked to cardiovascular disease 

(CVD).242,245 This association however, is not fully explained by conventional Framingham risk 

factors, such as age, sex, systolic blood pressure, smoking, diabetes mellitus, cholesterol, and 

BMI.245,247,248 This disparity may partially be explained via increases in non-traditional risk 

factors, such as endothelial dysfunction, increased inflammation, and disorders of calcium and 

phosphate metabolism that are accelerated in patients with CKD and also contribute to 

progressive vascular calcification.247–255  

 Vascular calcification is an active process involving the differentiation of vascular 

smooth muscles cells (VSMC) towards an osteogenic phenotype that then facilitates the 

formation of calcium-phosphate crystals within the vessel wall.309,320 Mineralization of the vessel 

wall leads to perturbations in vascular structure (e.g., increase in vascular stiffness) and function 

(e.g., decrease compliance)  resulting in circulatory abnormalities (e.g., increased systolic blood 

pressure [SBP]).256,258,309,312,322,323 Clinically these circulatory abnormalities contribute to left 

ventricular (LV) hypertrophy, altered distribution of cardiac output, inadequate peripheral blood 

flow (i.e., vascular insufficiency), and compromised coronary perfusion.248,252,256,258,312,322,323,325,326  

 Erectile dysfunction (ED) is common in patients with CKD, with a meta-analysis by 

Navaneethan et al reporting a high prevalence of ED (70%) in a relatively young population of 

end-stage CKD patients (<50 years of age).263 Thus, the prevalence of ED in these CKD patients 
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is comparable to or greater than non-CKD patients that are two decades older.261,262,446 The causes 

of ED in this patient population are multifactorial and include, disturbances in the central nervous 

system, damage to autonomic and peripheral nerves (e.g., uremic neuropathy), endocrine 

disorders, dysfunctional arteriogenic blood supply, and pathological cavernosal smooth muscle 

changes related to CKD.37,38 Regardless of etiology, both ED and FSD have a negative impact on 

the quality of life of affected individuals and their partners.20,21,23,24,446 

 CVD and ED, specifically arteriogenic ED, share common vascular etiologies (e.g., 

endothelial dysfunction) and risk factors (e.g., age), such that the degree of ED correlates with the 

severity of CVD.1,100 Moreover, the onset of ED has been shown to be a sentinel for CVD 

sequelae in otherwise asymptomatic men.118,121–124,126,129,130,134 In fact, men less than 50 years of 

age presenting with incident ED have a 50-fold increase in the risk of a cardiac event within 3-5 

years.126,140 Given that ED is a sentinel of CVD, Miner stipulated that the onset of ED potentially 

defines a “window of curability” in which progression of underlying CVD could be mitigated or 

even reversed by early intervention.130 Whether application of this paradigm to CKD patients, 

particularly as it relates to vascular calcification could improve cardiovascular outcomes has not 

been determined.   

 Clinical data in CKD patients has been, for the most part, centered around ED in dialysis 

patients, particularly in men (~86% have ED).65,266,267 The prevalence of ED in men with CKD 

prior to entering dialysis was found to be slightly lower (80%), with a high proportion 

experiencing severe ED (71%).268 Although the amount of evidence is sparse, women with CKD 

on dialysis report higher levels of FSD (72%)287 compared to those without either 

complication.265,285–287  

 Despite the high prevalence of ED in this patient population, the underlying mechanisms 

are poorly understood. Furthermore, treatments for ED (i.e., phosphodiesterase-5 inhibitors) are 

ineffective in a significant portion of men, and only temporarily restore sexual activity without 
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treating the underlying vascular abnormalities.25,298 Treatment options for ED in patients with 

CKD, on dialysis, or after transplant have been systematically reviewed elsewhere.37,44,285,288–297 

These reviews highlight the need for treatment strategies that target the underlying condition as 

current treatment for arteriogenic ED is relatively ineffective in permanently reversing or slowing 

the condition. FSD is grossly understudied in patients with CKD,299,300 therefore, there is also a 

lack of treatment options available.299  

 Coronary artery calcification (CAC) is common in CKD patients, however, it is not an 

inevitable outcome of chronic renal disease. In patients with Stage 3 to 5 CKD, without 

symptomatic CVD, CAC is more prevalent (67%)308 and more severe as compared to age 

matched controls.313  

 Higher CAC scores indicate higher plaque burden and an increased probability of 

coronary artery disease (CAD), with higher implications for cardiovascular risk.318 Based on 

scores, recommendations range from preventative to aggressive risk factor modification.318 

Furthermore the degree of CAD315 along with the severity of CAC316 in CKD patients is 

associated with deterioration of erectile function. Additionally, ED has been shown to be an 

independent risk factor for the presence of CAC,319 with the severity of ED increasing with 

greater CAC scores in hemodialysis patients.316 Thus, examination of the presence of vascular 

pathologies, particularly calcification, in early stages of CKD and its effect on erectile and female 

sexual function is thus warranted.317 

 Not all patients share the same risk profile in terms of the presence and severity of CAC. 

There are other factors that play a role in the uremic environment, which may contribute to 

negative consequences in CKD, CVD and ED. Changes in endothelial function is one such 

measure, acting as an early signal for metabolic, hemodynamic and inflammatory disturbances 

that impact on vessel wall structure and function.134,140,447 Furthermore, endothelial dysfunction 
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has been implicated as the first event in vascular changes leading to atherosclerosis and arterial 

calcification.372 

 The endothelium produces and releases von Willebrand Factor (VWF) as well as 

osteoprotegerin (OPG), which are biomarkers of endothelial function.215,217,229,234,236 Endothelial 

dysfunction is present in the uremic milieu associated with CKD, with VWF specifically 

increasing in both CKD and CVD progression.234,361–363 In atherosclerotic CVD, increased levels 

of VWF have been associated with CVD events.231 As it relates to ED, there is an inverse 

relationship between erectile function and VWF levels.54 Thus, CKD-induced endothelial 

dysfunction is a critical component of the early insult and may serve as an early detection of 

vascular dysfunction. 

 There is a lack of strong evidence regarding the status of erectile and female sexual 

function in patients with CKD, particularly in women and in the earlier stages of renal 

insufficiency. Furthermore, although both vascular calcification and ED have been shown to be 

prevalent in patients with CKD, mechanisms of their linkage have not been elucidated. The aim 

of this study was to begin to bridge the gap in knowledge between basic science and clinical 

outcomes, specifically as it relates to ED and FSD in CKD patients. In this translational study, we 

applied our experimental in vivo animal paradigm to human subjects. Erectile and female sexual 

function was evaluated in a previously studied cohort of Stage 3 to 5 CKD patients at Kingston 

General Hospital (KGH). A retrospective analysis was done comparing erectile and female sexual 

function to previously measured biomarkers (e.g., CAC). This preliminary study provides a 

framework to evaluate larger cohorts of CKD patients in the future, while establishing some 

preliminary evidence for the presence of ED and FSD in CKD and their relation to CAC and 

VWF. This study will provide proof of concept for future lines of scientific inquiry while 

identifying challenges and limitations in protocols and measurements.  
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5.2 Methods 

 

5.2.1 Patient Cohort 

 In 2005, 174 patients presenting to KGH's CKD clinic were screened and enrolled in a 

study, which evaluated them for multiple biomarkers and scanned for coronary artery 

calcification (CAC).308,448 In brief, patients were eligible to participate if they were greater than 

18 years of age and had Stage 3 to 5 CKD (not requiring dialysis and excluding acute kidney 

injury) in 2005. In 2009, these patients were re-approached and 95 patients underwent a repeat 

high resolution computed tomography (HRTC) scan for quantification of CAC and repeated 

measurements of biomarkers. In 2013, this pilot study examined erectile and female sexual 

function in patients who met the study requirements and were still being followed in the KGH 

CKD clinic. Patients who had progressed to hemodialysis, peritoneal dialysis or kidney transplant 

as well as those with cognitive or communication impairments were not included in this study. 

The decrease in patient cohort was also attributed to death, transfer, or discharge from clinic, or 

withdrawal from the study. 

 

5.2.2 Ethics Approval and Security 

 The purpose, risks, benefits, privacy and confidentiality measures of the study were 

detailed for and approved by the Health Sciences and Affiliated Teaching Hospitals Research 

Ethics Board at Queen’s University - see Appendix A.  

 

5.2.3 Approaching Patients 

 All patients being cared for in the multidisciplinary CKD clinic at KGH, at the time of 

2013 enrolment, had Stage 3 to 5 CKD (eGFR < 60 mL/min/1.73m2), as determined using 

National Kidney Foundation criteria.243 Patients were approached during their visit to the CKD 
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clinic by an attending physician, who asked if they would be interested in being involved in an 

extension of the original 2005 and 2009 studies. They were told that their involvement would 

involve the completion of two sexual health questionnaires. If the patient agreed to learn more 

about participating in this pilot study, the student researcher would approach each patient, 

carefully explaining the details of the study. Patients were encouraged to ask questions during this 

information session. If they had further questions or concerns about their sexual health, they were 

advised to approach Drs. Rachel Holden or Jocelyn Garland directly, for further assistance. If the 

patient agreed to be involved in the study, consent was obtained (see Appendix B) via signature 

and patients filled out the questionnaires in the examination room. When they were complete, 

questionnaires were placed into a sealed envelope and handed back to be evaluated at a later date. 

Patients were also questioned regarding current use of phosphodiesterase-5 inhibitors (e.g., 

sildenafil (ViagraTM), tadalafil (CialisTM), vardenafil (LevitraTM), as this is not always documented 

in the patient’s chart. No patients using these medications within the last 6 months were included 

in the study as these agents can alter the responses, outcomes and interpretation of data.54,449 

Some patients requested additional time to examine the questionnaire further and said they would 

mail the document to the responsible physician (RMH). None of those envelopes were returned. 

No additional visits or testing were required.  

 

5.2.4 Sexual Health Questionnaires  

 A widely used and validated, self-administered, and multi-dimensional questionnaire, 

was used to evaluate sexual health in males and females. The questionnaire was marked with the 

patient's study ID number and was distributed and returned by 9 male patients (15 item) and 5 

female patients (19 item) with Stage 3-5 CKD along with an attached consent form. Both 

male,394–396 and female397–401 questionnaires have been recommended previously as a primary end 

point for clinical trials assessing erectile and female sexual function, particularly with regard to 
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evaluating the response to chronic treatments.268,394 IIEF questionnaires are used in the diagnosis 

of severity and treatment (i.e., measure of improvement) of ED and relationship satisfaction.86 

 Males were given the International Index of Erectile Function (IIEF) questionnaire.394 

Erectile function (EF) score determined the presence (≤25) or absence (>25) of ED in men, with 

higher scores indicating greater erectile function. Results were then divided based on a five-level 

ordinal scale of dysfunction to determine the severity of ED: none (26–30), mild (22–25), mild to 

moderate (17–21), moderate (11–16), and severe (10 or less).395,402 The IIEF index is comprised 

of 5 domains (sum of the scores for individual items), which are each evaluated separately: 

Erectile Function (EF) (Q:1,2,3,4,5,15), Orgasmic Function (Q:9,10), Sexual Desire (Q:11,12), 

Intercourse Satisfaction (Q:6,7,8), and Overall Satisfaction (Q:13,14). Two additional key 

components of erectile function:17 the ability to achieve penetration (Question 3) and the ability to 

maintain an erection (Question 4) sufficient for satisfactory sexual performance were also 

evaluated.      

 Females were given the Female Sexual Function Index (FSFI) questionnaire.  

The presence (≤26) or absence (>26) of sexual dysfunction was based on total score,398 with 

higher scores indicating greater sexual function.398,403 Scores of zero indicate an absence of sexual 

activity over the past 4 weeks and thus if zeros are present, the presence or absence of sexual 

dysfunction cannot be determined.398,403,404 Therefore if scores of zero were present on the 

questionnaire it was not included in analysis. The FSFI results are divided into 6 relevant domains 

(sum of individual domain items) to be evaluated separately: Total Score (Q:1-15), Desire 

(Q:1,2), Arousal (Q:3,4,5,6), Lubrication (Q:7,8,9,10), Orgasm (Q:11,12,13), Satisfaction 

(Q:14,15,16), Pain (Q:17,18,19). These domains correspond to the FSD disorders of hypoactive 

sexual desire disorder, sexual arousal disorder, orgasmic disorder, sexual pain.398,403 

 For each questionnaire item, some respondents may have intentionally or accidentally 

given no response. For the FSFI and IIEF questionnaires, subjects who failed to respond were 
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excluded from the analyses of total scores and EF scores (when applicable) as well as affected 

domain scores. A domain score was included in analysis if questions were completely answered 

for a specific domain. 

 The second questionnaire distributed to study subjects was the Female Sexual Distress 

Scale (FSDS), a validated tool to measure sexually-related personal distress in women,401,450 and a 

novel approach to assessing sexual distress in men.451 The distress scale, also viewed as a “quality 

of life scale” determines global sexual and relationship satisfaction, allowing for delineation 

between satisfaction and distress in patients who may not be in a romantic relationship.450 A total 

score of  ≥15 was used as a cut-off to establish the presence of sexually related distress.401,450 

 

5.2.5 Patient Measurements and Laboratory Tests 

 A full chart review of each patient and collection from the CKD database was conducted 

to obtain information about personal health, relevant clinical data, previous pelvic surgeries (e.g., 

transurethral resection of prostate [TURP]), comorbidities (e.g., diabetes mellitus, hypertension) 

and an inventory of medications. The following parameters were collected from the patients 

chart: date of birth; sex; blood pressure; weight (kg); height; hemoglobin (g/L); serum urea 

(mmol/L); serum creatinine (µmol/L); serum total calcium (mmol/L); serum phosphorus 

(mmol/L); serum magnesium (mmol/L); mean intact parathyroid hormone (iPTH) level (pmol/L); 

serum albumin (mg/L); and serum iron. All blood measures were obtained from a fasted patient. 

Women were asked if they were menopausal and/or currently taking hormonal therapy. Tobacco 

consumption information was obtained from a survey performed in 2005. Abdominal obesity was 

defined as a waist circumference of >88cm in women and >102cm in men.173  

 The 4-variable glomerular filtration rate (GFR) Modification of Diet in Renal Disease 

(MDRD) Study equation,452 re-expressed for standardized serum creatinine (mg/dL),453 was used 

to calculate estimated GFR (eGFR) from serum creatinine and other measured variables: (GFR 
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(mL/min/1.73 m2) = 175 × (Scr)-1.154 × (Age)-0.203 × (0.742 if female) × (1.212 if African 

American) (conventional units), http://nkdep.nih.gov/lab-evaluation/gfr-calculators/adults-

conventional-unit.shtml). Fasting blood samples were collected into EDTA vacutainers, 

centrifuged, and plasma stored at -80°C until further analysis. Total VWF antigen (VWF:Ag) and 

VWF was determined using a VWF antigen ELISA, following manufacturer’s protocol (GTI 

Diagnostics, WI, USA), as described previously.393 C-reactive protein (CRP) (DY1707), and 

osteoprotegerin (OPG) (DY805) were measured via sandwich ELISA using included standards 

following manufacturer’s protocol (R&D Systems, Inc. Minneapolis, MN, USA). Whincup et al 

found that, after adjustments for age, a VWF cut off  level of >126 IU/dL increased risk of heart 

disease compared to those with a VWF <90 IU/dL.227 

 

5.2.6 Coronary Artery Calcification Score  

 Electron beam computed tomography provides a non-invasive, sensitive measure of 

CAC.318,454 CAC scores were evaluated in 2005 and 2009 using a General Electric VCT multi-

slice HRTC (64 slice) helical scanner and Smartscore software (version 3.5, GE Medical 

Systems). The slice thickness is 2.5 mm x 8 slices acquired over 2 cm per revolution. Regions of 

calcification appear brighter than surrounding soft tissue and are easily distinguishable on the CT 

image.318 Total CAC score was generated as per the traditional Agatston method,455 which 

involves the use of a weighted average of the bright areas (indicating calcification) normalized to 

the total area of the coronary artery, measured in Hounsfield units (HU).318 Based on this score, 

values are divided into 4 categories: 1 (130–199 HU), 2 (200–299 HU), 3 (300–399 HU), and 4 

(400 HU and greater).318 Agatston score provides information about coronary artery plaque 

burden, probability of significant CAD, and implications for cardiovascular risk, which are used 

to make clinical recommendations.318 For the purposes of this study an increase in CAC between 

2005 and 2009 was defined as an increase in CAC > 30 HU or increase in CAC category.  

http://nkdep.nih.gov/lab-evaluation/gfr-calculators/adults-conventional-unit.shtml
http://nkdep.nih.gov/lab-evaluation/gfr-calculators/adults-conventional-unit.shtml
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 5.2.7 Statistical Analysis 

 All statistical calculations and graph preparations were performed using Graphpad Prism 

6.0 (GraphPad Software Inc, La Jolla, CA, USA; http://www.graphpad.com). Summary statistics 

expressed as means or percentages ± standard error of the mean (SEM) or standard deviation 

(SD). Progression of CAC Scores and VWF levels was determined via paired Student's T-test. 

The presence or absence of ED or FSD based on IIEF or FSFI questionnaire results was assessed 

via Student's T-test. Relationships between IIEF results and patient characteristics were detected 

by Student’s T-test and Chi-square test for proportions. IIEF and FSFI domain scores were 

expressed as mean values ± SD. Linear regression analyses were performed to yield slopes, y-

intercepts, and equations as well as Pearson correlation coefficients to determine the degree of 

association between variables. P<0.05 was considered statistically significant. 

 

5.3 Results 

 

5.3.1 Study Population  

 In this preliminary study, 17 patients from the original cohort were approached at the 

KGH CKD clinic. Five of 5 women (100%) and 8 of 12 men (67%) agreed to fill out and return 

the questionnaire. Thus, this study group (2013) was relatively low-powered and included 13 

patients with an average age in males of 66 ± 10.6 (n= 8) and in females of 62 ± 10.5 (n= 5). 

These patients had Stage 3 to 5 CKD (eGFR < 60 mL/min/1.73m2), and other comorbidities, but 

were not receiving renal replacement therapy (Table 5.1 and 5.2). In this population of patients 

there was no history of cardiovascular or peripheral vascular disease at baseline (2005) as this 

was a criteria for enrollment in the original study.308,448 By 2009, one of these 13 patients had 

developed CVD (i.e., CAD). In 2013 all male (n= 8) and female (n= 5) CKD patients evaluated in  
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Table 5.1. Demographic and Clinical Characteristics of Study Participants  

 

 Male (n=8) Female (n=5) 

Age at time of survey (mean ± SD) 66 ± 10.6 62 ± 10.5 

Stage of CKD 

3 1 1 

4 4 2 

5 3 2 

Previous and/or Current Smoker (%) 2005 87.5 40 

Presence of Hyperlipidemia (%) 2005 75 100 (n=4) 

Family History of CVD (%) 75 60 

Average # of Prescription Medications (non-CVD) 2.8 4.8 

Average of CVD Medications (#,%)1 3.4 (100) 4.0 (100) 

Comorbidities 

Overweight or Obese (%) 2013 75 60 

Diabetes Mellitus (%) 2013 13 60 

Hypertension (Chart) (%) 2013 75 60 

Hypertension (Meds) (%) 20132 100 100 

TURP (%) 2013 50 / 
 

1% of subjects on prescription medications  
2Presence of hypertension based on the use of anti-hypertensive medications  

CVD = Cardiovascular Disease 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



120 

 

Table 5.2. Clinical and Hematological (Serum) Characteristics of Study Participants (2013) 

 

 Males (Dysfunction) 

(n=7) 

Males 

without 

Dysfunction 

(n=1) 

Females 

with 

Dysfunction 

(n=1) 

Females 

without 

Dysfunction 

(n=1) 

Age  67 ± 11.4 64 59 58 

Height 174 ± 3.6 171 NA 156.2 

Body Weight (kg) 89.2 ± 27.24 88.3 58.8 73.5 

BMI 30 ± 8.78 30 NA 30 

Systolic BP 127.6 ± 14.47 142 118 120 

Diastolic BP 72.1 ± 7.93 70 50 70 

Hemoglobin  118.3 ± 14.90 104 101 129 

Serum Urea  48.8 ± 70.45 (n=6) 33.1 37.6 33 

Serum Creatinine 297.4 ± 72.64 540 528 263 

eGFR 19.9 ± 6.36 9 7 16 

CKD Stage (2013) Stage: 3 (1), 4 (4), 5 (2) 5 5 4 

Serum Ca 2.3 ± 0.18 2.12 2.44 2.55 

Serum iPhosphate 1.2 ± 0.29 1.21 1.96 1.37 

Serum Mg (n=6) 0.9 ± 0.08 0.83 1.15 0.98 

PTH (n=6) 17.0 ± 10.71 NA 37 NA 

Serum Albumin 37.7 ± 2.93 37 40 42 

 

BMI=mass (kg)/height (m)2, All values reported as mean ± SD 

eGFR, estimated glomerular filtration rate; iPhosphate, inorganic phosphate; PTH, parathyroid 

hormone  
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this study were taking one or more medications for cardiovascular conditions. The average 

number of cardiovascular medications and non-cardiovascular prescription medications taken in 

males was 3.4 and 2.8, respectively and in females was 4.0 and 4.8, respectively (Table 5.1). 

 

5.3.2 Coronary Artery Calcification Scores 

 CAC scores, VWF levels and other biological parameters collected in 2005 and 2009 are 

shown in Tables 5.3, 5.4 and 5.5. The level of CAC increased significantly in males between 

2005 and 2009 (n=8, P<0.05, Table 5.3). Progression into a higher CAC category occurred in 

43% of males with ED (Table 5.7) but not in the male with normal erectile function. In general, 

men with ED and women with FSD appeared to have had higher CAC scores (Table 5.3, 5.4 and 

5.5), although there was insufficient numbers for this difference to achieve statistical significance. 

Men with the highest CAC scores also appeared to have more severe ED (Table 5.3). Studies in 

larger cohorts are needed to confirm these findings.  

 

5.3.3 Endothelial Function 

 VWF values increased significantly over the four year time period in males with CKD (3 

study participants were not able to be measured, n=5, P<0.05, Table 5.3), and occurred whether 

or not there was extensive vascular calcification of the coronary arteries, indicating that 

endothelial dysfunction per se was not necessarily directly linked to pathological mineral 

deposition. In 2009, 6 of the 8 men (130.7-196.7 IU/dL; Table 5.3), and both females (158.03 and 

283.78 IU/dL; Table 5.4), had elevated VWF levels, indicative of accelerated cardiovascular risk 

(>126 IU/dL).227 OPG data, assessed only in males with ED (not available for all groups) was as 

follows: 2005 (1925.40 ± 894.53, n= 5); 2009 (5255.86 ± 2211.15, n=7, Table 5.5). Based on a 

cut off value of OPG which has been proposed to predict the presence and extent of CAD in 

patients with CKD (>757.7 pg/mL),368 it is plausible that these men have CAD. 
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Table 5.3. Male Study Subjects (n=8) - Erectile Function, CAC Scores and VWF Levels  

 

Severity of ED Age Reference 

CAC 

Score* 

CAC 

Score 

2005 

CAC 

Score 

2009 

Stage 

of 

CKD 

VWF:Ag 

2005 

VWF:Ag 

2009 

Severe 79 836 4,512 5,644 3 NA 114.5 

Severe 65 464 1,708 2,363 4 89.88 121.4 

Severe 79 836 276 910 5 89.37 196.7 

Severe 69 464 0 700 5 NA 130.7 

Severe 70 665 0 0 4 167.00 184.7 

Mild-Moderate 56 203 0 6 4 82.60 130.9 

Mild-Moderate 48 57 0 0 4 97.76 173.2 

No Dysfunction 64 350 18 27 5 NA 138.7 

 

*Reference CAC Scores456.  Values presented have been age-matched. 

CAC, coronary artery calcium; VWF, von Willebrand Factor; ED, erectile dysfunction 

 

 

Table 5.4. Female Study Subjects (n=2) - Sexual Function, CAC Scores and VWF Levels 

 

Sexual Function Age Reference 

CAC 

Score* 

CAC 

Score 

2005 

CAC 

Score 

2009 

Stage 

of 

CKD 

VWF:Ag 

2005 

VWF:Ag 

2009 

Dysfunction 59 54 111 239 5 141.77 158.03 

No Dysfunction 58 

 

54 14 22 4 130.85 283.78 

 

*Reference CAC Scores.456 Values presented have been age-matched. 

CAC, coronary artery calcium; VWF, von Willebrand Factor; ED, erectile dysfunction 
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Table 5.5. 2005, 2009 - Clinical and Hematological (Serum) Characteristics of Study 

Participants 

 

 Males (Dysfunction) Males  

No Dys-

function 

Females 

Dys-

function  

Females  

No Dys-

function 

eGFR 2005 29.62 ± 11.72 23.53 22.69 16.98 

eGFR 2009 27.15 ± 8.24 20.46 17.21 15.39 

eGFR 2010 24.14 ± 7.26 15.94 18.09 14.00 

eGFR 2012 19.89  ± 5.11 9.3 9.3 19.0 

CKD Stage 2005 Stage: 3 (3), 4(3), 5 (1) 4 4 4 

CKD Stage 2010 Stage: 3(1), 4 (5), 5(1) 4 4 5 

VWF:Ag (IUdL) 2005  105.32 ± 34.89 (n=5) NA 141.77 130.85 

VWF Ag 2009  150.28 ± 33.51 138.74 158.03 283.78 

VWFpp (IUdL) 2005  95.72 ± 17.36 (n=5) NA 137.10 119.39 

VWFpp 2009  134.35 ± 23.90 78.9 136.26 158.14 

% Increase VWF:Ag 43% NA 11% 117% 

OPG 2005 1925.40  ± 894.53 (n=5) NA NA NA 

OPG 2009 5255.86 ± 2211.15 NA NA NA 

CAC 2005 Overall Score 928.00 ± 1699.18 18 111 14 

CAC 2009 Overall Score 1374.71 ± 2062.67 27 239 22 

% Increase in CAC Score  48% 50% 115% 57% 

CAC 2005 Category 1 (4), 4 (1), 5(2) 3 4 3 

CAC 2009 Category 1 (2), 2 (1), 5(4) 3 4 3 

Serum Ca 2005 2.36 ± 0.25 2.38 2.49 2.40 

Serum Ca 2009 2.31 ± 0.17 2.20 2.49 2.29 

Total Cholesterol  2005 4.46 ± 1.48 4.50 5.80 5.70 

LDL 2005 2.31 ± 1.09 (n=6) 2.10 2.40 3.60 

HDL 2005 1.31 ± 0.40 1.76 1.29 1.66 

Triglycerides 2005 2.04  ± 1.69 1.44 4.52 0.93 

Body Weight (kg) 2009 88.03 ± 23.17 87.8 64.9 78.1 

BMI 2009 28.62 ± 8.17 30.38 28.84 31.29 

Waist Circumference 

2009 

103.14 ± 18.34 104.0 99.0 94.0 

Systolic BP 2009 123.14  ±  9.86 160 140 120 

Diastolic BP 2009 76.00  ± 4.90 90 85 70 

HGB 2009 133.43 ± 14.82 130 121 132 

Creatinine 2012 294.29 ± 74.48 542 427 228 

iPhosphate 2009 1.16 ± 0.13 1.27 1.34 1.63 

iPhosphate 2012 1.27  ± 0.17 1.25 1.83 1.49 

Mg  2009 0.91 ± 0.13 1.0 1.0 1.1 

PTH  2009 14.07 ± 8.10 19.0 26.0 9.3 

Albumin 2009 37.86 ± 2.91 41 42 40 

 

BMI=mass (kg)/height (m)2, Abdominal obesity, waist circumference of >88cm (women), 

>102cm (men). eGFR, estimated glomerular filtration rate; iPhosphate, inorganic phosphate; 

PTH, parathyroid hormone  CAC Overall Score (2005 and 2009) reported as Agatston Score 

(HU), Data shown as mean ± SD. 

Males with Dysfunction: n=7, unless otherwise indicated, males without dysfunction (n=1), 

females with and without dysfunction (n=1, n=1). 
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5.3.4 Erectile and Female Sexual Function 

 Of the CKD patients that filled out the sexual health questionnaires (IIEF and FSFI) 3/5 

women and 1/9 men did not answer one or more of the questions. None of the questions on the 

Female Sexual Distress Scale (FSDS) questionnaires were left unanswered. In the small sample 

of patients that were examined in this study, 88% of the males, and 50% of the females with CKD 

had some level of ED or FSD (Tables 5.6 and 5.7). In particular, the orgasm, sexual desire, 

intercourse and overall satisfaction subscales were all lower than the values previously found in a 

control group of men studied by Rosen et al (Table 5.2).394 When compared to individuals with 

ED, each domain score, except overall satisfaction, were lower than average, reflecting the 

severity of ED in these individuals (Table 5.6).394 The distribution of severity of ED was as 

follows: no dysfunction (1), mild-moderate dysfunction (2) and severe dysfunction (5) (Table 

5.3). In women, the desire, arousal, lubrication, and orgasm subscales were all lower than those 

found in a control group of women studied by Rosen et al,400 whereas satisfaction and pain were 

higher, indicating better function in those domains (Table 5.7). The occurrence of sexual distress 

was 50% (males) and 20% (females) (Table 5.6 and 5.7). Of the 50% of males with sexual 

distress, 3/4 also had ED, whereas only 1/4 with normal sexual function had distress. The one 

female with FSD did not have sexual distress.  

 

5.3.5 Study Limitations  

 This preliminary study used a previously established cohort, and thus CAC scores, as 

well as biomarkers (except for VWF) could only be evaluated retrospectively. Furthermore, there 

was a lack of age matched controls without CKD. In this study, only one measure of endothelial 

function was evaluated (VWF and OPG). Measurements of other parameters such as flow 

mediated dilation, could have provided additional insight. Furthermore, there are other  
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Table 5.6. Male Erectile Function Scores (IIEF and FSDS) 

 
 

 

Minimum - 

Maximum 

Score394 

Erectile Function Score 

(KGH Cohort) 

Mean [SD]) 

Controls 

Mean (SD)394 

ED 

Mean (SD)394 

Erection 

Function 

Domain (n=8) 

1-30 9.5 (10.9 ) 25.8 (7.6) 10.7 (6.5) 

Orgasm 

Function 

Domain (n=8) 

0-10 3.8 (4.7) 8.8 (2.9) 5.3 (3.2) 

Sexual Desire 

Domain (n=8) 

2-10 4 (3.0) 7.0 (1.8) 6.3 (1.9) 

Intercourse 

Satisfaction 

Domain (n=8) 

0-15 4.6 (5.5) 10.6 (3.9) 5.5 (3.0) 

Overall 

Satisfaction 

Domain (n=7) 

2-10 6 (2.9) 8.6 (1.7) 4.4 (2.3) 

Q3 (n=8) 0-5 1.5 (1.9) 4.3457 1.7457, 2.1 (0.1) 458 

Q4 (n=8) 0-5 1.4 (1.7) 4.2457 1.56457, 1.7 (0.1)458 

Distress Score 

(n=8)* 

0-52 14.8 (13.8) NA 19.8 (15.6)451 

 

*A score of ≥15 indicates the presence of distress 401,450,451 IIEF, International Index of Erectile 

Function; FSDS, Female Sexual Distress Scale; ED, erectile dysfunction 

 

Table 5.7. Female Sexual Function Scores (FSFI and FSDS) 

 
 Minimum - 

Maximum 

Score398 

Sexual Function Score 

(KGH Cohort 

Mean [SD]) 

Control 

Mean (SD)398 

Sexual 

Dysfunction 

Mean (SD)398 

FSFI Total Score 

(n=2) 

2.0-36.0 23.7 (7.8) 30.75 (4.80) 19.73 (8.73) - 

25.80 (4.51) 

Desire Domain 

(n=3) 

1.2-6 2.6 (1.2) 4.28 (1.12) 2.99 (1.33) - 

3.89 (1.27) 

Arousal Domain 

(n=3) 

0-6 3.4 (1.7) 5.08 (1.11) 3.09 (1.46) - 

4.29 (1.16) 

Lubrication 

Domain (n=3) 

0-6 3.3 (2.0) 5.45 (1.14) 3.31 (1.60) - 

5.02 (1.20) 

Orgasm Domain 

(n=3) 

0-6 3.3 (1.0) 5.05 (1.30) 2.79 (1.31) - 

4.40 (1.44) 

Satisfaction 

Domain (n=2) 

0-6 5.6 (0) 5.04 (1.19) 3.38 (1.45) - 

4.16 (1.37) 

Pain Domain 

(n=2) 

0-6 6.0 (1.2) 5.51 (1.29) 2.02 (1.89) - 

5.45 (1.05) 

Distress Score 

(n=5) 

0-52 12.2 (13.9) 5.1 (6.4)401 27.3 (10.8)401 

 

*A score of ≥15 indicates the presence of distress 401,450 FSFI, Female Sexual Function Index; 

FSDS, Female Sexual Distress Scale. Sexual Dysfunction Scores of participants in the study by 

Wiegel et al are provided for comparison (not age-matched).398  



126 

 

confounding variables that may affect erectile and female sexual function that were not measured 

in this study (e.g., hormone levels). Only a small number of patients could be recruited from the 

original cohort, thereby lowering the power to extrapolate results. All measures of erectile and 

female sexual function were via self-reported questionnaires and no physical or diagnostic tests 

were performed to confirm the level of function. The questionnaires themselves also do not 

provide information about onset or duration of ED or FSD, and do not address psychological 

factors (e.g., depression) or relationship issues. Although they were limited in number, patients 

who refused to participate in this study may be different than patients who chose to respond, 

therefore giving a bias to the results. 

 CKD is a complex and multifactorial disease, often accompanied by the presence of 

numerous co-morbidities, including hypertension, diabetes mellitus, cardiovascular disease, 

peripheral neuropathy, prostatic diseases and lower abdominal surgeries and depression, which 

can confound the data.459 For example the effects of trans urethral resection of the prostate 

(TURP) on erectile function in men remain controversial.460,461 Additionally the patients were 

taking numerous prescription medications, including cardiovascular drugs (e.g., beta-blockers, 

diuretics, renin angiotensin system inhibitors, calcium channel blockers), and antidepressant 

medications, which have been shown to impact on erectile function in both a positive and 

negative manner.462,463,464 Whether a woman is pre-, peri- or post- menopausal is also an 

important confounder with respect to the potential for impact on sexual function.95,178,179,465 It is 

noteworthy that the frequency of menstruation in women with end stage renal disease (ESRD) is 

low (8-10%), possibly due to the likelihood of increased age.262 

 Risk factors, associated with CKD and CVD, such as smoking, dyslipidemia, 

atherosclerosis, heart disease, and age may contribute to ED.466 These comorbidities and risk 

factors have known effects on erectile and female sexual functioning through psychological, 

metabolic, hormonal and vascular causes.297 The average age for both males and females was 
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over 65, and cannot be ruled out as a confounding factor for the development of ED and FSD in 

this patient population. Antihypertensive medication,463 and antidepressants,464 have been shown 

to differentially impact on erectile and female sexual function. Conversely, erythropoietin is 

reported to partially improve ED467 in some males on dialysis, possibly through endocrine 

mediated mechanisms and correction of anaemia,294 however, many more still complain of ED.  

 

5.3.6 Recommendations for Protocol for Future Study 

 Future studies in larger cohorts will need to account for the duration, exposure and 

magnitude of both renal insufficiency and calcification to better determine the functional outcome 

of CAC as it relates to ED and FSD. Furthermore, a longer time course would allow for 

determination of whether vascular calcification leads to more severe pathological remodeling and 

dysfunction. In the current clinical setting, it is difficult to find the appropriate time to address 

patients without disturbing the flow of the clinic. Additionally clinical data and narrative 

information were not always completed for all parameters of interest. Further recommendations 

for the future collection of data, including I. Study Design, II. Patient History Questionnaires, III. 

Psychometric Evaluations, IV. Anthropometric Measurements and Blood Measurements, V. 

Calcification of Proximal and Distal Vessels and VI. Physiological Assessment of Sexual 

Function and recommendations for additional questionnaires can be found in Appendix C and D.  

 

5.4 Discussion  

 The main purpose of this pilot study was to evaluate the presence of ED and FSD in a 

previously studied cohort of patients with Stage 3 to 5 chronic kidney disease (CKD). 

Furthermore it was an opportunity to assess the translational aspect of findings in the animal 

model of CKD presented in Chapter 4. Although the cohort was small, the major findings were 

that most of the males in the study had erectile dysfunction (ED) (88%), with the majority 
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suffering from severe ED (63%), whereas half of females had sexual dysfunction. Furthermore, 

when the sexual function domains were evaluated for both genders in this cohort, it was found 

that in nearly all domains the values were similar or more severe than in previous reports (Rosen 

et al).398,403 Low domain scores in women can indicate the presence of hypoactive sexual desire 

disorder, sexual arousal disorder, orgasmic disorder, sexual pain disorders.398,403 In males, ED was 

associated with sexual distress occurring in 75% of the subjects with ED, whereas distress was 

not reported in the one female experiencing sexual dysfunction. These findings indicate that 

although the majority of CKD patients are suffering from some level of ED or FSD, it may or 

may not be causing distress.  

 A number of factors have been implicated in the development of ED in CKD patients, 

including biochemical, endocrinological, vasculogenic, psychogenic, neurogenic, hematological 

and pharmacological factors.439,468 In this study, the focus was on arteriogenic causes, such as 

endothelial dysfunction and vascular calcification. Coronary artery calcification (CAC) is 

common in CKD, however, not all patients demonstrate CAC despite a similar risk profile. The 

CAC scores increased in severity between 2005 and 2009 and indicate a worsening of vascular 

function with the presence and progression of CKD, despite the fact that the majority of the 

subjects had no history of CVD. Whereas the mechanisms of the vascular calcification are 

beyond the scope of this study, in brief, stress, injury, and vascular insult have all been implicated 

in the initiation and promotion of calcification via stimulations of osteogenic differentiation of 

vascular smooth muscle cells (VSMC).309,320 Furthermore, dysregulation of mineral metabolism, 

which occurs in patients with CKD can cause cellular adaptations, which promote vascular 

calcification.469  

 Though the evidence is sparse, some studies support a role for calcification of penile 

arteries and tissues in the progression of ED in patients with CKD.304,331 Particularly, substantial 

penile vascular disease in men is visible with progressing CKD, independent of any 
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atherosclerotic risk factors.304 In another study of hemodialysis patients with penile artery 

calcification, extensive mineralization of small and medium sized arteries of the extremities was 

observed.331 Furthermore, in these patients, decreased erectile function appeared to be more 

prevalent in patients with calcification than in those without (100% vs. 70%), however, this 

linkage has not been well studied.331 

 There was not enough data to determine whether an increase in severity of CKD incurs a 

further increase in severity of ED. However, based on our animal findings, it is likely that 

progressing CKD can accelerate the progression of ED, likely through uremia based induction of 

VSMC proliferation and migration which then damages vascular repair mechanisms, induces 

neointimal hyperplasia, and ultimately leads to a reduction in lumen size.301 The mechanisms by 

which this occurs in the uremic environment of CKD however, have not been determined.302 

Further examination of this link and underlying mechanisms are needed.  

 Endothelial dysfunction is present in the uremic milieu associated with CKD with VWF, 

a marker of endothelial dysfunction, increasing in both CKD and CVD progression.54,234,361–363 

Our findings support this data, as 6 of 8 males and 1 of 2 females had elevated VWF levels, 

compared to healthy populations, indicating the presence of endothelial dysfunction and an 

increased risk of CVD.227 In fact, endothelial dysfunction has been implicated as a "first event" in 

vascular changes leading to atherosclerosis and arterial calcification.372 However, the present 

finding of increased VWF occurred whether there was extensive vascular calcification (i.e., high 

CAC) or not, indicating that CKD-induced endothelial dysfunction may be a critical component 

of the early insult, serving as an early detection of vascular dysfunction, pre-dating the effect of 

mineral deposition. Moreover, there is an inverse relationship with erectile function and VWF 

levels,54 a finding that is consistent with the results found in our experimental animal model of 

CKD (Chapter 4). ED is also associated with subclinical coronary artery atherosclerosis,104 and is 

a risk factor for the presence of coronary artery calcification.319 Taken together, this data suggest 
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that increases in circulating endothelial proteins (e.g., VWF, OPG) may be useful biomarkers of 

endothelial dysfunction in CKD, correlating with a component of ED and FSD. However, 

changes in VWF levels as an indicator of endothelial function should also be confirmed using 

methods including the assessment of molecules such as VEGF and soluble adhesion factors, since 

VWF provides only one aspect of endothelial function. We propose that the cause of the high 

prevalence of ED and FSD that occurs in CKD patients is multifactorial, resulting from the 

interplay between vascular calcification, endothelial dysfunction and the uremic environment.  

 This evaluation of erectile and female sexual function in a previously established cohort 

of CKD patients allowed for a preliminary translational assessment of our experimental findings 

in rats. This study established foundational elements regarding the link between CKD and ED. 

Protocol and procedural issues were established, at least in part, and limitations outlined, that will 

be useful in designing future studies of larger cohorts. 

 Based on preliminary findings, we hypothesize that ED and FSD in CKD patients is 

likely to be a consequence of vascular calcification, but with endothelial dysfunction occurring at 

an even earlier stage. Going one step further, sexual health of the patient may be a useful 

biomarker, reflecting the combined burden of vascular calcification and endothelial dysfunction. 

In this regard, understanding the role of erectile and female sexual function of CKD patients may 

serve as a novel screening method to non-invasively evaluate progressing changes in overall 

cardiovascular health status and quality of life. Future studies are needed to better characterize the 

role of biomarkers to predict cardiovascular risk in patients with CKD.470 

 The bulk of the burden of CKD, CVD and ED is shared by mostly the aging population. 

Further research in this area would help address the challenges facing Canada's growing seniors' 

population and promote elements of healthy and successful aging. The development of novel 

treatments and preventative strategies aimed at non-traditional risk factors and the underlying 

causes of CKD, CVD and ED are urgently needed.  
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Chapter 6 

General Discussion 

  

 The field of sexual medicine has evolved greatly over the past two decades.471 Certainly, 

the development of phosphodiesterase-5 inhibitors (PDE-5i) provided additional insight and 

monetary means for research into the vascular underpinnings of erectile dysfunction (ED) in men. 

Additionally, and perhaps more importantly, the intimate link between ED and cardiovascular 

disease (CVD), specifically with regard to ED as a barometer of CVD and a sentinel of 

impending cardiovascular events,25,50,104,118–139 solidified ED as an important medical condition. 

The etiology of ED is multifactorial and involves the complex interplay between various factors. 

ED impacts negatively on quality of life,19–24 but as the first sign of silent vascular disease, it 

allows for a unique opportunity for early lifestyle interventions that can attenuate the progression 

of both ED and the underlying CVD.102,103,118,121,130,137,140 By establishing the mechanisms 

involved in the onset of ED, new interventions and therapies may be established for both ED and 

CVD. Although evidence is not as robust, both epidemiological,97,472 and experimental473 studies 

suggest that similar relationships and risk factors exist for sexual dysfunction in women. 

 Traditionally, most sexual function research has taken place in males and focused on 

penile tissue (e.g., corpus cavernosum) and penile arteries (e.g., cavernosal artery). Previous 

studies in our laboratory have shown that the internal pudendal artery (IPA) is responsible for 

70% of the resistance to penile blood flow,43 which is required for the initiation and maintenance 

of an erection.17 Furthermore, there has been evidence to show that the IPA is more susceptible to 

vascular dysfunction with aging, hypertension, obesity, and coronary artery disease 

(CAD).62,100,183,197,305 There is a lot of research that still needs to be done, however, to date, some 

of the focus has begun to shift to the evaluation of the IPA and important discoveries have been 

made.62,100,197,305,474 For example, preliminary studies have revealed that the use of stents in the 



132 

 

IPA of patients with arteriogenic ED provides a significant benefit, at least in the near term.444 

Even more recently, work has begun to characterize the IPA in female animal models to 

determine the extent of vasculogenic mechanisms in female sexual dysfunction (FSD).475,476 The 

IPA in females is the primary feeder vessel of clitoral, labial, and vaginal tissue and has some 

similar anatomical features as males.475,476 However, it appears to be smaller morphologically and 

there is some evidence of differing functional properties responsible for regulating blood flow 

during arousal.476 

 In this regard, a key objective of the experimental studies in this thesis, include the 

evaluation of both structural and functional abnormalities of the IPA as they relate to a relatively 

normal population of male rats with increased adiposity and to male rats with chronic kidney 

disease (CKD). Another objective was to corroborate our experimental findings in a clinical 

setting. Thus erectile and female sexual function, and associated vascular pathologies were 

assessed in two similar populations: healthy subjects with increased abdominal adiposity and in 

patients with Stage 3 to 5 CKD. 

  

6.1 Increased Adiposity and Erectile and Female Sexual Dysfunction - The Role of Lifestyle 

Interventions  

 

6.1.1 Experimental Evidence - Caloric Restriction 

 Lifestyle modifications, such as caloric restriction (CR) and exercise have been shown to 

result in positive health outcomes,150,152,181,182,184–190,196,199–201 including improvement in erectile 

and female sexual function, particularly in men.25,105,106,137,145,150,152,202–207 For example, a previous 

study in normotensive rats showed that erectile responses could be recovered in aging animals 

with accumulating body mass, although this recovery became markedly more difficult with 

advancing age.151 However, whether CR could prevent, rather than restore ED in rats was not 
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known and lead us to our experimental evaluations in Chapter 2. We used a preventative 

approach in vivo to distinguish between the influence of aging and increased adiposity. Sprague-

Dawley rats were calorically restricted using two different severities of CR (i.e., mild and 

moderate), over 4 months whereas the control group was allowed to free-fed (ad libitum). 

Sprague Dawley rats were selected as they are not genetically manipulated (e.g., Zucker rat), 

progressively gain body weight, and accumulate considerable visceral adipose tissue (VAT) over 

time while consuming normal rat chow (i.e., no high fat required).477 

 Whereas aging is an independent risk factor of ED, ED is not an inevitable outcome of 

aging.107 138,377,477 Aging is associated with cardiovascular co-morbidities, such that it is difficult 

to distinguish the effect of aging per se on erectile function, distinct from other variables.35 The 

experimental strategy used in this thesis, facilitated understanding of the contribution of 

increasing adipose tissue, specifically VAT to the progression of ED, separately from aging. 

Moderate CR, more so than mild CR, significantly attenuated VAT (as assessed by abdominal 

girth and Magnetic Resonance Imaging [MRI]), as well as erectile responses but did not alter IPA 

morphology or traditional biochemical markers. Additionally, endothelial dysfunction preceded 

structural adaptations and contributed to ED in rats with increased abdominal adiposity. These 

findings indicate that there may be a threshold of adiposity, which if crossed, impacts negatively 

on cardiovascular outcomes. Furthermore, the longitudinal accumulation of VAT in rats was 

predicted with greater precision by abdominal girth, independently of Body Mass Index (BMI) 

(Chapter 2), validating this index to predict VAT in future experimental models.  

 Thus, there is strong evidence in favour of advancing the current experimental model to 

further investigate the underlying mechanisms by which erectile function is improved with CR. 

Elucidating these changes will be important to improve understanding of the mechanisms by 

which CR and attenuation of accumulation of VAT work to improve erectile function.  
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6.1.2 Clinical Evidence - Exercise 

 In a landmark study by Esposito et al,105 a combination of diet and exercise improved ED 

in men. Despite this report there is very limited information on the effect of lifestyle interventions 

on erectile and female sexual dysfunction. Specifically, whether chronic exercise can improve 

erectile and female sexual function in sedentary and overweight or obese females has not been 

previously examined in depth. Although mechanisms remain to be elucidated, lifestyle 

modifications are currently recommended for the initial intervention of both CVD and ED to 

elicit global improvement in cardiometabolic risk factors.103,121,137,140 In light of these studies, 

Chapter 3 sought to evaluate erectile and female sexual function in a cohort of sedentary and 

overweight or obese men and women. Although both sexes shared similar risk factors, the impact 

on erectile and female sexual function was different. That is, there was an association between 

ED and both BMI and waist circumference in males that was not present in the females. This 

occurred without alterations in other cardiometabolic risk factors (e.g., dyslipidemia). In clinical 

studies, waist circumference, used to predict VAT, has emerged as a powerful tool in assessing 

cardiometabolic risk.30,101,112,147–160 Therefore, the increase in waist circumference found in men 

with ED of this study is likely an indicator of increased VAT.407,408 In humans there is a strong 

association between cardiometabolic risk and accumulation of VAT,30,101,112,147–160,411 and in 

severe cases, morbidity and mortality.155,158,166,409,410 Men with a higher abdominal adiposity are 

also at a higher risk of ED.105,161,168,169 Of interest, men in our study were already overweight or 

obese, and so it appears that an even greater accumulation of adiposity, results in an increased 

risk of ED, a finding that has been demonstrated in another population of men.145 FSD occurred 

independently of the variables measured in this study, a finding that has been established 

elsewhere.412,413 This finding suggests that distribution of fat does not play as large a role in 

females, and that there are other variables that are contributing to FSD in this population.74 
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 Endothelial dysfunction has been linked to ED in men51,53,81 and is thought to contribute 

to FSD.81 Findings by Esposito et al support that exercise and a modified diet can improve 

endothelial and inflammatory markers that are accompanied by improvements in erectile 

function.105 Our study was the first to evaluate von Wilebrand factor (VWF) and osteoprotegerin 

(OPG) levels in sedentary, overweight and obese men and women with ED and FSD, and the first 

to evaluate the VWF pro-peptide in addition to the VWF antigen. Unexpectedly, there was no 

difference in endothelial function or immune profiles (i.e., C-reactive protein [CRP]) between 

males and females with ED and FSD, and those without. These contradict findings by 

Vlachopoulos et al which revealed higher VWF levels in men with ED.54 However, their study 

was done in a normal weight population of men. Findings from this study regarding endothelial 

function need to be confirmed using other measures such as flow mediated dilation.  

 Importantly, 24 weeks of chronic exercise on an isocaloric diet significantly improved 

erectile and female sexual function in both sedentary and overweight or obese men and women. 

These findings need to be confirmed in larger studies using additional methods to evaluate 

erectile and female sexual function. These findings are supported by the largest, randomized and 

controlled exercise study in men to date105 and other experimental and clinical exercise 

interventions.151,183,197,198 In females, the data is limited, although there is some evidence to 

support that weight loss via CR or exercise, can improve FSD.79,88,414 Currently, the beneficial 

effects attributed to exercise (i.e., decrease risk of CVD)193 are not well understood, although 

some credit the decrease in adiposity, specifically adipose tissue surrounding the organs (i.e., 

VAT).150 In fact, exercise has been shown to selectively target abdominal adiposity.150,417 At this 

time we can only speculate regarding the mechanisms by which erectile and female sexual 

function is improved by exercise, as this is an ongoing study. At study the variables and 

biomarkers assed at baseline will be available for the 24 week time point. It is likely however, 
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that these mechanisms involve a reduction in abdominal adiposity, an improvement in endothelial 

function and elevated self-esteem.144,197,198,418,419 

 A limitation of this study was that it was primarily an examination of cross sectional data 

and thus no cause and effect may be inferred. As the original study only recruited sedentary and 

overweight or obese participants there is a lack of a control group of normal weight or physically 

active participants. Future evaluations measuring other variables (e.g., psychological distress, 

negative body image, and hormonal profiles) are needed to determine the predisposing factors 

that elevate risk of ED and FSD in a population that is sedentary and overweight or obese.  

 

6.2 CVD and ED in CKD; an Accelerated Pathogenesis  

 

6.2.1 Experimental Evidence - CKD, ED and the IPA 

 Although both vascular calcification and ED have been shown to be prevalent in patients 

with CKD, the mechanisms have not been elucidated, particularly as they relate to the IPA. 

Despite the importance of the distal portions of the IPA in regulating penile blood flow the 

vascular biology of this portion of the circulation has not been well studied. Additionally, the 

susceptibility of various vascular beds to dysfunction has not been evaluated in CKD. Thus there 

was a need to examine the mechanisms of vasculogenic ED associated with CKD, specifically, 

the role of vascular calcification in the IPA and the loss of erectile function with progressive 

CKD. In Chapter 4 an adenine diet was used to induce CKD in Sprague Dawley rats over the 

course of 7 weeks. There was an increased frequency of rats with ED as a result of the CKD, 

which was associated with endothelial dysfunction, increases in pulse wave velocity (PWV), and 

alterations in vascular morphology, but not vascular calcification per se. This points to an 

important pathogenic role of the worsening uremic environment in the early development of 

systemic endothelial dysfunction. In support of this concept, endothelial dysfunction is well 
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established in the uremic milieu associated with CKD,234,361–363,441,442 contributing to accelerated 

progression of renal deficiency as well as adverse cardiovascular events.441–443,478 Additionally, 

previous studies have shown that an in increase in PWV is associated with severity of vascular 

calcification and mortality.248,252,258,325 The lack of correlation between ED and calcification of the 

IPA is, in part, a result of the relatively short duration of CKD. In addition, the deposition of 

calcification, at least in early stages, paradoxically, resulted in an open, unobstructed lumen, most 

likely allowing for the maintenance of some level of erectile function despite the vascular 

dysmorphology. In severely mineralized IPAs, but in no other vessels, calcification was 

accompanied by intimal proliferation, a finding that has also been found in aging hypertensive 

rats.64,151 In this manner, it is likely that with a longer duration of CKD, calcification of the IPA 

would contribute to intimal proliferation, dysfunction and ultimately occlusion of the vessel, to 

generate ED. Therefore CKD-induced endothelial dysfunction and the onset of ED act as a 

measurable sentinel, and may be important components of the early vascular insult, preceding the 

onset of mineral deposition. Indeed other studies have suggested that the onset of endothelial 

dysfunction may be the first vascular event leading to arterial calcification.372 

 Another important outcome of this study was to evaluate the time course and magnitude 

of vascular calcification in rats with CKD across different vascular beds (i.e., thoracic artery, 

carotid artery and IPA). The IPA, the dominant controller of penile vascular resistance, was found 

to be more susceptible to calcification, particularly the distal segments, as compared to other 

vessels studied; occurring earlier and with increased severity. One study in a different disease 

model, following men with CAD and ED, also found an increased susceptibility to calcification in 

the IPA, compared to the internal iliac arteries.100 The differences in susceptibility to tissue 

calcification in CKD is not well understood but likely depend on variations in structural and 

functional characteristics of blood vessels, dysregulation of mineral metabolism,250,309,321,348,459,469 

regional variation in the control of mineralization,320,321,469 dissimilarities in embryonic origin,438 
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variable responses to the uremic milieu,301 anatomical location,330,332,430 and heterogeneity in 

hemodynamic challenges.249,309,320,321,333–336 Furthermore, the IPA has very distinctive 

properties63,440 that are associated with ED in both aging and hypertension,63,64 which may 

predispose it to early pathogenesis. These findings provide further evidence that the IPA is more 

susceptible to vascular dysfunction than other vascular beds. Furthermore, this reinforces the role 

of the IPA as a sentinel of impending systemic vascular dysfunction, in this case mineralization, 

and associated hemodynamic consequences (i.e., increased PWV). 

 

6.2.2 Clinical Evidence - Erectile and Female Sexual Dysfunction and Vascular 

Abnormalities in CKD 

 CKD is a complex and multifactorial disease that is associated with cardiovascular risk 

factors,466 co-morbidities,459–464 and severe cardiometabolic outcomes.242,245,246 ED and FSD are 

also highly prevalent in this patient population.22,65,261–264,373 However, it is difficult to interpret 

the mechanisms involved in the onset of erectile and female sexual dysfunction as there are many 

confounding cardiovascular and psychological variables. In humans, there are very few studies, 

which evaluate sexual health in patients with CKD, particularly in the stages before they enter 

dialysis, and in women. Dysregulation of mineral metabolism, which occurs in patients with CKD 

can cause cellular adaptations that promote vascular calcification,469 and increase mortality.312 

Therefore, the assessment of vascular calcification in patients with CKD is of great interest. 

 The final study (Chapter 5) evaluated the sexual health of Stage 3 to 5 CKD patients at 

KGH and retrospectively analyzed CAC scores and endothelial function over time in relation to 

erectile and female sexual function. The cohort was small, however, there was high prevalence of 

ED and FSD in patients with CKD that was associated with distress in the majority of males. A 

number of factors have been previously implicated in the increased incidence and high prevalence 

of ED in the various stages of CKD. These factors include, complications associated with 
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biochemical, endocrinological, vasculogenic, psychogenic, neurogenic, haematological and 

treatment-induced abnormalities.21,265,285,303,429,439 Additionally, in this cohort between 2005 and 

2009, there was an increase in CAC score and endothelial dysfunction, indicating a worsening of 

vascular function with the presence and progression of CKD, despite the fact that the majority of 

the subjects had no history of CVD. In 2005, endothelial dysfunction was more prevalent than 

vascular calcification. In 2009, CAC levels were higher than those found in the general 

population.318,456 Although the relatively small cohort did not allow for statistical analysis, there 

did appear to be higher levels of vascular calcification and endothelial dysfunction occurring with 

ED and FSD. These findings support our experimental data in Chapter 4, which indicate that 

CKD-induced endothelial dysfunction may be a component of early stage vascular pathologies 

that serve as a warning, and pre-date the effect of mineral deposition. The presence of uremia can 

induce VSMC proliferation and migration which damages vascular repair mechanisms, inducing 

neointimal hyperplasia and ultimately leads to a reduction in lumen size.301 In fact, endothelial 

dysfunction is present in the uremic milieu associated with CKD234,361–363,441,442 and has been 

implicated as a "first event" in vascular changes leading to atherosclerosis and arterial 

calcification.372 It is also a contributing factor in the progression of renal deficiency as well as 

adverse cardiovascular events.441–443,478 Mechanisms involved in endothelial dysfunction as it 

relates to bioavailability of nitric oxide (NO) may include: limitations in substrate  availability 

(e.g., L-arginine) and increases in circulating levels of endogenous NO synthase (NOS) inhibitors 

(e.g., ADMA).441,478 Although the evidence is sparse, some studies support a role for calcification 

of penile arteries and tissues in the progression of ED in patients with CKD.304,331 Additionally, 

ED is associated with subclinical coronary artery atherosclerosis104 and is a risk factor for the 

presence of CAC.319 Therefore, the underlying mechanisms occurring in the progression of ED 

and FSD in CKD patients are multifactorial and likely involve the onset of endothelial 
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dysfunction, vascular calcification, as well as additional structural and functional pathologies that 

occur as a result of the uremic environment.297 

 This preliminary study allowed for the opportunity to optimize procedures and protocols 

for the future evaluation of erectile and female sexual function in CKD patients at KGH. Future 

studies in larger cohorts will need to account for the duration and magnitude of both renal 

insufficiency and calcification to be able to better determine the functional impact of CAC as it 

relates to ED and FSD. Recommendations for future studies have been detailed in Chapter 5 and 

Appendix D, and pertain to study design, questionnaires, psychometric evaluations, 

anthropometric and blood measurements, hormonal profiles, calcification of proximal and distal 

arteries, and physiological assessment of erectile and female sexual function. The main 

limitations of this study include a retrospective analysis of CAC scores and endothelial function 

and a small number of patients.  

  

6.3 Concluding Remarks and Future Perspectives  

 This thesis research has substantially contributed to knowledge regarding the important 

role of the IPA in erectile function in both normal Sprague Dawley rats and in rats with chronic 

disease. Our clinical studies have allowed for a unique translational aspect of our experimental 

findings in two variations of the population; a relatively healthy group with increased adiposity 

and a group with chronic disease (i.e., CKD). In particular, our clinical evaluations of females 

with sexual dysfunction provides important new data in a grossly understudied field.  

 Using two therapeutic lifestyle interventions, these studies were able to prevent ED (via 

CR) and restore erectile and female sexual function (via exercise) in rats and humans, 

respectively. The positive effect on VAT, endothelial function and erectile function observed in 

the experimental rat study were achieved in a relatively short time span, without severe or 

prolonged CR, additional physical activity or significant negative impact on metabolism. 
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Whereas the mechanisms associated with the improvement in erectile and female sexual function 

with exercise remain speculative, it is likely that a reduction in adiposity, specifically VAT plays 

a key role, at least in men. Furthermore, these clinical studies support the notion that obesity 

specific mechanisms and outcomes, appear to play a greater role in males. Certainly, at least in 

human studies, both physiological and psychological changes are occurring with weight loss that 

may contribute to improvements in erectile and female sexual function. Future studies are needed 

to determine the mechanisms underlying the beneficial impact of lifestyle modifications, such as 

CR and exercise on erectile and female sexual function, particularly as it relates to their ability to 

ameliorate the accumulation of VAT. Additionally, the lack of concordance of clinical phenotype 

in ED and FSD needs to be addressed in future studies.  

 Lifestyle modifications such as change of diet to reduce body mass and waist 

circumference as well as physical activity are recommended for men with ED.129,418,479 In women, 

there is some very preliminary evidence to suggest that these modifications may also be 

beneficial.428 Our data supports that both erectile and female sexual function could benefit from 

chronic exercise and that in male Sprague Dawley rats, dietary restriction can prevent the 

accumulation of adipose tissue as well as ED. 

 Our findings in a chronic disease model of rats with adenine-induced CKD demonstrate a 

regional susceptibility to vascular calcification, specifically in the distal portions the IPA, the 

vessels that are the predominant controller of penile vascular resistance. There is some evidence 

to indicate that location and severity of calcification may be important determinants of morbidity 

and mortality risk.445 These novel observations warrant additional investigation into the 

mechanisms behind this increase in susceptibility. Furthermore this process in the IPA is 

accelerated in progressing CKD and appears to be a sentinel of systemic vascular calcification 

and hemodynamic alterations. It is likely that endothelial dysfunction, present in early stages of 

CKD, also plays a key role in the development of ED. Based on preliminary findings in the clinic 
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and observations in the experimental model, it is likely that ED and FSD in CKD patients is a 

consequence of early onset endothelial dysfunction that is accompanied by structural changes of 

the IPA, with vascular calcification playing a greater role in later stages of CKD. A longer time 

course of CKD would allow for determination of whether vascular calcification leads to more 

severe pathological remodeling and dysfunction. Experimentally these findings confirm that 

pathogenic remodeling of the IPA and the consequent ED are a sentinel event for systemic 

changes, a particularly important link given the common burden of CVD and ED in the CKD 

population. Moreover, understanding and assessing the progress of ED and FSD in individuals 

with CKD may serve as a novel screening method to non-invasively evaluate the overall 

cardiovascular health status and quality of life in CKD patients.  

  In conclusion, early detection of cardiovascular pathologies using incident ED and FSD 

as a sentinel should facilitate early preventative or more aggressive interventions in otherwise 

asymptomatic populations and in the early stages of chronic disease (i.e., CKD). Concomitant 

amelioration of ED and FSD along with the reduction cardiovascular risk will result in improved 

health outcomes and quality of life. The development of novel treatments and preventative 

strategies aimed at non-traditional risk factors and targeting underlying causes of CKD, CVD and 

ED, not just relieving signs and symptoms should continue to be a priority. 
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Appendix B - Information and Consent Forms 

 

Project Titles 

 

Dose-response Effects of Exercise on Abdominal Obesity and Risk Factors for CVD in Women 

and Men 

 

Coronary Artery Calcification Scores in patients with Stage 3-5 Chronic Kidney Disease (CKD) 
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Dear SERENA Study Participant, 

 

The World Health Organization has named sexual health a basic human right and yet 

problems with sexual function are very frequent and affect the lives of hundreds of millions of 

people worldwide. Many studies have shown that sexual health is linked to the health of your 

heart and circulation.  In fact, the start of problems with sexual function may predict the 

beginning of cardiovascular disease 3-7 years before it happens. As a result, we are interested in 

determining whether lifestyle modifications, such as various levels of physical activity can 

improve both vascular health and sexual health. 

 The attached questionnaires, The Female Sexual Function Index for women or the 

International Index of Erectile Function for men are used worldwide to assess sexual health. 

Although the questions are of a private and sensitive nature they are a validated and standardized 

approach, and are routinely used by physicians and scientists in both study and treatment in the 

field of sexual medicine. 

By completing the first questionnaire that is appropriate for you, you will be helping us to 

establish the link between sexual health and other aspects of health status. By further agreeing to 

answer the appropriate questionnaire throughout the study, you will be helping us to determine 

whether certain types of exercise can improve sexual function.  

All information obtained during the course of this study is strictly confidential and your 

anonymity will be protected at all times. You will only be identified by your original study ID 

number, no names will be used. You will not be identified in any publication or report. 

Your participation in this study is voluntary. Once you have completed the questionnaire, 

please place it into the envelope provided and seal it. Please return the envelope to the specially 

designated mail box inside the Ross laboratory with the questionnaire inside, even if you choose 

not to fill it out. The envelope will only be opened by Dr. Ross. 

The responses to the questions will not affect your group assignment nor will it have any 

impact on your continued participation in the SERENA study. If you have any further question 

regarding this process, please bring them to our attention. 

 

Thank you for your continued participation in the SERENA study! 
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Information and Consent Form        

 

PROJECT TITLE:  

 

Coronary Artery Calcification Scores in patients with Stage 3-5 Chronic Kidney Disease 

(CKD) and their Correlation with the Prevalence of Sexual Dysfunction.  

 

BACKGROUND INFORMATION:  

 

You are being invited to participate in a research study directed by Dr. Jocelyn Garland 

and Dr. Rachel Holden to evaluate the occurrence of sexual dysfunction in patients with Chronic 

Kidney Disease. These results will be compared to data collected from your previous 

participation in a study which collected your calcium scores and various biomarkers in your 

blood. Drs. Jocelyn Garland and Rachel Holden are available to answer any questions you may 

have. This study has been reviewed for ethical compliance by the Queen’s University Health 

Sciences and Affiliated Teaching Hospitals Research Ethics Board.  

 

DETAILS OF THE STUDY: 

 

The aim of the study is to evaluate the occurrence of sexual dysfunction in patients with 

chronic kidney disease and examine potential underlying causes, such as calcification of the 

arteries. These results will be compared to data collected from your previous participation in a 

study which collected your calcium scores in your coronary vessels and various biomarkers in 

your blood. You will be considered for the study if you would like to fill out a questionnaire 

regarding your sexual health. 

No additional visits or testing will be required. You may fill out the form, marked with 

your study ID number in privacy, place the questionnaire in the envelope provided and give it 

directly to Dr. Rachel Holden. Your name does not appear on the form and the person examining 

the data will have no access to your name or any other personal information. The examiner of the 

study will be blind to both your identification and to your stage of chronic kidney disease.  

If after reading the questionnaire you have any questions you may ask Tina Maio, the 

PhD student who will be distributing the questionnaires or speak with Drs. Jocelyn Garland or 

Rachel Holden directly. If upon filling out the questionnaire, you wish to address any sexual 

health issues, you may speak to them about acquiring further assistance. 
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Many people are unaware that in some cases sexual dysfunction is treatable and can 

vastly improve quality of life to both those afflicted as well as their family members. Sexual 

dysfunction is more prevalent in patients with chronic kidney disease. While researchers do not 

know how or why this occurs, it has been proposed that damage to the blood vessels, for example 

calcium build up in the arteries may be responsible. By examining the link between chronic 

kidney disease, sexual dysfunction and calcification of the blood vessels, the causes may become 

clearer and possibly open new avenues of research to develop ways to treat the underlying 

problem. 

 

Confidentiality  

 

All information obtained during the course of this study is strictly confidential and your 

anonymity will be protected at all times. You will be identified by your original study ID 

number only, no names will be used. Data will be stored in locked files and will be available 

only to Dr. Jocelyn Garland, Dr. Rachel Holden, and Tina Maio - a PhD student who will be 

examining the data by case number only. You will not be identified in any publication or reports. 

Digital data will be password-protected and encrypted.  

Your participation in this study is voluntary. You may withdraw from this study at any 

time and your withdrawal will not affect your future medical care with your physician or at this 

hospital.  

By signing this consent form, you do not waive your legal rights nor release the 

investigator(s) and sponsors from their legal and professional responsibilities. 

 

SUBJECT STATEMENT AND SIGNATURE SECTION:  

 

I have read and understand the consent form for this study. I have been given sufficient time to 

consider the above information and to seek advice if I chose to do so. I have had the opportunity 

to ask questions which have been answered to my satisfaction. By signing below, I consent to my 

participation in this study designed to examine the relationship between sexual function and 

Chronic Kidney Disease and to relate these conditions to various factors collected in the previous 

study I participated in, including coronary artery calcium scores and various biomarkers that were 

measured in the blood samples that I provided. I have read this letter of information and 

understand the risks and benefits of participation. I am voluntarily signing this form. 



196 

 

I also understand: 

1. That my identity and data will be kept anonymous and confidential 

2. That I am free to withdraw from the experiment at any time before, during or after, 

without reason or consequence 

3. That I have been told the purpose of the experiment and am free to ask questions at any 

time 

If at any time I have further questions, problems or adverse events, I can contact  

 

Dr. Jocelyn Garland, MD at 613-533-3207 

 

If I have questions regarding my rights as a research subject I can contact  

 

Dr. Albert Clark, Chair, Queen’s University Health Sciences and Affiliated Teaching Hospitals 

Research Ethics Board at 613-533-6081  

 

By signing this consent form, I am indicating that I freely consent to participate in this study.  

 

________________________________________  

Signature of Patient Date  

 

________________________________________  

Signature of Witness Date  

 

 

STATEMENT OF INVESTIGATOR:  

 

I, or one of my colleagues, have carefully explained to the subject the nature of the above 

research study. I certify that, to the best of my knowledge, the subject understands clearly the 

nature of the study and demands, benefits, and risks involved to participants in this study.  

 

____________________________________________  

Signature of Principal Investigator Date  
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Appendix C - Recommendations for Future Data Collection  
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Recommendations for Future Data Collection 

 The assessment of sexual dysfunction requires the collection of a thorough medical 

history (e.g., reproductive; surgical; psychiatric; social) as well as sexual history (e.g., onset; 

duration; extent; history of sexual abuse), physical examination (i.e., vascular and neurological 

examination), laboratory (e.g., standard serum chemistry), and specialized diagnostic testing (e.g., 

duplex Doppler ultrasonography).1,2 In an experimental setting it is quite difficult and often not 

possible to collect such extensive information, especially when it involves patients with chronic 

disease. Below are some recommendations for the collection of data in future, which may be 

beneficial future studies.  

 

I. Study Design 

 In terms of study design, a prospective study would be best to determine the contributions 

of the various factors in the progression of the disease. In this manner, the presence and 

progression of sexual dysfunction may be determined as it relates to advancing age, progressing 

kidney disease and increasing severity of CAC.   

 

II. Patient History Questionnaires  

 In this pilot study, there was some discrepancy between what the patient discloses during 

the interview session and what was available in the charts (e.g. TURP procedures). By providing 

an additional questionnaire asking about patient history, this information may be more easily 

obtained.2,3 An additional female and male questionnaire to measure a patient's medical and 

sexual history is attached below (Appendix 1, 2.). 

 

III. Psychometric Evaluations 

 It is important to determine whether the patient is suffering from depression to be able to 

rule out neurogenic/psychological causes of sexual dysfunction. In cases where depression is 
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present, neurogenic causes and not the vasculature may play the leading role in the cause of 

sexual disturbances, or they may work in concert to exacerbate dysfunction. It may be difficult to 

distinguish between these populations as depression is a common comorbidity of CKD.4 

Therefore, the presence of depression, anxiety, and other mental illness should be documented 

and taken into account. In addition, a quality of life questionnaire for example the 36-Item Short 

Form Health Survey (SF-36) from the RAND Medical Outcomes Study or the Health-Related 

Quality of Life (HRQOL) survey from the CDC may be of additional benefit in assessing the 

patient. 

 

IV. Anthropomorphic Measurements and Blood Measurements 

 While obesity is widely associated with CVD, its role in CKD is not as clear.5 In addition 

to body weight and height to determine BMI, waist circumference and VAT (via Magnetic 

Resonance Imaging (MRI)) would add useful information to include in future studies. Lipid 

profiles (e.g. triglycerides, HDL, LDL) should also be obtained for each patient. 

Prolactin levels in CKD patients have been associated with arterial stiffness, endothelial 

dysfunction and an increased risk of cardiovascular events and mortality.6 Additionally, the 

production and clearance of prolactin are altered in patients with CKD, increasing with severity 

of renal insufficiency. Therefore, the measurement of prolactin levels should be considered.  

 CKD is often associated with disturbances in the hypothalamic-pituitary-gonadal axis, 

resulting in hypogonadism and low testosterone levels in men.7 However, the outcomes of this 

condition, namely ED, does not improve with testosterone treatment in patients with CKD.7 

Moreover, studies have shown that low testosterone can only partially explain diminished erectile 

responses that are associated with CKD, which most likely occurs because of the uremic 

environment and associated comorbidities.7  

 Testosterone may impact on physiological process that involve erectile function such as 

the regulation of nitric oxide synthase (NOS).8 Determination of testosterone levels is done via 
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total testosterone (total androgen production), free testosterone (available testosterone), 

bioavailable testosterone and by assessing levels of sex hormone binding-globulin (SHBG).1,9 In 

females, a decline in estrogen may play a role in sexual dysfunction as a result of pathological 

changes in structure and function of vaginal and clitoral tissues.10 Estrogen deficiency contributes 

to decreased libido, vaginal dryness and lack of sexual arousal.10 In future studies, hormone 

profiles should be evaluated. 

 

V. Vascular Calcification of Proximal and Distal Vessels 

 Recent experimental studies identified a differential regional susceptibility to vessel 

calcification, with distal vessels being more susceptible than proximal vessels in aging,11,12 

coronary artery disease,13,14, CKD and obesity.15 Furthermore, our animal studies demonstrated 

that vascular calcification also occurs in blood vessels proximal to the sexual organs at a very 

early stage of renal disease (i.e. vascular calcification of the internal pudendal arteries appears to 

occur 1st) and that vascular calcification of distal vessels is greatly accelerated by CKD (Chapter 

4). Therefore, ideally in future studies the presence and degree of vascular calcification would be 

assessed in both distal vessels using lumbar x-ray as well as in proximal vessels via CAC scores. 

Whether the distal and proximal blood vessels are calcified or not, should be reflected, at least in 

part, in the sexual health of the patient. Early phenotypic changes in distal blood vessels (i.e. 

calcification) accompanied by a functional deficit (sexual dysfunction), may act as a sentinel for 

disease progression in the rest of the circulation. This sentinel finding can then be used as a 

“biomarker” to evaluate the cardiovascular health in this population of CKD patients.  

 

VI. Physiological Assessment of Sexual Function 

 The needs of the patients should be addressed in future studies. In a study evaluating pre-

dialysis patients sexual function, it was noted that while 67% expressed interest in treatment for 

their ED, none of them received any treatment.16 Currently, the evaluation of ED is not part of the 
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multidisciplinary care provided within the framework of the CKD clinic at Kingston General 

Hospital. In future studies, additional effort should be made to not only evaluate the sexual 

function of these patients but to also provide an opportunity to seek additional assistance and 

counselling in regards to their function. This could be done by asking the patients if they were 

interested in learning more about sexual dysfunction or about receiving treatment for it and 

developing protocols and action plans to address their needs (e.g., developing information 

package, providing referrals to specialists in sexual dysfunction). 

 In addition to self-reported questionnaires, physiological assessments may also be 

considered for future studies. In males, the use of the Rigi-Scan, echo and duplex Doppler 

ultrasonography (DUS) measures blood flow in the corpora of the penis and is able to 

differentiate between organic and psychogenic causes of ED with a relatively high sensitivity.17,18 

A detailed physical examination, including, testicular and penile evaluation (e.g. for Peyronie’s 

disease plaques) may also be performed. The evaluation of IPA stenosis, occlusion and 

calcification to assess arteriogenic ED, can be done via computed tomography angiography 

(CTA) which is minimally invasive and relatively inexpensive.13,19 In females, measurement of 

physiological sexual arousal may be obtained with a vaginal photoplethysmograph.20 While 

specialized diagnostic testing can add valuable information to understanding of the mechanisms 

involved in sexual dysfunction, it's use is limited by the lack of "normal" values for comparison.1 
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Appendix D - Recommendations for Future Additional Questionnaires   
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Additional Questionnaire - Females 

 

Please circle the answer that applies: 

Number of years since original diagnosis of chronic kidney disease (CKD)__________________ 

What is your relationship status: Single, With Partner, Married (or long term partner) Widowed, 

Divorced  

If you have a partner, what is the duration of your relationship?___________________________ 

If you have a partner, are you currently living together? Y / N 

Have you been sexually active within the last four weeks? Y / N 

If you are not currently sexually active, are there any particular problems contributing to you lack 

of sexual activity?___________________________________________________________ 

Do you have any children?   

If so, how many?   

If so, was it a natural birth or C section? 

Have you had a hysterectomy? 

Do you have any physical problems that might interfere with having satisfying sexual activity? 

______________________________________________________________________________ 

Are you currently taking any medication for depression, anxiety? Y / N, thyroid Y / N? 

Please list the medication(s) 

______________________________________________________________________________ 

Are you currently: not in menopause, perimenopausal, or post menopausal 

Are you currently on hormonal therapy? (e.g. estrogen therapy) Y / N 

Are you currently taking oral contraceptives (otherwise known as birth control medication or “the 

pill”). Y / N Please list the name of the medication_________________________________ 

Do you currently have sexual dysfunction? Y / N 

If so, for how long?______________________________________________________________ 

Does your partner suffer from sexual dysfunction? Y / N 

Has this affected your sexual function? Y / N 

 

Thank you for filling out this questionnaire.  
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Additional Questionnaire - Males 

 

Please circle the answer that applies: 

Number of years since original diagnosis of chronic kidney disease (CKD)__________________ 

What is your relationship status: Single, With Partner, Married (or long term partner), Widowed, 

Divorced  

If you have a partner, what is the duration of your relationship?___________________________ 

If you have a partner, are you currently living together? Y / N 

Have you been sexually active within the last four weeks? Y / N 

If you are not currently sexually active, are there any particular problems contributing to you lack 

of sexual activity?__________________________________________________________ 

Do you have any children? If so, how many?   

Are you currently taking any medication for depression, anxiety? Y / N, thyroid Y / N? 

Please list the medication(s) 

______________________________________________________________________________ 

Are you currently receiving treatment (or have received treatment at some point over the last 6 

months) for erectile dysfunction (e.g. phosphodiesterase-5 inhibitors: sildenafil (ViagraTM), 

tadalafil (CialisTM), vardenafil (LevitraTM)) Y / N. Please list the name of the 

medication_____________________________________________________________________ 

Would you be interested in receiving treatment for your erectile dysfunction? Y / N  

Do you have any physical problems that might interfere with having satisfying sexual activity? 

______________________________________________________________________________ 

Have you had any surgical procedures of the prostate, including but not limited to transurethral 

resection of the prostate (TURP)? Y / N. Please write the name of procedure 

______________________________________________________________________________ 

Do you currently have sexual dysfunction? Y / N 

If so, for how long? _____________________________________________________________ 

Does your partner suffer from sexual dysfunction? Y / N 

Has this affected your sexual function? Y / N 

 

Thank you for filling out this questionnaire.  


