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Abstract 

Introduction:  Polycystic Ovary Syndrome (PCOS) is associated with an increased risk of 

cardiovascular disease (CVD), which is suggested to be largely due to vascular endothelial 

dysfunction.   Endothelial dysfunction is typically represented as an impaired vasodilatory 

response to an appropriate shear stimulus which is dictated by the flow of blood and its 

components as well as vessel diameter.  Notably, both vascular and haemorheological 

parameters have been well-documented to improve following long-term exercise in many 

disease states that share similar characteristics to PCOS.  As such, high levels of 

cardiorespiratory fitness have been associated with healthy vascular function and blood 

characteristics in various populations.  In contrast to long-term exercise, vascular and 

haemorheological responses to acute exercise would provide insight into the mechanisms that 

may stimulate beneficial long-term exercise-induced adaptions.  Therefore, the current study 

aimed to examine the vascular and haemorheological responses in PCOS to two acute exercise 

bouts (moderate and heavy-intensity) compared to controls matched for cardiorespiratory 

fitness.  The findings of the present study may provide an understanding to the influence of 

exercise training on vascular function and haemorheology in women with PCOS and whether 

prolonged adaptations or impairments to these variables are observed in this population.    

Methods: Endothelial function and haemorheological measurements were performed at 

baseline and following moderate and heavy-intensity exercise in eight women with PCOS (age: 

26 ± 4 years) and ten controls (age: 28 ± 6 years), matched for BMI (23.8 ± 3.1; 21.2 ± 3.1 

kg·m-2) and cardiorespiratory fitness (V̇O2max: 39.33 ± 6.07; 40.70 ± 5.74 mL·kg-1·min-1).   

Endothelial function was assessed by flow-mediated dilation (FMD), and normalised for the 

shear stimulus (FMD:SRAUC).  FMD variables measured at baseline and following exercise 

were expressed as absolute and magnitude in change values.  Haemorheology was assessed by 

measurement of blood viscosity (at native and standardised haematocrit), red blood cell (RBC) 
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aggregation (at native and standardised haematocrit), plasma viscosity and RBC deformability.  

Cardiorespiratory fitness and metabolic, hormone and cardiovascular profiles were also 

assessed.   

Results:  At baseline, there were no significant differences in FMD variables between groups, 

however RBC aggregation indices in both native and standardised haematocrit (p = 0.001) and 

plasma viscosity (p = 0.026) were elevated in PCOS women compared to controls.  FMD and 

haemorheological parameters were not different between groups following moderate-intensity 

exercise (p > 0.05).  Following heavy-intensity exercise, the baseline to post-exercise change 

in SRAUC (p = 0.04) and SR max (p = 0.009) were significantly greater in women with PCOS 

compared to controls.  In contrast, women with PCOS demonstrated a significantly lower 

baseline to post exercise change in FMD:SRAUC (p = 0.021) following heavy-intensity 

exercise in comparison to controls.   

Conclusion: The findings of the present study demonstrated that at rest, women with PCOS 

exhibited preserved vascular function, however haemorheology (as demonstrated by elevations 

in RBC aggregation and plasma viscosity) was altered despite being young, healthy weight and 

fit.  Furthermore, vascular reactivity was similar between groups following moderate-intensity 

exercise.  In contrast, women with PCOS demonstrated an altered vasodilatory response in 

comparison to controls following heavy-intensity exercise.  These findings provide new 

evidence that despite being young, lean and fit, women with PCOS exhibit altered baseline 

haemorheology parameters and an altered vasodilatory response to heavy-intensity exercise ─ 

factors that can further exacerbate endothelial dysfunction, potentially increasing the risk of 

CVD.     
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Chapter 1 

Introduction 

 

Polycystic ovary syndrome (PCOS) is one of the most common endocrine disorders, affecting 

20% of women of a reproductive age [1, 2].  As such, it is not surprising that this condition 

generates a significant financial economic healthcare burden, with recent estimates reporting 

the cost of PCOS in Australia at $400 million per annum [3].  With regards to diagnosis, PCOS 

is characterised by an excess in androgens (hyper-androgenism) and ovarian dysfunction [1, 

2].  Women with PCOS typically exhibit a complex range of symptoms, including irregular or 

lack of menstrual cycles, ovarian cysts and infertility [4].  In addition to ovarian disturbances, 

women with PCOS commonly exhibit excessive hair growth (hirsutism), acne and weight gain.  

Furthermore, it is worth highlighting that PCOS is not just a reproductive issue, but is also a 

complex, multifaceted disorder with significant health implications.  Indeed, there is strong 

evidence that women with PCOS are frequently diagnosed with obesity, insulin resistance, 

dyslipidaemia and hypertension, that can increase the risk of cardiovascular disease (CVD) and 

type 2 diabetes [2, 5, 6].  Moreover, women with PCOS also exhibit low-grade chronic systemic 

inflammation (i.e., elevated levels of circulating C-reactive protein (CRP), tumor necrosis 

factor alpha (TNFα), and fibrinogen) and oxidative stress , which can further accelerate the 

development of atherosclerosis [7-9].  Notably, evidence of endothelial dysfunction – 

represented by an impairment in vasodilation – has been reported in women with PCOS [10-

20].  These impairments in endothelial function in women with PCOS have been found to be 

independent of obesity (BMI > 30 kg·m-2) [10-12, 15, 16, 18, 20, 21] – a factor that 

independently contributes to endothelial dysfunction [22].    
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The existence of endothelial dysfunction, in combination with CVD risk factors commonly 

presenting in women with PCOS (e.g., insulin resistance, hypertension, obesity, low grade 

inflammation etc.), have been suggested to accelerate the development of overt CVD and 

metabolic disorders in this population [6, 9, 23].  Notably, the importance of the endothelium 

lies in its integral role in the regulation of vascular tone and blood flow by mediating changes 

in artery diameter (e.g., vasoconstricting or vasodilating) to promote blood flow and tissue 

perfusion [24].  The key stimulus to induce vasodilation is the shear stress exerted by blood on 

the endothelial wall [25, 26].  The magnitude of shear stress is, in turn, determined by blood 

viscosity (i.e., internal resistance of blood), as well as blood flow and artery diameter [27].  

[27].  Studies have shown that the physical properties of blood that influence blood viscosity 

or haemorheological characteristics (e.g., plasma viscosity and red blood cell (RBC) 

interactions) [27-29], play a significant role in vascular homeostasis [25, 27].  Women with 

PCOS have been documented to exhibit alterations in haemorheological characteristics with 

elevations in blood and plasma viscosity reported [30, 31].  As blood viscosity is a determinant 

of shear stress, chronic hyperviscosity can cause chronic elevations in shear stress along the 

endothelial wall, which can decrease the sensitivity of the endothelium to changes in shear 

stimulus [25, 32].  Considering this, alterations in haemorheological characteristics may 

contribute to endothelial dysfunction in women with PCOS.  

Improvements in vascular function [33, 34] and haemorheological characteristics [35, 36] have 

been reported following exercise training in individuals that share similar characteristics to 

women with PCOS (such as metabolic and cardiovascular disease).  As such, it is not surprising 

that individuals with a high cardiorespiratory fitness tend to present with healthy vascular 

function [37, 38] and haemorheological characteristics [39, 40].  Despite exercise being the 

first line of defence in the management of cardiovascular risk factors in PCOS [41], there are 

limited studies investigated the effects of exercise training on vascular function [42, 43], with 
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no known studies investigating the effects of exercise on the haemorheological characteristics 

in this population.  Although a considerable amount of literature has been dedicated to the 

chronic effects of exercise on vascular function [33, 34, 42-47] and haemorheological 

characteristics [35, 36, 39, 40, 48-50] in both healthy and a variety of disease states (such as 

PCOS, and metabolic and cardiovascular disease), the impact of acute exercise on these 

parameters is still inconclusive.  The present study was designed to investigate the effects of 

acute exercise on vascular function and haemorheological characteristics in young, lean and fit 

women with PCOS compared to healthy controls.  This study provides an important 

opportunity to advance the understanding of the involvement of exercise-induced vascular and 

haemorheological adaptations in women with PCOS.  Furthermore, new insights into the 

contribution of cardiorespiratory fitness on vascular function and haemorheological 

characteristics in women with PCOS may inform the development of potential strategies to 

reduce the risk of CVD and metabolic dysfunction in this population.   
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Chapter 2 

Literature Review 

 

2.1 Endothelial Function 

Vascular homeostasis is primarily regulated by the endothelium, which is a monocellular layer 

of endothelial cells located between the lumen and vascular smooth muscle.  Endothelial cells 

play an integral role in the regulation of inflammation, platelet activity, vascular tone, blood 

fluidity and flow [24].  Given that the endothelium comprises of the outermost layer of the 

arterial wall, the endothelium is exposed to high levels of physical stress that is exerted by the 

flow of blood.  This physical stress (i.e., shear stress), allows the endothelium to sense and 

respond appropriately to changes in physical, biological and chemical stimuli [25].  In this 

regard and depending on the nature of hemodynamic stimuli (i.e., rest or exercise), endothelial 

cells have the capacity to mediate changes in vessel diameter (vasodilation and 

vasoconstriction) by synthesising and releasing a variety of local vasoactive compounds (e.g. 

nitric oxide, endothelin) to regulate blood flow [4, 51]. Blood flow, determined by vessel 

diameter and driving arterial pressure, promotes the delivery of oxygen and thus dictates 

adequate tissue perfusion in accordance with the metabolic demands of the body. Given the 

critical role of the described mechanisms, a disruption of the endothelial balance (endothelial 

dysfunction) results in impaired vasodilation, vascular inflammation and platelet activation.  

These disruptions are associated with a decreased bioavailability of nitric oxide (NO) – a key 

endothelial-derived substance that plays a vital role in the maintenance of vascular tone, 

platelet activity and white cell activation [52].  For those individuals who exhibit a degree of 

vascular dysfunction, a cascade of events with long-term consequences can occur such as tissue 

and cell death at the microcirculatory level if the condition is left untreated.  For these reasons, 
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the presence of endothelial dysfunction is a well-accepted marker of an early disease prior to 

the onset of overt CVD [21].   

Endothelial dysfunction can cause a physiological cascade of events, including the 

development of impaired vasodilator function and atherosclerosis, taken together, these 

physiological changes are major causes of CVD (13,16,17).  In this regard, endothelial 

dysfunction can result in significant blood flow impairments, and if present with other factors 

(for example such as obesity, insulin resistance, dyslipidaemia and hypertension), can further 

compound the development of poor vascular health.   

Clinical assessment of endothelial function has encompassed various methodological 

approaches.  Endothelial function assessment measures the endothelial cell response to 

vasoactive substances (NO, acetylcholine, bradykinin, substance P or serotonin) [52].  The first 

documented assessment of endothelial function was reported in the mid-1980s [53]. In this 

study, acetylcholine-induced vasodilator function (and blood flow) of the coronary circulation 

was assessed during cardiac catheterisation in six individuals with evidence of coronary 

atherosclerosis determined via coronary angiography [53].  However, given the high-risk and 

invasive nature of this procedure, this approach was not suitable for quantifying vascular 

function and blood flow during routine clinical practice.  More recently, less invasive 

techniques such as photo-plethysmography were developed to measure changes in blood flow.  

In combination with the infusion of vasoactive substances via the brachial artery, photo-

plethysmography provides an alternative approach to that described by Ludmer et al. [53] for 

measuring changes in blood flow and the assessment of vascular function.  However, due to 

the potential variability in forearm size, existence of subcutaneous adipose tissue, and vessel 

diameter depth between individuals, these limitations may negatively impact upon the accuracy 

of the assessment of blood flow and vascular function, particularly if the assessor is without 

extensive training in these semi-invasive techniques [54].  Considering this, flow-mediated 
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dilation (FMD) is an alternative non-invasive method that has recently emerged to accurately 

evaluate vascular function and blood flow in conduit arteries.  This method utilises ultrasound 

waves to depict a two-dimensional representation of the vessel of interest, and provide 

information including the size and shape of the vessel.  By utilising various properties of sound 

waves such as pulsed-wave tissue Doppler, measurements of the velocity (and direction) of 

blood flow can be quantified.  To date, FMD is currently the most commonly used and well-

accepted method to assess NO-mediated vasodilator function within the endothelium of 

conduit arteries [21, 54].  Interestingly, studies have reported that the assessment of FMD and 

has strong prognostic value in patients with increased CVD risk [55].  Given these 

developments, it is not surprising that the use of FMD has been central to previous 

investigations to elucidate the (patho)physiological mechanisms responsible for the impaired 

vascular function and increased risk of CVD in women with PCOS [10-17, 19, 56-66]. 

 

2.2 Endothelial Function in Women with PCOS 

Over the last few decades, there have been numerous studies that have investigated endothelial 

function in women with a variety of PCOS phenotypes [10-17, 19, 56-66] (Table 2.1), albeit 

with relatively conflicting results. Indeed, some investigations have reported that women with 

PCOS do not exhibit vascular dysfunction (as evidenced by similar FMD values between obese 

PCOS and BMI matched controls) [65, 66].  However, these findings should be viewed with 

caution given that although BMI may have been matched between PCOS individuals and 

controls, obesity (BMI >30 kg·m-2), independent of the presence of PCOS, has now been 

recognised to contribute to vascular dysfunction [22, 57].  Furthermore, the presence of 

adiposity irrespective of BMI, was not measured, which may have further limited these studies.  

Indeed, adipose tissue is an active endocrine organ, that releases more than 50 cytokines, and 



7 

 

acute phase proteins and other inflammatory mediators that contribute to proinflammatory 

activity [22].  Recent evidence has demonstrated that inflammation plays a large role in the 

development of endothelial dysfunction [12, 67].  Therefore, it remains unclear as to whether 

the lack of between-group differences in vascular function described in the above studies reflect 

the independent influence of PCOS, or whether differences in obesity may have been 

responsible. 

Considering the influence of obesity on endothelial function, both Soares et al. [63] and Arikan 

et al. [62], investigated endothelial function in non-obese young women with PCOS compared 

to age and BMI matched controls.  Despite controlling for obesity, both studies found no 

difference in vascular function (as evidenced by a similar FMD values) in lean women 

compared to controls.  Interestingly, in both the studies of Soares et al. [63] and Arikan et al. 

[62], inflammatory protein concentrations (TNFα concentration) were also similar between 

PCOS and controls.  As increased levels of inflammatory activity (independent of obesity) is 

strongly associated with vascular dysfunction in PCOS [12, 58], it may be argued that normal 

levels of inflammatory markers may explain the preserved endothelial function in the 

aforementioned studies [62, 63].   

In contrast to the studies that have reported preserved vascular function in women with PCOS, 

many studies [11-20] have demonstrated reduced FMD values in young, non-obese women 

with PCOS compared to matched controls.  Several studies have attempted to isolate the 

independent effects of obesity on vascular function in PCOS by separating participants into 

sub-groups based on their BMI (healthy weight, overweight, and obese).   Collectively, the 

results of these studies [10, 13, 17, 19] suggest that obesity, does not influence endothelial 

function in women with PCOS, given that no evidence of reduced FMD was observed between 

sub-groups.  
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Table 2.1 Summary of Studies Investigating Endothelial Function in women with Polycystic Ovary Syndrome.   

First Author Diagnosis Criteria  Control characteristics PCOS characteristics Technique employed Evidence of endothelial 

dysfunction in PCOS 

Mather et al. (2000)  

[64] 

HA a pre-requisite.  No 

other diagnosis criteria 

applied. 

n = 19 

age = 32.4 ± 1.4 years 

BMI = 23.3 ± 0.8 kg.m-2 

n = 18 

age = 32.7 ± 1.9 years 

BMI = 31.9 ± 2.5 kg.m-2 

Brachial FMD No 

Orio et al. (2004)  

[11]  

 

HA a pre-requisite.  No 

other diagnosis criteria 

applied. 

n = 30 

age = 22.6 ± 2.3 years 

BMI = 22.1 ± 1.8 kg.m-2 

n = 30 

age = 22.2 ± 2.5 years 

BMI = 22.4 ± 2.1 kg.m-2 

Brachial FMD Yes 

Tarkun et al. (2004)  

[12] 

 

Rotterdam  n = 25 

age = 24.4 ± 4.1 years 

BMI = 22.9 ± 3.0 kg.m-2 

n = 37 

age = 23.5 ± 4.3 years 

BMI = 23.9 ± 3.3 kg.m-2 

Brachial FMD Yes 

Kravariti et al. (2005) 

 [13] 

 

Rotterdam  n = 17 

age = 24.7 ± 5.7 years 

BMI = 25.0 ± 4.3 kg.m-2 

Lean  

n = 23 

age = 21.8 ± 3.7 years 

BMI = 22.1 ± 1.8 kg.m-2 

Overweight 

n = 21 

age = 21.7 ± 3.7 years 

Brachial FMD 

 

Yes, in all subgroups of 

PCOS compared to 

controls 
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   BMI = 27.7 ± 1.4 kg.m-2 

Obese  

n = 18 

age = 24.9 ± 4.1 years 

BMI = 34.5 ± 2.7 kg.m-2 

  

Meyer et al. (2005)  

[56] 

HA a pre-requisite 

(no criteria specified) 

n = 20 

age = 33.2 ± 2.3 years 

BMI = 36.7 ± 1.3 kg.m-2 

n = 100 

age = 32.7 ± 1.8 years 

BMI = 37.3 ± 2.4 kg.m-2 

Brachial FMD Yes 

Bickerton et al. (2005) 

[65] 

 

HA a pre-requisite (no 

criteria specified) 

n = 12 

age = 30.7 ± 6.7 years 

BMI = 31.0 ± 4.1 kg.m-2 

n = 11  

age = 33.5 ± 6.1 years 

BMI = 35.3 ± 6.8 kg.m-2 

Brachial FMD No 

Brinkworth et al. (2006) 

[66] 

Rotterdam 

 

n = 10 

age = 37.2 ± 1.7 years 

BMI = 34.4 ± 1.5 kg.m-2 

n = 12 

age = 31.9 ± 1.8 years 

BMI = 36.2 ± 1.7 kg.m-2 

Brachial FMD No 

Carmina et al. (2006) 

[68] 

HA a pre-requisite 

(no criteria specified) 

n = 50 

age = 25.1 ± 0.7 years 

BMI = 28.5 ± 0.5 kg.m-2 

n = 50 

age = 25.2 ± 1.0 years 

BMI = 28.7 ± 0.8 kg.m-2 

 

 

Brachial FMD Yes 
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Diamanti-Kandarakis et 

al. (2006) [58] 

 

NIH 1990  n = 25 

age = 27.5 ± 1.0 years 

BMI = 26.2 ± 1.2 kg.m-2 

n = 25 

age = 25.6 ± 0.9 years 

BMI = 29.1 ± 1.4 kg.m-2 

Brachial FMD 

 

Yes 

Sorensen et al. (2006) 

[15] 

NIH 1990 and Rotterdam  n = 13 

age = 32.7 ± 5.7 years 

BMI = 24.7 ± 3.9 kg.m-2 

n = 14 

age = 33.4 ± 3.6 years 

BMI = 25.1 ± 3.6 kg.m-2 

Brachial FMD Yes 

Alexandraki et al. (2006) 

[14] 

NIH 1990  n = 27 

age = 27.3 ± 0.8 years 

BMI = 25.1 ± 1.2 kg.m-2 

n = 27 

age = 25.4 ± 0.8 years 

BMI = 27.4 ± 1.1 kg.m-2 

Brachial FMD Yes 

Cascella et al. (2008) 

[59] 

Rotterdam  n = 100 

age = 24.0 ± 2.8 years 

BMI = 28.8 ± 2.7 kg.m-2 

n = 200 

age = 24.6 ± 3.2 years 

BMI = 28.5 ± 2.8 kg.m-2 

Brachial FMD Yes 

Cussons et al. (2009) 

[16] 

NIH 1990 and Rotterdam  n = 19 

age = 34.4 ± 7.8 years 

BMI = 22.9 ± 3.2 kg.m-2 

n = 19 

age = 30.4 ± 5.5 years 

BMI = 24.1 ± 2.9 kg.m-2 

Brachial FMD Yes 

Arikan et al. (2009) 

[62] 

 

Rotterdam  n = 30 

age = 24.6 ± 4.2 years 

BMI = 20.9 ± 6.0 kg.m-2 

 

n = 39 

age = 22.8 ± 5.5 years 

BMI = 21.48 ± 6.5 kg.m-2 

Brachial FMD No 
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Mancini et al. (2009) 

[60] 

HA a pre-requisite  

(no criteria specified) 

Lean  

n = 10 

age = 18 – 35 years 

BMI = <25 kg.m-2 

Overweight 

n = 10  

age = 18 – 35 years 

BMI = >25 kg.m-2 

Lean  

n = 14 

age = 18 – 35 years 

BMI = <25 kg.m-2 

Overweight  

n = 10 

age = 18 – 35 years  

BMI = >25 kg.m-2 

Brachial FMD Yes, in all subgroups of 

PCOS compared to 

controls 

Soares et al. (2009)  

[63] 

Rotterdam Criteria n = 50 

age = 24.5 ± 5.1 years 

BMI = 23.1 ± 3.2 kg.m-2 

n = 40 

age = 24.5 ± 3.8 years 

BMI = 22.7 ± 3.3 kg.m-2 

Brachial FMD No 

El-Kannishy et al. (2010) 

[17] 

Rotterdam Criteria Lean 

n = 10 

age = 24.4 ± 4.1 years 

BMI = 21.9 ± 2.9 kg.m-2 

Lean 

n = 14 

age = 25.2 ± 3.6 years 

BMI = 22.8 ± 2.1 kg.m-2 

Obese 

n = 22 

age = 25.6 ± 3.4 years 

BMI = 35.2 ± 3.2 kg.m-2 

Brachial FMD Yes, in all subgroups of 

PCOS compared to 

controls 
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Pepene et al. (2011) 

[61]  

AES 2006  n = 20  

age = 26.5 ± 1.7 years 

BMI = 26.3 ± 1.3 kg.m-2 

n = 64 

age = 24.4 ± 0.7 years 

BMI = 29.9 ± 0.8 kg.m-2 

Brachial FMD Yes 

Sprung et al. (2014) 

[10] 

NIH 1990  n = 16 

age = 31 ± 4 years 

BMI = 30 ± 3.5 kg.m-2 

n = 19 

age = 26 ± 3 years 

BMI = 36 ± 2.5 kg.m-2 

Brachial FMD Yes 

Guleria et al. (2014) 

[19] 

NIH 1990  Lean 

n = 26 

age = 22.8 ± 4.3 years 

BMI = 21.1 ± 2.2 kg.m-2 

Obese 

n = 24 

age = 26.5 ± 5 years 

BMI = 26.8 ± 2.7 kg.m-2 

Lean 

n = 25 

age = 22.2 ± 2.7 years 

BMI = 20.8 ± 2.8 kg.m-2 

Obese 

n = 25 

age = 26.2 ± 4.1 years 

BMI = 28.4 ± 3.4 kg.m-2 

Brachial FMD Yes, in all subgroups of 

PCOS compared to 

controls 

Data is presented as mean ± standard deviation. HA, hyperandrogenism; NIH, National Institute of Health; AES, Androgen Excess Society; FMD, flow mediated dilation; 

BMI, Body Mass Index
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In further support of more recent reports, a large meta-analysis (comprising the results of 21 

separate studies) [21] concluded that there is mounting evidence to suggest that brachial artery 

FMD (index of global systemic vascular function) is impaired in women with PCOS, despite 

being young and lean.  This meta-analysis accounted for variance between participants within 

studies and the diversity of PCOS phenotypes and pooled mean FMD values (PCOS n = 908 

and controls n = 281), to examine the independent influence of age and BMI on endothelial 

function in women with PCOS compared to age and weight matched controls.  From this 

analysis, the authors determined that age and BMI was not a moderating factor on FMD in 

PCOS, and that endothelial dysfunction may be an inherent attribute in PCOS.  Despite this 

observation, the (patho)physiology of vascular dysfunction in PCOS remains to be determined. 

A common factor that the aforementioned studies [10-17, 19, 56-66] did not take into account 

when investigating endothelial (dys)function in women with PCOS is the influence of 

haemodynamic forces (e.g., shear stress) that are exerted on the arterial wall and how this 

regulates vascular function.  As mentioned previously, shear stress is a widely accepted to be 

a key stimulus to induce vasodilation [25].   A direct relationship exists between shear stress 

and blood flow, with increases in blood flow (Q), subsequently increasing the shear stress 

exerted on the vessel wall.  This can be further described by the following equation derived 

from Poiseulle’s Law [27] which states:    

𝑆ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠 =  
4Q

R3 
 

Where:  represents viscosity, Q represents blood flow and R represents the internal radius of 

the artery 

Therefore, the magnitude of shear stress is determined by the viscosity (internal resistance of 

fluid) of the medium that travels within the vessel itself (i.e. blood), blood flow, and the internal 

radius of the artery.  As such, shear stress can be ascribed to the physical properties of blood 
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that influence blood viscosity, such as the plasma and whole blood viscosity in addition to red 

blood cell interactions [27-29]. Moreover, conditions that impair the physical properties of 

blood (such as oxidative stress and inflammation) are also observed in women with PCOS [7, 

69].  Given that there is evidence that alterations in shear stress (secondary to alterations in 

changes in the physical properties of blood) play a significant role in maintaining vascular 

homeostasis [25, 27], it may be argued that potential disease-related changes in the physical 

properties of blood may provide one explanation of the apparent endothelial dysfunction that 

has previously been observed in women with PCOS. The fact that there is preliminary evidence 

[30, 31] that women with PCOS exhibit altered blood characteristics lends some support to this 

hypothesis. The influence of the physical properties of blood on the regulation of vascular 

function will be described in greater detail below. 

 

2.3 The Influence of the Physical Properties of Blood on Vascular Function 

Blood flow, driven by a pressure gradient between the heart and the periphery, exerts a 

tangential friction force on the endothelial wall [50].   This force results in a shear stress being 

applied to the vessel wall, trigging a cascade of molecular events that modulate the production 

of local endothelial hormones, in combination with the synthesis of NO [25].  In brief, the 

release of endothelial-derived NO causes the relaxation of local smooth muscle cells 

surrounding vessels, resulting in vasodilation.  The vasodilatory process decreases vascular 

resistance (due to an increase in vessel diameter), further promoting blood flow and tissue 

perfusion.  Importantly, the enzyme responsible for synthesizing NO (endothelial-derived nitric 

oxide synthase: eNOS) is modulated by the magnitude of shear stress exerted on the endothelial 

wall [70].  Considering this, any component that can influence the degree of endothelial shear 

stress can in turn largely impact blood flow, tissue perfusion and overall vascular function.  
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Notably, shear stress is determined by two components: 1) shear rate (the ratio of blood flow 

velocity to lumen diameter) and 2) blood viscosity (intrinsic resistance of blood to flow) [25].  

As such, blood flow within vessels exerts varying degrees of shear stress depending on their 

site, anatomy and vessel diameter.  Moreover, changes in blood viscosity directly alter the shear 

stress on the endothelial wall, consequently altering the vasodilatory response and subsequent 

blood flow [29]. 

The study of the flow of blood and its elements of plasma and cells within a vessel is termed 

haemorheology [50].  As depicted in Figure 2.1, blood behaves as a non-Newtonian, shear 

thinning fluid, with viscosity varying with changes in shear rate.  This behaviour of blood is 

due to the composition of the medium ─ being comprised of cells (white; WBC and red blood 

cells; RBC) that are suspended in plasma ─ and the mechanical behaviour of the RBC [50].  

As such, the viscosity of blood is determined by plasma viscosity (explained by protein content 

in plasma), haematocrit (ratio of the volume of RBC to the total volume of blood) RBC 

aggregation and deformability. 

In areas of low shear rate where blood flow is slow (such as that in the venous circulation), 

RBCs are observed to reversibly aggregate and organise in coin-like stacks called rouleaux [28, 

71].  RBC aggregation is a phenomenon that occurs due to the balance between disaggregating 

cellular (e.g. electronegative membrane surface charge of the RBC) and pro-aggregating 

plasma (e.g. plasma proteins such as fibrinogen and immunoglobulins) factors within the blood 

[72].  As such, it has been suggested that the primary cause of RBC aggregation is the presence 

of large proteins within the plasma (e.g., fibrinogen and immunoglobulins); hence enhanced 

RBC aggregation is observed during an inflammatory response when plasma proteins are 

elevated.   
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Figure 2.1: Illustration of blood viscosity responses for a given shear rate.  The shear-thinning 

behaviour of blood is represented by the solid black line.  At low shear rates (reflective of 

conditions within the venous circulation), blood viscosity increases and is primarily determined 

by RBC aggregation.  At high shear rates (corresponding to arterial circulation conditions), 

blood viscosity decreases, which is primarily determined by RBC deformability.  Figure 

sourced from Simmonds et al. [73]. 

 

 

Moreover, the concentrations of plasma proteins directly determine plasma viscosity [31, 73], 

which is a primary determinant of whole blood viscosity.  Aggregation of RBC results in 

disruptions in streamline blood flow, increasing blood viscosity at lower shear rates.  As the 

shear rate increases, RBC aggregates tend to disaggregate and disperse, decreasing blood 

viscosity and improving blood flow [71].    

In areas of high shear rate where blood flow increases (such as that in the arterial circulation), 

whole blood viscosity is determined primarily by RBC deformability [73].  The shape and 

orientation of the RBC changes sustainably as they move throughout the circulation. The RBC 

respond to applied forces by changing their shape and orientation (deform), an ability due to 

the biconcave shape, membrane flexibility, internal viscosity and surface area to volume ratio 

of the RBC [39, 73].  As the microcirculation has a mean diameter less than of that of the RBC 
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(< 7-8 µ) [74], RBC deformability plays a crucial role in the transit and delivery of oxygen and 

nutrients to the tissues.  Within the large arteries during high velocity blood flow,  RBC’s 

deform and migrate away from the endothelial wall and into the centre of the blood stream 

(axial migration), minimising the resistance of blood to flow and reducing blood viscosity [73]. 

This advantageous decrease in blood viscosity, improves blood fluidity, allowing an increased 

blood supply to meet the altered metabolic demand.   

The pathophysiological processes of many disease states that share similarities to PCOS (such 

as diabetes, circulatory disorders and pulmonary disorders) can alter the structure, shape have 

and/or flexibility of the RBC, factors that can impair RBC deformability [26, 73, 75].  These 

alterations in RBC mechanics can cause obstruction of blood flow and decreased tissue 

perfusion within the microcirculation potentially resulting in tissue or organ damage and death 

[28, 76].  Moreover, given the influence of RBC deformability, aggregation, and plasma 

viscosity on whole blood viscosity, any alterations in RBC physiology and/or plasma protein 

concentration directly affect whole blood viscosity.  Notably, several studies have documented 

that chronic impairments in RBC characteristics (impaired RBC deformability, increased RBC 

aggregation and hyperviscosity) physically damage the endothelium and potentially disrupt 

endothelial integrity.  This process may then interfere with blood flow delivery prior to the 

onset of co-morbid disease [24, 30, 73].  Indeed, healthy physiological alterations to the 

physical properties of blood (such as during exercise) and the subsequent shear stress that is 

exerted on the vessel wall, allows the vessel to adapt to changes in resistance and flow 

(vasodilate), which therefore can optimise tissue perfusion [32].  However, in the situation 

where hyperviscosity exists chronically and in combination without sufficient vasodilation 

(e.g., in the case of endothelial dysfunction), this can accelerate the damage to the elastic 

elements of the vessel, which would ultimately result in a further decline in endothelial function 

[25, 28, 29, 51].   
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Evidence has been mounting that the presence of chronic hyperviscosity is associated with 

disorders that are at a high risk of atherosclerosis and subsequent endothelial dysfunction (such 

as, hypertension, hypercholesterolemia, diabetes, obesity and metabolic syndrome) [35, 77, 

78].  Prospective epidemiologic data has confirmed that blood rheology plays an important role 

in the development of various cardiovascular diseases. A prospective study (5-year follow-up) 

performed by Lowe et al. [79], examined the relationship between blood viscosity and the 

incidence of cardiovascular events in 1592 men and women aged 55 to 74 years. The study 

reported that blood viscosity was as strong of a predictor of a cardiovascular event than of low-

density lipoprotein cholesterol (LDL-C) and diastolic blood pressure ─ well-established CVD 

risk factors [80].  Considering this, it is becoming clear that the physical properties of blood 

play a large role in the vascular homeostasis and the development of endothelial dysfunction 

and cardiovascular disease [27, 29, 77].   

 

2.4 Haemorheological Profile in Women with PCOS  

Given the importance of blood elements in promoting adequate blood tone and flow, in addition 

to the abnormal vascular function demonstrated in women with PCOS, it is surprising that there 

has been limited research of the haemorheological profile of women with PCOS.  The few 

studies that have been performed, have supported the presence of abnormal haemorheological 

characteristics in women with PCOS [30, 31] with increases in RBC aggregation, plasma 

viscosity and blood viscosity observed when compared to matched controls.   

The study of Vervita et al. [31] was the first known investigation into the haemorheological 

profile in women with PCOS.  This study utilised a large cohort (n = 96) to compare plasma 

viscosity in a variety of PCOS subgroups (PCOS and insulin resistance; (PCOS-IR), PCOS and 

no insulin resistance; (PCOS-NIR); PCOS overweight; (PCOS BMI > 25 kg·m-2) and PCOS 
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healthy weight; (PCOS BMI < 25 kg·m-2)) compared to healthy weight controls.  Their findings 

suggested that plasma viscosity was not different between the collective cohort of PCOS and 

controls, however PCOS BMI > 25 kg·m-2and PCOS-IR demonstrated an elevated plasma 

viscosity compared to PCOS < 25 kg·m-2, PCOS-NIR and controls. These authors suggested 

that the elevation of plasma viscosity was most likely due to increased total fibrinogen levels 

and influenced by BMI and insulin resistance.  Elevated levels of plasma proteins due to the 

presence of chronic inflammation has been well documented in women with PCOS [7].  

Moreover, considering that plasma viscosity is a determinant of whole blood viscosity, it is 

possible that overweight women with PCOS and IR also exhibit increased whole blood 

viscosity.  

More recently, Simmonds et al. [30], investigated the haemorheological profile in lean women 

with PCOS.  This study observed increases in plasma viscosity in healthy weight women with 

PCOS compared to matched controls.  It is unclear on what the explanation is in the disparity 

between the findings of Simmonds et al. [30] and Vervita et al. [31], however, lifestyle and diet 

factors specific to ethnicity has the potential to result in significantly different cardiovascular 

risk factors in both women with PCOS and controls [81].   As suggested by Simmonds et al. 

[30], it is possible that variations in cardiovascular risk factors between the Greek cohort of 

Vervita et al. [31] and the Australian cohort of Simmonds et al. [30] may have influenced 

haemorheological outcomes.  In addition to elevated plasma viscosity demonstrated in women 

with PCOS in the study of Simmonds et al. [30], blood viscosity in women with PCOS was 

also increased at low shear rates which corresponded to an increase in RBC aggregation.  The 

authors suggested that the elevations in blood viscosity and RBC aggregation in women with 

PCOS is related to increased levels of fibrinogen, which is in agreement with Vervita et al. 

[31].  Despite an elevated blood viscosity at low shears demonstrated in the PCOS cohort of 

Simmonds et al. [30], blood viscosity in women with PCOS at high shears was similar 
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compared to controls.  These findings were confirmed by no differences in RBC deformability 

─ the determinant of high-shear blood viscosity ─ demonstrated between the two groups.  

Notably, the ability for the RBC to deform in response to shear stress is altered by exposure to 

oxidative stress [26].  Elevations in free radicals can increase the cross-linking in the membrane 

skeletal proteins, increasing rigidity of the RBC and subsequently impairing deformability 

[26].  Furthermore, there is evidence that women with PCOS exhibit high levels of oxidative 

stress due to increased inflammation and a decreased antioxidant capacity [69, 82].  As such, 

it is surprising that in Simmonds et al. [30] women with PCOS exhibited preserved RBC 

deformability. However, considering the young age and the short duration of the disease that 

the POCS cohort was exposure to, it is possible that a fully-functioning antioxidant system may 

still be intact (as suggested by the author).  It is likely that RBC deformability was preserved 

in PCOS participants that exhibited a healthy antioxidant defence system therefore explaining 

the lack of between group differences in the aforementioned study [30].       

Collectively, the previous studies [30, 31] have found evidence that women with PCOS exhibit 

an altered haemorheological profile which is characterised by elevated plasma viscosity, blood 

viscosity and RBC aggregation.  As blood viscosity is a determinant of shear stress, the 

presence of chronic hyperviscosity (and subsequent chronic elevation in shear stress on the 

vessel wall) in women with PCOS can cause endothelial cells to have a decreased sensitivity 

to changes in shear stress [25, 32].  This can compromise the mechanisms responsible for the 

interpretation and response to mechanical stimuli (shear stress) on endothelial cells, 

encouraging the dysfunction of the endothelium [25].  However, despite the presence of 

abnormal haemorheological parameters, whether the participants in the studies of Vervita et al. 

[31] and Simmonds et al. [30] exhibited endothelial dysfunction is unknown.  Indeed, further 

investigations into the role of that haemorheology plays in mediating vascular function in 
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PCOS women may provide valuable knowledge on the aetiology of vascular dysfunction in 

this diseased population. 

     

2.5 The Influence of Cardiorespiratory Fitness on Vascular Function and Haemorheology 

To date, the current literature has failed to arrive at a consensus on the status of both vascular 

function and haemorheological parameters in women with PCOS.  One potential and often 

overlooked factor that may explain the discordance of the outcomes between studies is the 

influence of cardiorespiratory fitness (CRF). Typically quantified as the maximum oxygen 

uptake (V̇O2max), CRF is now regarded as the gold standard measure of aerobic capacity [83].  

Low values of V̇O2max are associated with significant detriments in vascular function [37] blood 

characteristics [39, 40] and metabolic profiles [84, 85] in a variety of healthy and diseased 

participants.  Moreover, levels of acute-phase reactants such as CRP and fibrinogen ─ factors 

that have been suggested to promote vascular dysfunction and abnormal haemorheological 

characteristics in PCOS ─ have been inversely associated with V̇O2max [86].  Indeed, 

manifestations of clinical symptoms in PCOS are heterogenous in nature, however presentation 

of these symptoms have been suggested to occur in connection with an increase in weight and 

physical inactivity [87].  Interestingly, a recent review of the literature suggested that both 

normal weight and overweight/obese women with PCOS appear to be characterised by a 

reduced relative V̇O2max compared to controls [88].  However, caution should be applied when 

interpreting these results, as a normalisation of V̇O2max values to body weight may be 

misleading when comparing groups of differing BMI.  Furthermore, the studies included in this 

review consisted of a variety of exercise modalities and measurements to quantify CRF in 

addition to heterogeneity of PCOS phenotypes, which may further alter V̇O2max values [89].  

Considering that impaired CRF possesses strong associations with many clinical concerns 
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within the PCOS population (diabetes, insulin resistance, obesity, vascular dysfunction and 

haemorheological parameters), these findings highlight the importance of the consideration and 

the assessment of CRF in this diseased population. Therefore, it is surprising that the current 

literature has mostly neglected to consider cardiorespiratory fitness in women with PCOS when 

investigating parameters that influence cardiovascular risk.  

 

2.6 The Influence of Chronic Exercise on Vascular Function and Haemorheology 

Over the past two decades, considerable evidence has accumulated regarding the significance 

of chronic exercise in the improvement of both vascular function [33, 90, 91] and 

haemorheological parameters [35, 92], in disease states that share similar characteristics to 

PCOS (such as metabolic and cardiovascular disease).  More recently, studies have found 

evidence that physical exercise has a positive effect on CVD risk factors in PCOS: blood lipid 

parameters [93, 94], metabolic profiles [43, 95, 96], and vascular function [42, 43].  Despite 

exercise being the first line of defence in the management of PCOS [41], only few studies have 

investigated exercise training-induced vascular adaptations [42, 43], with no known studies 

investigating the effects of exercise on the haemorheological characteristics in this population.  

Sprung et al. [42], demonstrated that women with PCOS exhibited improved endothelial 

function (represented by an increased FMD%) following 16 weeks of moderate-intensity 

exercise training, despite no changes in body weight.   These findings are supported by the 

works of Almenning et al. [43] who reported a significant increase in FMD% in women with 

PCOS following a 10-week high-intensity interval training program.  Notably, Almenning et 

al. [43] also reported no changes in body weight.  Given that FMD provides strong prognostic 

value in the assessment of patient CVD risk [55], the findings of Sprung et al. [42] and 
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Almenning et al. [43] provide evidence that exercise can be used to prevent the decline in 

vascular function, and possibly prevent or delay the onset of CVD in women with PCOS. 

In relation to the benefits of chronic exercise on haemorheological parameters, previous reports 

have suggested that blood and plasma viscosity was lower in healthy regular exercisers in 

comparison to non-exercisers [39, 40]. More recently, several studies have demonstrated an 

improvement in blood rheology, (demonstrated by a decrease in plasma and whole blood 

viscosity, RBC aggregation and improved RBC deformability) in participants with metabolic 

and/or cardiovascular disease, following a variety of exercise programs (12-24 weeks) [35, 36].  

Collectively, these findings demonstrate that exercise training can improve haemorheological 

parameters in a variety of disease states, which improve blood flow and may reduce 

cardiovascular risk [36].   

 

 2.7 The Influence of Acute Exercise on Vascular Function and Haemorheology 

Whilst the effects of exercise training on vascular function and haemorheological 

characteristics in healthy and diseased states is well-documented [33, 35, 36, 48, 50, 90, 91], 

less is known about the acute effects of exercise on these parameters, with no known studies 

investigating these parameters in the PCOS population.  An important mechanism for exercise 

training-induced vascular adaptions is attributed to repetitive acute elevations in blood flow 

and shear stress during a single bout of exercise [97].  Specifically, the repetitive acute 

elevations in shear stress has been proposed to act as a physiological signal to induced 

adaptations to the arterial wall, including both structural (angiogenesis and remodelling) and 

functional (alterations in vascular smooth muscle and endothelial cells) changes [38, 47, 98]. 

Thus, the investigation into the acute vascular and haemorheological responses in women with 

PCOS may provide the insights into the mechanisms responsible for the prolonged adaptations 



24 

 

to exercise training in women with an increased risk of CVD [99].  Importantly, several studies 

have suggested that vascular function [38, 99, 100] and haemorheological characteristics [101] 

are profoundly influenced by exercise intensity.  Indeed, heavy-intensity exercise provides a 

greater perturbation in arterial haemodynamics (and subsequent endothelial shear stress) in 

comparison to moderate-intensity exercise [102].  Considering that shear stress-mediated NO 

production is the key driver for vasodilation, the intensity of exercise influences the vascular 

adaptive responses [70].  Furthermore, the threshold that marks the transition from moderate 

to heavy-intensity exercise (anaerobic threshold) is accompanied by many physiological 

changes (e.g. increases in lactate, oxidative stress etc.) that have the potential to significantly 

alter haemorheology [49, 50, 101] and NO production pathways ─ both important factors in 

the FMD response [38, 98].   

Previous studies that have measured vascular function immediately following exercise (< 0.5 

h in recovery following exercise) have demonstrated that heavy-intensity exercise (60 - 85% 

V̇O2max), typically results in an immediate decrease in FMD in healthy adults [38, 99, 103], 

whilst FMD following low to moderate-intensity exercise (< 60% V̇O2max) generally 

demonstrates an increase from baseline measures [78, 79, 82, 83]. These findings support the 

concept of a biphasic FMD response pattern following heavy-intensity exercise in healthy 

adults (as depicted in Figure 2.2), with the strength and direction of the FMD response 

profoundly influenced by exercise methodological (intensity, duration and mode of exercise) 

and subject factors (fitness, anti-oxidant status and vascular function status) [38].  As such, 

healthy adults exercising at a heavy-intensity for > 20 min, typically exhibit greater FMD 

reductions than healthy adults exercising at shorter durations at the same intensity [38, 103-

105].  The mechanisms responsible for the intensity and duration dependent changes seen in 

FMD are suggested to be due to several factors including: exercise-induced increases in 

baseline diameter [37, 38], oxidative stress [37, 106], NO pathway limitations, and decreased 
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sensitivity to cuff-induced shear stimulus following exercise-induced shear stimulus [37, 38, 

103].  Sympathetic nervous system activity may also be associated with the reduction in FMD 

following exercise due to the influence on baseline diameter, NO bioavailability and a decrease 

in shear stimulus [37, 38, 107, 108].   

 

 

Figure 2.2:  The biphasic flow-mediated dilation response following acute exercise. FMD 

percentage change has been suggested to decrease immediately after exercise, with 

improvements observed approximately 60 min in recovery following exercise.  The strength 

and the direction of the FMD response is influenced by the combination of exercise protocol 

factors (left top box) such as: duration, intensity and mode of exercise, and subject factors (top 

right box) such as: fitness, anti-oxidant status and disease.  The exercise bout is represented by 

the grey column, with typical subsequent FMD response pattern represented by the black line. 

Factors that further decrease the FMD response (middle-left box) such as an increase in 

oxidative stress, exercise-induced vasodilation, impairments in nitric oxide pathways, and 

decreased shear stimulus or stimulus sensitivity, are proposed to demonstrate an FMD response 

pattern as represented by the grey dashed line in the bottom panel.  Factors that tend to attenuate 

the decreased FMD response (middle-right box) such as healthy antioxidant capacity and an 

upregulation of NO bioavailability are proposed to demonstrate an FMD response pattern as 

represented by the solid grey line. Figure sourced from Dawson et al. [38]. 
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Considering that FMD change is expressed in relation to baseline diameter, any exercise-

induced increases in baseline diameter will subsequently influence the FMD response [109, 

110].  Additionally, as the artery in question may have already been exposed to shear stress 

due to continual high blood flow during heavy-intensity exercise, cuff-induced post-ischaemic 

shear stress may not provide adequate stimulus [111].  Interestingly, it has been suggested that 

the repeated periods of endothelial impairment (reflected by acute reductions of FMD) lead to 

the beneficial adaptations resulting in improved FMD due to exercise training [110].  This has 

been further demonstrated by the increase/normalisation of FMD during recovery (> 60 min) 

following heavy-intensity exercise [38].  These processes have been suggested to be an 

illustrated example of the physiological concept of hormesis, where repetitive periods of 

vascular stress (elevations of shear stress and oxidative stress) may result in an increased 

tolerance of endothelial cells to the exposure of shear and oxidative stress [98]. As such, higher 

levels of cardiorespiratory fitness (Examiners comments: cardiorespiratory fitness circled) due 

to frequently performed exercise, have been associated with less of a decrease in FMD 

following heavy-intensity exercise. [38].  A study performed by Bailey et al. [37] investigated 

the influence of cardiorespiratory fitness on the vascular responses to acute exercise.  Their 

findings demonstrated that both low (V̇O2max = 24.3 ± 2.9 ml·kg-1·min-1) and high fit (V̇O2max 

= 35.4 ± 5.5 ml·kg-1·min-1), healthy older men (> 65 year) exhibited a similar increase in FMD 

following moderate-intensity exercise.  In contrast, low fit men exhibited a decrease in FMD, 

while FMD in high fit men were unchanged following high-intensity exercise.  These findings 

support that habitual exercise training may result in an increased tolerance response to elevated 

levels of shear and oxidative stress [38].  Therefore, the level of fitness of an individual 

modulate the FMD response, in addition to exercise intensity.   

More recently, the work of Bailey et al. [100], reported that older patients (> 65 years) with 

endothelial dysfunction ─ despite presenting with impaired FMD at baseline ─ demonstrated 
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a similar FMD response to both moderate and heavy-intensity exercise when matched to 

healthy controls for fitness and age.  Given that endothelial dysfunction declines with age 

[112], and both groups demonstrated a low-level of fitness (V̇O2max < 25ml·kg-1·min-1), it is 

difficult to determine whether the compounding influence of age and decreased fitness masked 

disease-specific factors influencing the FMD response to exercise.  Irrespectively, these 

findings indicate that patients with endothelial dysfunction may possess a similar adaptive 

response to exercise-induced stress over time (as during exercise training) to healthy controls, 

eventually resulting in an improvement in vascular function.   

Considering the evidence of vascular dysfunction in women with PCOS [11-20], whether the 

FMD response to acute exercise will be altered in comparison to a healthy control, irrespective 

of cardiorespiratory fitness is unknown.  It is possible that following an exercise bout that does 

not elicit high levels of vascular and metabolic stress (below the anaerobic threshold at 

moderate-intensity exercise) [102], that FMD in women with PCOS may be similar to healthy 

adults that are matched for age, BMI and cardiorespiratory fitness.  However, during heavy-

intensity exercise (above the anaerobic threshold), where there is a substantial increase in 

exercise-induced vascular and metabolic stress, impairments in FMD may be revealed. 

In regards to the haemorheological responses to acute exercise, there is a general consensus 

that acute exercise is associated with increases in plasma viscosity [40], blood viscosity [113], 

and RBC aggregation [50, 101, 113] ─ suggested to be primarily due to elevations in plasma 

proteins and haematocrit [50, 101, 114] ─ whilst the typical response in the deformability of 

the RBC is still of debate [101, 113, 115-117].  The increase in plasma viscosity observed 

following exercise has been attributed to an elevation in plasma proteins [50, 101, 114].  

Additionally, several mechanisms have been suggested to be responsible for the increase in 

haematocrit (termed haemoconcentration) following an acute exercise bout such as: water 

movement (loss of sweat, entrapment of water in muscle cells etc), the redistribution of RBC 
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in the vascular bed and the large amount of RBC are released into the circulation due to 

splenocontraction [50, 118].  The elevation in haematocrit following acute exercise increases 

the opportunity for cell-cell contact, further elevating RBC aggregation  and whole blood 

viscosity [26].  

Evidence of elevations in haematocrit and plasma viscosity following acute exercise has been 

demonstrated in the study of Letcher et al. [40].  This study investigated the effects of acute 

maximal exercise on plasma viscosity in trained runners and sedentary healthy controls.  Their 

findings showed that following acute maximum exercise, both groups exhibited an increase in 

plasma viscosity (associated with an increased fibrinogen concentration) and haematocrit to 

the same magnitude, despite trained runners having a lower plasma viscosity at rest. These 

findings were originally interpreted as factors that may increase the viscous flow resistance of 

blood, therefore decreasing blood flow and limiting tissue perfusion ─ in line with the early 

literature on haemorheology [92].  However, now, it is suggested that the exercise-induced 

increases in viscosity promotes blood flow in active regions, provided capability of the 

endothelium to produce NO and cause vasodilation  [78].  In contrast, RBC aggregation causes 

axial migration away from the vessel wall in inactive regions, resulting in a cell-poor, plasma 

rich layer close to the endothelium, which is associated with decreased flow resistance within 

the vessel [26].  As such, alterations in haemorheology during physical exercise have been 

suggested to be a beneficial modification to optimise blood flow and tissue perfusion [50]. 

Notably, the study of Simmonds et al. [101] demonstrated the intensity-dependent effect of 

acute exercise on haematocrit, whole blood viscosity, and RBC aggregation.  The findings in 

this study showed that despite a significant increase in native (unstandardised) whole blood 

viscosity and RBC aggregation following both moderate and heavy-intensity exercise in 

comparison to baseline, there was a greater increase in magnitude in these parameters following 

heavy-intensity exercise.  Interestingly, when native whole blood viscosity and RBC 
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aggregation were adjusted for the haematocrit, these changes disappeared, indicating that 

haemorheological alterations appear to be secondary to haemoconcentration.  These findings 

support that the effect of acute exercise on haemorheology is related to intensity, with heavy-

intensity exercise bouts exhibiting greater magnitudes of change in haemorheological 

parameters than moderate-intensity exercise.   

Additionally, there are suggestions that the deformability of the RBC is also influenced by 

exercise intensity with blood chemistry changes above the anaerobic threshold (at heavy-

intensity exercise) documented to significantly impair RBC deformability [49, 92], as 

demonstrated by some, [116, 117] but not all [101, 113, 115] investigations.  During exercise  

above the anaerobic threshold, active tissues can experience temporary hypoxia due to an 

imbalance between inadequate oxygen supply and increased oxygen consumption in exercising 

muscles [50].  This promotes a production of free radicals and accumulation of blood lactate 

(due to a lactate production rate that is greater that the removal rate of lactate) [119].  Notably, 

lactate accumulation (> 4 mmol·L-1), representing heavy-intensity exercise, has been shown to 

increase RBC rigidity in vitro [92] ─ however, more recent studies have demonstrated that 

exercise-induced increases in lactate (in vivo) are not associated with a decreased RBC 

deformability [101, 116].  The study of Yalcin et al. [116] reported a decrease in RBC 

deformability in untrained men following a 30 s all-out cycling bout, with RBC deformability 

remaining impaired 12 h following the exercise bout.  Notably, these decreases in RBC 

deformability remained present well after levels of blood lactate had returned to baseline levels, 

indicating that exercise-induced increases in lactate are not likely to be associated with a 

decrease in RBC deformability.  Moreover, the study of Simmonds et al. [101] reported no 

significant decreases in RBC deformability in cyclists following both moderate and heavy-

intensity exercise despite drastic exercise-induced increases in blood lactate  Interestingly, 

there was no change in the RBC marker of oxidative stress (methaemoglobin) [120] in subjects 
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following heavy-intensity exercise in the study of Simmonds et al. [101].  As mentioned 

previously, increases in free radicals has the potential to disrupt the structural integrity of the 

RBC membrane, leading to impairments in deformability [50].  These findings of unaltered 

oxidative stress may be due to the level of fitness of the individuals, being trained cyclists and 

triathletes.  Considering that exercise training is associated an increased in antioxidant capacity 

[38], it is possible that the subjects in Simmonds et al [101] were better equipped to tolerate 

the increased intensity of exercise without experiencing an increased in free radical load.  

Whether the subjects in Yalcin et al. [116] were exposed to significant levels of oxidative stress 

during a 30 s all out max cycling effort is unknown.  However, given that the subjects were not 

regular exercisers, and RBC deformability was decreased following high-intensity exercise, 

this lends further support towards increased oxidative stress being experienced by these 

subjects.     

In contrast, studies have demonstrated an increase in RBC deformability following acute 

exercise [113, 115].  Suhr et al. [115] showed that young fit males exhibited an improved RBC 

deformability following 1 h of moderate-intensity treadmill running.  These findings were later 

supported by the work of Nader et al. [113], who found improved RBC deformability in 

endurance athletes following a maximal incremental treadmill test.  One explanation of the 

disparity between these studies and the aforementioned studies of Yalcin et al. [116] and 

Simmonds et al. [101], may be due to differences in the exercise mode adopted within the 

studies.   The influence of exercise mode on RBC deformability is demonstrated by further 

work carried out by Nader et al. [113], with increases in RBC deformability observed following 

maximal treadmill test, but not a maximal cycling test.  It is unclear what mechanisms could 

explain the improvement in RBC deformability following a treadmill test [113, 115], but not 

following a cycle ergometer test [101, 116, 117].  Clearly, alterations in RBC deformability 
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not only depend on duration and intensity or exercise but also the mode of which exercise was 

performed on.  

Despite the disparity in the literature of the acute effects of exercise on RBC deformability, 

there are said arguments to the benefits of either an increase or decrease in this parameter. 

Indeed, an improved deformability during exercise allows cells to travel more easily through 

the narrow passages of the microcirculation allowing delivery of oxygen and nutrients and 

maintaining blood fluidity [113, 115].  However, benefits of decreased deformability have also 

been suggested; a decrease in RBC deformability during exercise may facilitate extraction of 

oxygen from the tissues due to a longer transit time of the RBC and the increased proximity to 

the vessel wall [78].   

Irrespectively, it has been suggested that during physical exercise, collective physiological 

adaptative haemorheological modifications do not typically pose a risk on their own as they 

can be easily overcome by increased vasodilation and arterial pressures [50, 121]. However, if 

severely altered rheology is associated with haemodynamic perturbations without sufficient 

vasodilation (endothelial dysfunction), this may result in vessel damage and impairment in 

tissue perfusion, imply a significant cardiovascular risk to the individual [50, 116].   

Considering the evidence of vascular dysfunction and haemorheological abnormalities in 

women with PCOS at rest, the application of both moderate and heavy-intensity exercise bouts 

can provide an opportunity to observe the mechanisms that may be responsible for vascular 

and haemorheological alterations, whether impairments or beneficial adaptations.  As previous 

studies in PCOS are limited to the observation of vascular responses to chronic exercise (10-

24 weeks exercise training) [42, 43] whether the difference in acute responses between 

moderate and heavy-intensity exercise is important for vascular and haemorheological 

adaptations in women with PCOS is currently unknown.  To our knowledge, the present study 
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will be the first that uses an integrated approach in the investigations of vascular and 

haemorheological characteristics in response to acute moderate and heavy-intensity exercise 

within the PCOS population.  

 

2.8 Significance 

The findings of the proposed study will directly address an important gap in the current 

understanding of the involvement of blood properties in the aetiology of vascular complications 

in women with PCOS.  These findings will yield novel data that may provide a clearer 

understanding of the effects of acute moderate and heavy-intensity exercise on vascular 

function and haemorheological characteristics in women with PCOS.  Furthermore, the 

outcomes of the current study may also contribute to optimising and/or personalising exercise 

prescription for individuals with PCOS, particularly in relation to improving vascular health. 
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Chapter 3 

Research Aims and Hypotheses 

 

3.1 Aims and objectives 

The proposed study will investigate the following aims: 

1) To examine indices of vascular function at rest and following moderate and heavy-

intensity constant load exercise sessions for women with PCOS and healthy controls 

matched for BMI and cardiorespiratory fitness. 

2) To examine haemorheological characteristics at rest and following a moderate and heavy-

intensity constant load exercise bout for women with PCOS and healthy controls matched 

for BMI and cardiorespiratory fitness. 

 

3.2 Hypotheses 

The corresponding hypotheses of the proposed research are: 

1a) Vascular function will not be different when measured at rest in women with PCOS 

compared to healthy controls when matched for BMI and cardiorespiratory fitness.   

1b) The vascular response in recovery following moderate-intensity exercise will be similar in 

women with PCOS when compared to healthy controls matched for BMI and cardiorespiratory 

fitness.   

1c) The vascular response in recovery following heavy-intensity exercise will be impaired in 

women with PCOS when compared to healthy controls matched for BMI and cardiorespiratory 

fitness.   
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2a) Haemorheological characteristics will be similar at rest in women with PCOS when 

compared to healthy controls matched for BMI and cardiorespiratory fitness.  

2b) The haemorheological response during recovery following moderate-intensity exercise 

will be similar in women with PCOS when compared to healthy controls matched for BMI and 

cardiorespiratory fitness.  

2c) The haemorheological response during recovery following heavy-intensity exercise will be 

altered in women with PCOS when compared to healthy controls matched for BMI and 

cardiorespiratory fitness.   
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Chapter 4 

Research Methods 

4.1 Participants 

Twelve women with PCOS and 14 controls responded to advertisements within the local 

community (Appendix A) and social media posts (Appendix B).  Following assessment of 

participant eligibility and pre-screening processes, 4 participants were further excluded from 

the study due to illegibility (n = 2), not willing to participate in the study (n = 1) and exercise 

contraindications (n = 1).   Ten women with PCOS (aged 26 ± 4 years; BMI, 23.8 ± 3.1 kg·m-

2) and 14 aged and BMI matched controls (aged 28 ± 6 years; BMI, 21.2 ± 3.1 kg·m-2) were 

included within the study.  Diagnosis of PCOS was performed by a medical practitioner and 

was consistent with the Rotterdam criteria [2]; (i.e., at least two of the three criteria: (i) 

oligo/anovulation; (ii) clinical or biochemical hyperandrogenism; (iii) ultrasound evidence of 

polycystic ovaries).  Ten out of fourteen controls experienced normal menses, with four 

experiencing anovulation due to implanted contraceptive (as presented in Table 5.1).  None of 

the control women had any history of hyperandrogenism.  All subjects had no known history 

of cardiovascular, respiratory, neurological, haematological and/or metabolic disorders other 

than PCOS.  No subjects were taking medications known to interfere with blood fluidity.  Data 

was collected in control women within days 1-7 (± 2 days) of menstruation (early follicular 

phase of the menstrual cycle), however this was unrealistic in women with PCOS due to 

menstrual cycle irregularities.  Prior to testing, the study purpose and experimental protocols 

were discussed as detailed in a provided project information document (Appendix C), and all 

subjects provided written and witnessed informed consent (Appendix D).  Additionally, all 

subjects underwent a pre-screening process, involving completion of a medical history 

questionnaire (Appendix E) and Physical Activity Readiness Questionnaire (PAR-Q) 
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(Appendix F) to determine appropriateness to be involved in the study.  All experimental 

procedures conducted within the present study were reviewed and approved by Griffith 

University Human Research Ethics Committee (GU Ref No AHS/2014/502/HREC) (Appendix 

G).  On overview of the experimental study design is presented in Figure 4.1. 

 

4.2 Research Study Design 

The study design was a case-control comparison (PCOS compared to controls) of markers of 

vascular health and function (e.g., flow-mediated dilation variables), and haemorheological 

parameters (whole blood viscosity, plasma viscosity, RBC aggregation and RBC 

deformability) performed at rest and immediately following a i) moderate-intensity exercise 

bout and a, ii) heavy-intensity exercise bout (Figure 4.2) [31].  Subjects visited the exercise 

physiology lab on three separate occasions, i) clinical measurements, ii) moderate-intensity 

exercise bout with modified max test and, iii) heavy-intensity exercise bout, with each visit 

separated by at least 24 h.  Subjects were instructed to restrain from vigorous activity and 

caffeine consumption for at least 12 h prior to all visits to the laboratory.   Subjects were 

required to undertake an overnight fast prior to their first visit to the laboratory.  For the second 

and third visits to the laboratory, subjects were instructed to consume a light meal, a few hours 

prior to arrival, and to ensure that the meal contents were similar between visits.  All subjects 

underwent each study protocol at the same time during the day to account for circadian 

variation.  Pre-screening of subjects to determine cardiovascular risk and readiness to perform 

physical activity was assessed was prior to clinical measurements by completion of the 

necessary pre-screening forms (medical history and Physical Activity Readiness Questionnaire 

(PARQ) – Appendix D and E respectively).  Details on each study protocol are as follows: 
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Figure 4.1: Overview of the experimental study design.  Assessment of eligibility was 

performed on interested individuals (n = 26), with exclusion of individuals who did not meet the 

inclusion criteria (n = 2) or no longer wanted to be involved in the study (n = 1).Verbal and 

written consent was obtained, and the remaining individuals (n = 23) underwent pre-screening 

processes to determine suitability to undergo the exercise protocols, with an individual (n = 1) 

being further excluded from the study due to exercise contraindications.  A total of 22 individuals 

were involved in the study (controls n = 12, PCOS n = 10), with drop outs in both groups 

(controls n = 2, PCOS n = 2) occurring prior to the exercise protocols. 
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Visit one – Clinical measurements (2 h): Subjects were required to perform an overnight fast 

prior to attending the laboratory the next day.  Clinical measurements (height, weight, resting 

electrocardiogram; ECG and resting blood pressure) and fasting blood lipid assessment (total 

cholesterol; TC, high density lipoprotein cholesterol; HDL-C and blood glucose) were 

performed prior to assessment of oral glucose tolerance test. 

Visit two – Moderate-intensity exercise trial with maximal incremental exercise test (3 h): 

Subjects were required to attend the exercise physiology lab in the fed state (light meal 2-3 h 

prior).  A blood draw and baseline vascular measurements was performed prior to the 30 min 

moderate-intensity exercise bout.  A post-exercise blood draw and vascular measurements was 

performed immediately after conclusion of exercise.  

Subjects were then required to perform a maximal incremental exercise test to volitional 

exhaustion (V̇O2max test) to determine peak exercise values and workloads for heavy-intensity 

exercise performed in laboratory visit 3.    

Visit three – Heavy-intensity exercise trial (2 h):  Subjects were required to attend the exercise 

physiology lab in the fed state (a similar, light meal as consumed prior to visit 2.  A blood draw 

and baseline vascular measurements was performed prior to the 30 min moderate-intensity 

exercise bout.  A post-exercise blood draw and vascular measurements was performed 

immediately after conclusion of exercise. 
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Figure 4.2:  Exercise protocols performed by participants in visit 2 and 3 to the exercise 

physiology laboratory.  Pre-condition measurements consisted of a blood draw in the seated 

position, followed by flow-mediated dilation measurements (FMD) in the supine position.  

Conditions; moderate-intensity continuous treadmill walking at 40-60 % V̇O2max, and heavy-

intensity continuous treadmill walking at 60-85% V̇O2max.  Post-condition measurements 

consisted of a blood draw in the seated position, followed by flow-mediated dilation 

measurements (FMD) in the supine position.  Figure modified from Bailey et al. [100].  

 

4.3 Clinical Measurements 

Body mass was measured using bioelectrical impedance scales (MC-980, Tabita Corp, 

Itabashi-ku, Tokyo, Japan) and height was recorded by an upright stadiometer.  Measurements 

of 12-lead ECG and blood pressure were recorded lying supine for 20 min.  12-lead ECG 

measurements was obtained via a specialised Holter system (X12+, Mortara Instrument, 

Milwaukee, WI, USA).  Blood pressure was determined using brachial auscultation methods.   

Fasting glucose and lipid profile: Following an overnight fast, blood glucose and lipid profile 

(total cholesterol; TC, high density lipoprotein; HDL and blood glucose) were collected by 

puncturing the finger-tip by a lancet (puncture depth of 0.085 mm) and measured by a blood 

chemistry analyser (CardioChek PA Analyzer, PTS Diagnostics, Indianappolis IN, USA).  

Fasting glucose and lipid values were displayed as mmol·L-1 within 2 min.   

Oral glucose tolerance test (OGTT): Subjects consumed 75 g glucose dissolved in 200 mL of 

water after the completion of clinical and fasting glucose and lipid profile measurements during 

visit one.  Levels of glucose in the blood by finger stick (puncture depth of 0.085 mm) at 0.5 h 
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and 2 h post glucose bolus and measured by a blood glucose analyser (Optium Xceed, Abbott 

Diabetes Care Inc., Alameda, CA, USA) to determine blood glucose levels. Values were 

presented as mmol·L-1 glucose and represented the participants metabolic response to 

consumed glucose.   

 

4.4 Exercise Testing 

Moderate-intensity exercise trial: Subjects were required to walk on a treadmill (Trackmaster 

TMX425, Full Vision Inc., Newton, KS, USA) for 30 min at a one percent incline at a self-

selected pace (range between 4.5 to 6.0 km·h-1), representative of moderate-intensity exercise 

( < 70% heart rate max;  < 60% V̇O2max) [102]. A 12-lead ECG (X12+, Mortara Instrument, 

Milwaukee, WI, USA) monitored the subject’s heart rate and rhythm continuously, while 

pulmonary gas exchanged was measured by indirect calorimetry (Ultima, CardiO2, Medical 

Graphics Corporation, St Paul, MN, USA) every 5 min to ensure V̇O2 and carbon dioxide 

production were maintained, representing a V̇O2 steady state.  The subject’s rating of perceived 

exertion (RPE) was measured every minute using the Modified Borg Dyspnoea Scale 

(Appendix H) [122].  Once the exercise trial was completed, the participant underwent a rest 

period until both heart rate has resumed to approximately 10 beats per min within resting heart 

rate and blood pressure had resumed to resting values, prior to commencing the maximal 

incremental test.   

Maximal incremental exercise test: Peak exercise (V̇O2max, heart rate and workload) and gas 

exchange thresholds (ventilatory threshold 1 and 2; representing a non-invasive marker of the 

anaerobic and respiratory compensation thresholds) values were determined during an 

incremental treadmill test performed to volitional fatigue.  Following a 3 min warm up of 

walking at a self-selected speed (i.e., that was used for the moderate-intensity exercise bout in 
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visit 2) at one percent incline, the incline increased by two percent every minute until the 

participant reached volitional fatigue.  Gas-exchange was measured breath-by-breath during 

the test (Ultima CardiO2), and subsequently averaged into 30-s bins. Heart rate and rhythm, 

and RPE were measured as previously mentioned.  Brachial artery blood pressure was 

measured and recorded by manual brachial auscultation using a mercury sphygmomanometer 

every 3 min.  Maximum V̇O2 was defined as the average of the two highest 30-s bin averaged 

values, while peak power was defined as the maximum power sustained for ≥ 30 s during the 

incremental exercise test.  As represented by Figure 4.3, ventilatory threshold one (VT1) and 

two (VT2) were defined by the ventilatory equivalents for oxygen (V̇E/V̇O2) and carbon dioxide 

(V̇E/V̇CO2). VT1 was defined as the point of which V̇E/V̇O2 systematically increases without 

an increase in V̇E/V̇CO2.  VT2 was defined as the point of which there is a systematic increase 

in both V̇E/V̇O2 and V̇E/V̇CO2.   

Heavy-intensity exercise trial: Participants were required to walk on the treadmill at a constant 

work rate for 30 min at a one percent incline at standardise the heavy-intensity work rate, using 

maximal incremental test values and determined by the below equation: 

𝐻𝑒𝑎𝑣𝑦 − 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑊𝑅 (𝑊) = 𝑊𝑅 𝑎𝑡𝑉𝑇1 + [(𝑊𝑅 𝑎𝑡 𝑉𝑇2 − 𝑊𝑅 𝑎𝑡 𝑉𝑇1) 𝑥 0.5] 

Where: WR represents work rate, and VT1 and VT2 represent ventilatory thresholds one and 

two respectively.    

Heart rate, RPE and gas exchanged were collected as previously described in the moderate-

intensity exercise test.    
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Figure 4.3: The ventilatory method of calculating the first (VT1) and second (VT2) ventilatory 

thresholds.   The black dashed line represents the ventilatory equivalent for oxygen uptake 

(V̇E/V̇O2), whilst the black solid line represents the ventilatory equivalent for carbon dioxide 

output (V̇E/V̇CO2).  The VT1 was defined as the point of which V̇E/V̇O2 systematically increases 

without an increase in V̇E/V̇CO2, with the first dropped arrow representing the associated 

exercise time   VT2 was defined as the point of which there is a systematic increase in both 

V̇E/V̇O2 and V̇E/V̇CO2, with the second dropped arrow representing the associated exercise 

time.  Figure modified from Simmonds [123] 

 

4.5 Flow-mediated Dilation Measurements 

Brachial flow mediated dilation was performed prior to and following both exercise bouts, with 

the post-exercise measurements performed at a standardised time point after blood collection 

(typically within 20 min post-exercise) to ensure measurements accurately reflect the post-

exercise period [38].  

Brachial artery flow-mediated dilation (FMD): To examine FMD, participants were placed in 

a supine position, with their right arm laterally extended and supported at an angle ~90° from 

the torso.  A sphygmomanometer cuff was positioned on the forearm, immediately distal from 
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the antecubital fossa, which was measured and marked to allow standardisation of placement 

pre- and post- exercise bout.  An image of the brachial artery was obtained 5-10 cm proximal 

to the antecubital fossa using a 15 MHz linear-array probe (ML6-15, GE Healthcare, Horton, 

Vestfold, Norway), attached to an ultrasound machine (Vivid E9, GE Healthcare, Horton, 

Vestfold, Norway).   When an optimal image was obtained, the probe was held stable and 

continuous recordings of the 2-dimensional (2-D) B-mode images of the brachial artery were 

obtained.  Continuous Doppler-derived velocity assessments were also recorded using 

ultrasound and collected using a probe isonation angle of 60°.  Following 1 min of baseline 

recording, the sphygmomanometer cuff was inflated using an automated cuff inflator (D.E. 

116, Welch Allyn, Bellevue, WA, USA) to a cuff pressure of 220 mmHg and maintained for 5 

min. Deflation of the sphygmomanometer cuff produced an increase in brachial artery flow, 

which was recorded continuously in conjunction with brachial artery diameter for a further 5 

min. All ultrasound images were acquired and analysed (Cardiovascular Suite software, v.2.8, 

QUIPU, Pisa, Tuscany, Italy) by an experienced sonographer.   

As demonstrated in Figure 4.4, FMD assessment produced several variables:  Resting diameter 

(cm), maximum diameter (cm), flow-mediated dilation percentage change (FMD%), shear rate 

area under the curve (SRAUC) resting shear rate (rest SR), and maximum shear rate (max SR).  

FMD was determine using the pre-occlusion diameter of the artery for resting values (Drest) 

and peak arterial diameter following post-occlusion as maximum values (Dmax) [110].  As 

such, FMD was calculation using the following equation: 

 

FMD =
D max − D rest 

D rest
∙ 100 (%) 

Where: Dmax and Drest represent maximum diameter and resting diameter, respectively.  
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Shear rate (SR) as an estimate of shear stress independent of blood viscosity was determined 

as:  

SR =
4 ∙  V

D
(cm · s−1) 

Where: D represents diameter, and V represents velocity (cm·s-1).    

Three values of shear rate are measured throughout FMD assessment: rest SR represents the 

discrete value of shear rate at rest, max SR represents the discrete value of maximum shear 

rate, whilst SRAUC represents the magnitude of stimulus induced by reactive hyperaemia 

[124-126] experienced by the artery.  The magnitude of change in FMD was standardised for 

SRAUC (FMD:SRAUC) to control for inter-subject variability in reactive hyperaemia-induced 

shear stress  [124],  
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Figure 4.4:  Illustration of the brachial artery diameter (Top Panel) and brachial shear rate 

(bottom panel) response over the course of flow-mediated vasodilation assessment.  Following 

1 min of resting measurements, the sphygmomanometer cuff was inflated (first grey line) and 

remained inflated until release at 6 min (second grey line).  The top panel presents the resting 

(A) and maximum (B) brachial artery diameter.  The magnitude of diameter change (C) from 

resting to maximum diameter is converted to a percentage change, which represents the 

FMD%.   The bottom panel presents the resting (D) and maximum (E) shear rate.  The SRAUC 

(F) is represented by the total area under the brachial shear rate curve from cuff release (6 min) 

to maximum artery diameter (Top Panel; C).   
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4.6 Blood Collection 

 

Blood samples were collected from eight women with PCOS and ten matched controls.  Blood 

draws were performed using a 21 G needle attached or a BD Vacutainer® Safety-LokTM Blood 

Collection Set to a tube holder (depending on the difficulty of palpation of an appropriate vein).  

Approximately 18 mL of whole blood was collected for into two sterile vacutainers (1 x 10 mL 

ethylenediaminetetraacetic acid; K2EDTA, 1.8 mg·mL-1 and 1 x 8 mL serum separator tube; 

SST), via venepuncture performed by qualified phlebotomist.  Samples were placed on ‘roller’ 

whilst blood analysis was performed.  All measurements were completed within 4 h of 

collection as recommended [127]. 

 

4.7 Haematocrit Measurements 

Haematocrit was determined using the microhaematocrit method [127].  Two microcapillary 

tubes were filled with approximately 75 µL of whole blood and placed into a centrifuge at 1500 

x g for 5 min to separate blood and plasma components.  To obtain haematocrit values, the 

ratio of packed cell volume to plasma volume was measured and then averaged across both 

capillary tubes. 

 

Haematocrit Adjustment (0.4L·L-1) for Native Blood Samples 

Both blood viscosity and RBC aggregation are influenced by the haematocrit, therefore whole 

blood samples are adjusted to a standardised haematocrit (0.4 L·L-1) to account for variabilities 

in packed red cell volume. Two 1.5 mL microtubes were filled with 1000 µL of whole blood 

and placed in a centrifuge at 15,000 x g for 10 min.  Adjustment of whole blood to a 

standardised haematocrit was performed by either removing or adding plasma out of one of the 
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microtubes.  The plasma volume required for the standardised adjustment was determined from 

the following calculation: 

𝑃𝑙𝑎𝑠𝑚𝑎 𝑣𝑜𝑙𝑢𝑚𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 (µ𝐿) =
1000 µ𝐿 𝑥 𝐻𝑎𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡

0.4
− 1000 µ𝐿 

Where: negative values of plasma volume required removal of plasma from one sample 

microtube and discarded, and positive values required addition of plasma to the sample 

microtube from the second microtube.  The sample microtube will then represent the 

standardised haematocrit (0.4 L·L-1) and utilised in adjusted blood viscosity and RBC 

aggregation measurements.   

 

4.8 Viscosity Measurements 

Whole blood is a non-Newtonian suspension with its fluidity unable to be described by a single 

value of viscosity [26].  As such, rotational viscometers allow the measurement of viscosity 

over a range of shear rates, producing a viscosity curve for a given blood sample.  Blood 

viscosity was determined using the temperature controlled, Brookfield cone and plate 

viscometer (0.5 DVII+ with CPE40 spindle, Brookfield Engineering Labs, Middleboro, MA, 

USA).  The viscometer was connected to a water bath which was maintained at 37°C to account 

for temperature dependent changes in blood viscosity.  The mechanism of the viscometer 

involved two discs: one cone-shaped that rotated at a certain angular velocity and the other disc 

that was flat and stationary.  The rotation of the cone dragged the fluid layers of the sample, 

causing the sample to produce a tangential friction force against the stationary disc.  The 

stationary disc was attached to a spring which turns at an angle depending on the viscosity of 

the sample.  This force is interpreted as a torque which was displayed on the screen of the 

viscometer.  To perform blood viscosity measurements, once the water bath had reached 
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optimal temperature (37°C), 1000 µL of place was applied into the centre of the stationary plate 

sitting within the viscometer cup.  The cup was secured up underneath the cone and shear rates 

of 75, 150, 300, 750 and 1500 s-1 were applied to the sample, presenting a torque value which 

was then recorded.  The obtained torque value for each shear rate was converted to a shear 

stress by multiplying the torque by a calibration coefficient (value of 126), as per the following 

calculation: 

𝑆ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠 = 𝑡𝑜𝑟𝑞𝑢𝑒 𝑥 126 (𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡) 

Both blood viscosity at native and adjusted to 0.4 L·L-1 haematocrit was measured, with plasma 

viscosity only measured at two discrete shears (750 and 1500 s-1) using the following 

calculation: 

𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 (𝑐𝑃) =  
𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠

𝑠ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒
 

Where: Shear stress was calculated by multiplying the torque measured at each shear rate by a 

calibration coefficient, and the shear rate representing each discrete shear rate applied to the 

blood sample during the measurement.   

 

4.9 RBC Aggregation Measurements  

RBC aggregation was determined with a computerised aggregometer system (Myrenne 

Aggregometer, Myrenne GmbH, Roetgen, North Rhine-Westphalia, Germany) and a software 

program (LabView 2009, National Instruments, Austin, TX, USA).  RBC aggregation is 

quantified by measurement of integrating light transmission that passes through blood samples 

and detected by a photometer.  The intensity of light detected by the photometer reflects the 

magnitude of RBC aggregation, with a decreased intensity of light reflecting a more aggregated 
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samples and an increased intensity of light reflecting a less aggregated sample.  RBC 

aggregation was measured by applying 50 µL of blood onto glass cone of the aggregometer.  

The sample was then manually disaggregated by placing a glass plate onto the sample several 

times prior to each measurement.  Each sample was exposed to two conditions: i) M0, the extent 

of aggregation at stasis by integrating light transmission through the blood sample during 10 s 

following an abrupt cessation of high shear (600 s-1); ii) M1, the extent of aggregation at very 

low shear (3 s-1) by integrating light transmission during 10 s following cessation of high shear. 

Both measurements were performed in duplicate and the average values were reported. 

Additionally, two indices of rate of RBC aggregation, i) the aggregation index over 120 s while 

RBC were at statis (i.e., AI120) and, ii) the rate of change – the time required to obtain half of 

the AI120 value (i.e., T1/2), were measured by specialised software (LabView 2009, National 

Instruments, Austin, TX, USA) by fitting a monoexponentially curve to the light transmission 

data over 120 s.  Aggregation of RBC suspended in plasma at both native and adjusted to 0.4 

L·L-1 haematocrit was determined. 

 

4.10 RBC Deformability Measurements  

RBC deformability (the ability for the RBC deform when subjected to applied mechanical 

forces) was determined at various shear stresses (0.3 – 50 Pa) by laser diffraction analysis 

utilising an ektacytometer (LORCA, Lorrca MaxSis Osmoscan, Mechantronics, Warwick, NY, 

USA) carried out at 37°C.  To perform RBC deformability measurements, 25 µL of whole 

blood was placed into a glass tube containing 5000 µL of polyvinylpyrrolidone (PCP, pH = 

7.4, 293 mOsmols, 31.4 cP) and inverted several times to mix components.  A volume of 900 

µL of the solution was placed in the concentric cylinder and subsequently exposed to varying 

degrees of shear stress (0.3 – 50 Pa). A laser beam was projected through the sheared sample 
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and the laser-diffraction pattern from RBC suspensions was captured at 2 Hz by an integrated 

digital camera. The resultant images were analysed by fitting an ellipse to the diffraction 

pattern, and an RBC elongation index (EI) calculated for the different shear stress applied using 

the following equation:  

𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛 𝐼𝑛𝑑𝑒𝑥 (𝐸𝐼) = (𝐴 − 𝐵) ÷ (𝐴 + 𝐵) 

Where: A is the long axis diffraction pattern of the cell and B is the short axis diffraction pattern 

of the cell. 

Measurements were performed in duplicate, and the average EI values were subsequently fit 

with a non-linear regression (Prism GraphPad VXX, GraphPad Software Inc, La Jolla, CA, 

USA) to identify the following indices (Figure 4.5): i) the maximum elongation index 

(deformability) at infinite shear stress (i.e., EImax), ii) the shear stress required to obtain half the 

EImax (i.e., SS1/2), and iii) the standardisation of SS1/2 for alterations in EImax (SS1/2:EImax).  

Notably, a decrease in SS1/2:EImax reflects an increased RBC deformability, whilst an increased 

SS1/2:EImax reflects a decreased RBC deformability.    

 

Figure 4.5:  An illustration that represents the elongation index (EI) of the red blood cell (RBC) 

at a range of shear stresses (0.3 – 50 Pa).  The sigmoidal line depicts the increasing EI with 

increases in shear stress.  Calculation of EImax, SS1/2, and SS1/2: EImax was performed for each 

blood sample.  Figure sourced from Simmonds [123]. 
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4.11 Testosterone and Sex Hormone-Binding Globulin Measurements 

Testosterone and sex hormone-binding globulin (SHBG) content were measured in serum 

samples.  1 x 8 mL SST collection tube was placed into a centrifuge at 1500 x g for 10 min.  

1000 µL of serum was aspirated from an SST tube and placed in a 1.5 µL microtube.  Serum 

samples were labelled and stored in a -80°C freezer until analysis.  Determination of serum 

hormone concentrations was performed by Queensland Medical Laboratory (QML) using an 

Immunoassay System to measure testosterone (ADVIA Centaur XP, Siemans, Bayswater, VIC, 

AUS) and SHBG (IMMULITE 2000 XPi, Siemans, Bayswater, VIC, AUS) concentration.  

Testing was performed according to the National Association of Testing Authorities Australia 

(NATA) accredited methods to the Australian Laboratory standard (AS-15189).  Testosterone 

and SHBG concentrations obtained from QML were utilised to determine the free androgen 

index (FAI), which is considered the most accurate measurement of free testosterone [128].  

The FAI was determined by the following calculation: 

𝐹𝑟𝑒𝑒 𝑎𝑛𝑑𝑟𝑜𝑔𝑒𝑛 𝑖𝑛𝑑𝑒𝑥 (𝐹𝐴𝐼) = 𝑇𝑒𝑠𝑡𝑜𝑠𝑡𝑒𝑟𝑜𝑛𝑒 (𝑛𝑚𝑜𝑙 ∙ 𝐿−1)𝑥 
100

𝑆𝐻𝐵𝐺 (𝑛𝑚𝑜𝑙 ∙ 𝐿−1)
 

 

4.12 Data Analysis 

Data is presented as mean ± standard deviation, unless otherwise stated.  A power calculation 

(G*Power version 3.1.9.2) was performed in order to determine the required sample size for 

the experiment.  Conventional α (0.05) and β (0.80) values, and effect sizes of 0.5 (FMD 

measurements) and 1.13 (haemorheology parameters) were used as in previous studies [21, 31] 

(i.e., independent groups) for the same primary outcome variables (i.e., FMD or 

haemorheological parameters).  As such, a minimum sample size of 48 (24 per group) and 14 

(7 per group) were required for FMD and haemorheological parameters, respectively.  Student 
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t-tests were utilised to determine differences in baseline participant characteristics and 

cardiorespiratory fitness between the two groups.  Paired samples t-tests were utilised to 

determine consistency in baseline vascular measurements (prior to moderate and heavy-

intensity exercise), then averaged to represent one baseline value per FMD variable.  

Multifactorial analysis of variance (MANOVA) was used to detect differences between the 

PCOS and controls group in vascular studies, RBC deformability and RBC aggregation at three 

different time points (baseline and following moderate and heavy-intensity exercise). A two-

way analysis of variance (ANOVA) was performed to determine differences in whole blood 

and plasma viscosity between the two groups at three different time points (baseline and 

following moderate and heavy-intensity exercise).  Statistical significance was accepted as P < 

0.05.  Statistical analysis was performed with SPSS software for Windows (IBM, Chicago, IL, 

USA) or GraphPad VXX (GraphPad Software, San Diego, CA, USA). 
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Chapter 5 

Results 

 

5.1 General Participant Characteristics   

Participant characteristics are presented in Table 5.1. Ten women with PCOS and 12 controls 

completed clinical measurements.  There were no significant differences between PCOS and 

controls in anthropometric measurements, fasting blood profile, oral glucose tolerance test 

(individual responses depicted in Figure 5.1) and haemodynamic variables.  Women with 

PCOS demonstrated elevated levels of testosterone, (p = 0.004), and an increased free-

androgen index (FAI) (p = 0.021), compared to controls. Several participants were taking or 

exposed to some form of contraception; 1 PCOS subject and 1 control subject reported taking 

oral contraception whilst 3 control subjects reporting possessing contraceptive implants (one 

intra-uterine coil; two implant devices). 

 

5.2 Cardiorespiratory Fitness Characteristics 

The cardiorespiratory fitness and moderate and heavy-intensity variables for PCOS and 

controls are presented in Table 5.2 and 5.23.  Eight women with PCOS and 10 controls 

completed the incremental treadmill exercise test to volitional fatigue.  There were no 

significant differences between groups in exercise variables at peak exercise, and at both the 

first (VT1) and second (VT2) ventilatory thresholds.  There were no significant differences 

between groups in variables at both moderate and heavy-intensity exercise.  
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Table 5.1: Participant characteristics 
 

 CON 

N = 12 

PCOS 

N = 10 

P value 

Demographics 

   Age (years) 

 

28 ± 6 

 

26 ± 4 

 

0.187 

Anthropometric measurements 

   Weight (kg) 

 

58.8 ± 11.9  

 

65.7 ± 10.7  

 

0.188 

   Height (cm) 1.7 ± 0.1 1.7 ± 0.1  0.861 

   BMI (kg·m-2) 21.2 ± 3.1 23.8 ± 3.1 0.088 

Fasting blood profile 

  TC (mmol·L-1) 

 

4.37 ± 0.55 

 

4.57 ± 0.89 

 

0.578 

  HDL (mmol·L-1) 1.69 ± 0.43 1.92 ± 0.41 0.279 

Oral glucose tolerance test 

  Fasting glucose (mmol·L-1) 

 

3.86 ± 1.04 

 

3.52 ± 1.12 

 

0.498 

  30 min post (mmol·L-1) 9.08 ± 1.11 9.46 ± 1.29 0.511 

  2 h post (mmol·L-1) 6.48 ± 1.47 6.39 ± 1.07 0.884 

Haemodynamic variables 

   Resting HR (beats·min-1) 

 

64 ± 11 

 

65 ± 11 

 

0.858 

   Systolic BP (mmHg) 117 ± 8 121 ± 6 0.314 

   Diastolic BP (mmHg) 72 ± 9 72 ± 8 0.934 

Hormone profile 

   Testosterone (mmol·L-1) 

 

0.75 ± 0.19 

 

1.23 ± 0.35** 

 

0.004 

   SHBG (mmol·L-1) 94.80 ± 39.73 89.57 ± 90.61 0.881 

   Free androgen index (a.u.) 0.85 ± 0.24 2.80 ± 2.22* 0.021 

Medications 

   Oral contraceptive (%) 

 

1 (7) 

 

1 (1) 

 

   Contraceptive implant (%) 

     

3 (30) N/A 

 

 

Data is presented as mean ± standard deviation. ** P < 0.01, * P < 0.05 significant difference between PCOS and 

controls. BMI, body mass index; BP, blood pressure; TC, total cholesterol; HDL, high-density lipoprotein; OGTT, 

oral glucose tolerance test; SHBG, sex-hormone binding globulin; a.u, arbitrary units.   
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Figure 5.1: The individual blood glucose responses in PCOS and controls at fasting (time = 

0.00) and 0.5 and 2 h post consumption of a 75 g glucose bolus.   
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Table 5.2 Cardiorespiratory fitness of participants  

 

 CON 

N = 10 

PCOS 

N = 8 

P value 

    

Peak Exercise Values    

   V̇O2peak (L·min-1) 2.41 ± 0.48 2.78 ± 0.42 0.118 

   V̇O2peak (mL·kg-1·min-1) 40.7 ± 5.7 39.2 ± 6.1 0.602 

   Peak heart rate (beats·min-1) 181 ± 8 189 ± 7 0.061 

   Peak heart rate (% age-predicted) 95.9 ± 4.5 97.1 ± 2.5 0.346 

   Peak power (W) 179 ± 29 199 ± 38 0.215 

   RER 1.16 ± 0.03 1.22 ± 0.07 0.095 

   RPE 8.7 ± 0.5 9.2 ± 0.8 0.125 

Ventilatory Threshold 1    

   V̇O2 (L·min-1)  1.50 ± 0.33 1.77 ± 0.20 0.097 

   V̇O2 (mL·kg-1·min-1)  25.6 ± 4.2 26.1 ± 3.2 0.814 

   % V̇O2peak 62.9 ± 4.1 66.9 ± 5.3 0.102 

   Power output (% peak PO) 43.1 ± 5.1 48.5 ± 6.1 0.078 

Ventilatory Threshold 2    

   V̇O2 (L·min-1)  2.11 ± 0.42 2.49 ± 0.34 0.071 

   V̇O2 (mL·kg-1·min-1)  35.9 ± 4.5 35.6 ± 5.2 0.916 

   % V̇O2peak 88.4 ± 3.1 90.1 ± 4.2 0.172 

   Power output (% peak PO) 77.9 ± 5.2 78.6 ± 4.7 0.799 

 
Data is expressed as mean ± standard deviation. V̇O2peak, peak oxygen uptake; V̇O2, oxygen uptake; PO, power 

output.  

 

Table 5.3 Moderate and heavy-intensity exercise variables of participants  

 

 CON 

N = 10 

PCOS 

N = 8 

P value 

 

Moderate-intensity exercise test 

   

   V̇O2 (L·min-1) 1.04 ± 0.14 1.08 ± 0.14 0.600 

   % of V̇O2peak 43.6 ± 5.5 40.2 ± 7.4 0.297 

   Heart rate (% of maximum) 61.3 ± 3.51 58.5 ± 7.4 0.384 

   Power output (%peak PO)  4.9 ± 0.5 4.7 ± 0.8 0.597 

   RPE 1.8 ± 0.7 2.3 ± 0.4 0.124 

Heavy-intensity exercise test    

   V̇O2 (L·min-1) 1.93 ± 0.40 2.15 ± 0.41 0.311 

   % of V̇O2peak 79.7 ± 5.3 77.2 ± 8.6 0.527 

   Heart rate (% of maximum) 89.9 ± 5.1 91.0 ± 6.1 0.719 

   Power output (%peak PO)  56.4 ± 5.34 59.3 ± 6.8 0.362 

   RPE 5.8 ± 1.2 6.4 ± 0.9 0.315 

    
Data is expressed as mean ± standard deviation. V̇O2, oxygen uptake; V̇O2peak, peak oxygen uptake; PO, power 

output; RPE, rating of perceived exertion.  
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5.3 Vascular Endothelial Function  

Figure 5.2 presents the absolute FMD, SRAUC and FMD:SRAUC and Table 5.4 presents the 

absolute FMD and haemodynamic variables at baseline and in recovery (within 20 min post) 

following moderate and heavy-intensity exercise in 8 women with PCOS and 10 controls. 

There were no significant differences at baseline in all absolute values of FMD variables in 

women with PCOS compared to controls.  As presented in Table 5.4, following moderate-

intensity exercise, there was a significant increase in resting diameter (p = 0.010) in PCOS 

compared to controls.  There were no significant differences between groups in all absolute 

values of FMD variables following heavy-intensity exercise.   

The FMD variables within groups were no significantly different following moderate-intensity 

exercise compared to baseline.  Following heavy-intensity exercise, women with PCOS 

demonstrated a significant increase in resting blood flow (p = 0.033) compared to moderate-

intensity exercise.  Control women did not demonstrate any significant differences in the FMD 

variables following heavy-intensity exercise compared to moderate-intensity exercise.  

There were no significant differences in haemodynamic variables between PCOS and controls 

at all time points (baseline, and in recovery following moderate and heavy-intensity exercise).  

Control women demonstrated a significant increase in heart rate following heavy-intensity 

exercise compared to both baseline (p = 0.022) and moderate-intensity exercise (p = 0.023).  

Women with PCOS demonstrated no significant differences in haemodynamic variables 

between baseline, moderate-intensity and heavy-intensity exercise.  
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Figure 5.2: The absolute flow-mediated dilation variables at baseline and following moderate, 

and heavy-intensity exercise for FMD% (Panel A) SRAUC (Panel B) and FMD:SRAUC (Panel 

C) in women with PCOS and controls.  
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Table 5.4: Mean flow-mediated dilation and haemodynamic responses in PCOS and Control at baseline and following moderate and heavy-

intensity exercise  

 Control n = 10 PCOS n = 8 

 Baseline Moderate Heavy Baseline Moderate Heavy 

FMD variables 

 

Resting diameter (mm) 

 

 

 

3.17 ± 0.35 

 

 

3.04 ± 0.32 

 

 

3.42 ± 0.61 

 

 

 

3.47 ± 0.27 

 

 

3.45 ± 0.22* 

 

 

3.54 ± 0.38 

 

Maximum diameter (mm) 

 

3.39 ± 0.36 3.22 ± 0.35 3.64 ± 0.67 3.65 ± 0.26 3.60 ± 0.24 3.65 ± 0.38 

Resting shear rate (s-1) 175 ± 101 151 ± 60 140 ± 50 

 

123 ± 31 115 ± 26 198 ± 82 

 

Maximum shear rate (s-1) 1,350 ± 337 1,328 ± 223 914 ± 291 

 

1,069 ± 230 914 ± 206  1,215 ± 314 

 

Resting blood flow (mL·s-1) 193 ± 112 

 

159 ± 54 

 

210 ± 111 

 

175± 46 

 

159 ± 31 

 

310 ± 189*** 

 

Maximum blood flow (mL·s1) 1847 ± 613 1603 ± 287 

 

1501 ± 664 1692 ± 463 1380 ± 263 1853 ± 384 

 

Haemodynamic variables 

 

Heart rate (beats·min-1) 

 

 

 

65 ± 12 

 

 

65 ± 10 

 

 

79 ± 9 **, *** 

 

 

64 ± 12 

 

 

63 ± 14 

 

 

81 ± 12 

SBP (mmHg) 119 ± 9 117 ± 8 117 ± 7 117 ± 7 121 ± 7 123 ± 6 

 

DBP (mmHg) 

 

71 ± 8 69 ± 6 72 ± 6 71 ± 7 73 ± 5 75 ± 7 

 

SBP, systolic blood pressure; DBP, diastolic blood pressure.  P < 0.0.5, significant value. * = statistically significant compared to controls at the 

same time point; ** = statistically significant within group compared to baseline; *** = statistically significant within group compared to 

following moderate-intensity exercise.   
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Figures 5.3-5.5 presents the change in FMD variables from baseline to recovery following 

moderate, and heavy-intensity exercise between PCOS and controls.  As presented in 

Figure 5.3, there were no significant differences in the change in resting and maximum 

diameters between women with PCOS and controls.  There were no significant 

differences in both groups in resting and maximum diameters between moderate and 

heavy-intensity exercise.     

 

 

Figure 5.3: Change from baseline to recovery following moderate, and heavy-intensity 

exercise in resting diameter (Panel A) and maximum diameter (Panel B) in controls (grey 

columns) and women with PCOS (black columns).   

 

As presented in Figure 5.4, control women demonstrated a significant decrease (p = 

0.022) in change in resting shear rate, following heavy compared to moderate-intensity 

exercise.  Women with PCOS demonstrated a significant increase (p = 0.022) in the 

change in resting shear rate, following heavy compared to moderate-intensity exercise.  

There were no significant differences in the change in resting shear rate between women 

with PCOS and controls following both moderate and heavy-intensity exercise.   

The change in maximum shear rate was significantly decreased (p = 0.039) in control 

women following heavy compared to moderate-intensity exercise.  Women with PCOS 

demonstrated a significant increase (p = 0.039) in the change in maximum shear rate 
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following heavy, compared to moderate intensity exercise.  There were no significant 

differences in the change in maximum shear rate between women with PCOS and controls 

following moderate-intensity exercise.  However, following heavy- intensity exercise, 

women with PCOS demonstrated a significant increase in the change in maximum shear 

rate compared to controls (p = 0.009).     
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Figure 5.4: Change from baseline to recovery following moderate, and heavy-intensity 

exercise in resting shear rate (Panel A) and maximum shear rate (Panel B) in controls 

(grey columns) and women with PCOS (black columns).  * p < 0.05, **p < 0.01.    

 

As presented in Figure 5.5, there were no significant differences in the change in FMD 

between women with PCOS and controls following both moderate and heavy-intensity 

exercise.  Additionally, there were no significant differences in the change in FMD within 

groups between moderate and heavy-intensity exercise.  

The change in SRAUC was significantly decreased (p = 0.034) in controls following 

heavy compared to moderate-intensity exercise.  Women with PCOS demonstrated a 

significant increase (p = 0.034) in the change in SRAUC following heavy compared to 

moderate-intensity exercise.  There were no significant differences in the change in 

SRAUC between women with PCOS and controls following moderate-intensity exercise.  

However, following heavy-intensity exercise, women with PCOS demonstrated a 

significantly increase (p = 0.040) in the change in SRAUC compared to controls.  
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The change in FMD:SRAUC was not significantly different between women with PCOS 

and controls following moderate intensity exercise.  However, following heavy-intensity 

exercise, women with PCOS demonstrated a significant decrease (p = 0.021) in the 

change in FMD:SRAUC, compared to controls (0.03 ± 0.1).  There were no significant 

differences in the change of FMD:SRAUC  within groups between moderate and heavy-

intensity exercise.  
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Figure 5.5: Change from baseline to recovery following moderate, and heavy-intensity 

exercise in FMD% (Panel A) SRAUC (Panel B), and FMD:SRAUC (Panel C) in women 

with PCOS (black columns) and controls (grey columns). * p < 0.05, **p < 0.01.     
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5.4 Blood Viscosity                                                                                                

Blood viscosity was measured at native and adjusted haematocrit for 7 women with PCOS 

and 10 controls at baseline and following moderate and heavy-intensity exercise.  As 

presented in Figure 5.6, there were no significant differences in both native and adjusted 

blood viscosity in women with PCOS compared to controls at baseline and following 

moderate and heavy-intensity exercise.  There were no significant differences in native 

and adjusted blood viscosity across all time points within both groups.   
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Figure 5.6: Blood viscosity at baseline and in recovery following moderate, and heavy-

intensity exercise at native (Panel A) and adjusted (Panel B) haematocrit in women with 

PCOS and native (Panel C) and adjusted (Panel D) haematocrit for controls.   
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5.5 Plasma Viscosity 

Plasma viscosity was measured at baseline and following moderate and heavy-intensity 

exercise for 7 women with PCOS and 10 controls as presented in Figure 5.7.  Women 

with PCOS demonstrated a significantly increased (p = 0.039) plasma viscosity to 

controls at baseline.  There were no significant differences in plasma viscosity in women 

with PCOS compared to controls following both moderate and heavy-intensity exercise.  

Both women with PCOS and controls demonstrated no significant difference in plasma 

viscosity following moderate and heavy-intensity exercise compare to baseline.    
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Figure 5.7: Plasma viscosity in PCOS and controls at baseline and in recovery following 

moderate, and heavy-intensity exercise.  * p < 0.05 

 

5.6 RBC Aggregation 

Figures 5.8-5.10 presents RBC aggregation measurements performed at baseline and in 

recovery following moderate, and heavy-intensity exercise in 8 women with PCOS and 

10 controls.  As presented in Figure 5.8, M0 was significantly increased in the native (p = 

0.039) and adjusted (p = 0.025) haematocrit in women with PCOS compared to controls 
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at baseline.   The AI120 was significantly increased in native (p = 0.016) and adjusted (p 

= 0.032) haematocrit in women with PCOS compared to controls at baseline.   The T½ 

was significantly decreased in the native (p = 0.033) and adjusted (p = 0.042) haematocrit 

in women with PCOS compared to controls at baseline.   There were no significant 

differences in baseline M1 between PCOS and controls in native or adjusted haematocrit. 

Native Adjusted 

0

5

10

15

20

M
0

(a
.u

.)

✱ ✱

Native Adjusted 

0

5

10

15

20

25

M
1

(a
.u

.)

Native Adjusted 

0

20

40

60

80

100

A
I 1

2
0

(a
.u

)

✱ ✱

Native Adjusted 

0

5

10

15

20

T
1

/2
(s

)

✱ ✱

A B

C D

 

 

Figure 5.8:  Baseline RBC aggregation at stasis (Panel A; M0) at low shears (Panel B; 

M1) aggregation over 120 s (Panel C; AI120) and time required to achieve half of the AI120 

value (Panel C; T ½) in controls (grey columns), and PCOS (black columns).  * p < 0.05 
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Figure 5.9 presents RBC aggregation indices following moderate-intensity exercise in 

PCOS and controls.  There were no significant differences between PCOS and controls 

in any of the RBC aggregation indices (M0, M1, AI120 and T½) in the native or adjusted 

haematocrit following moderate-intensity exercise.   
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Figure 5.9:  Red blood cell aggregation at stasis (Panel A; M0) at low shears (Panel B; 

M1) red blood cell aggregation over 120 s (Panel C; AI120) and time required to achieve 

half of the AI120 value (Panel D; T ½) in recovery, following moderate-intensity exercise 

in controls (grey columns) and PCOS (black columns).  
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Figure 5.10 presents the RBC aggregation indices following heavy-intensity exercise in 

PCOS and controls.  There were no significant differences in any of the RBC 

aggregation indices in the native or adjusted haematocrit between PCOS and controls 

following heavy-intensity exercise.   
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Figure 5.10:  Red blood cell aggregation at stasis (Panel A; M0) at low shears (Panel B; 

M1) red blood cell aggregation over 120 s (Panel C; AI120) and time required to achieve 

half of the AI120 value (Panel D; T ½) in recovery, following heavy-intensity exercise in 

controls (grey columns) and PCOS (black columns)  
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5.7 RBC deformability 

RBC deformability at baseline and in recovery, following moderate and heavy-intensity 

exercise was performed in eight women with PCOS and ten controls (Figures 5.11-5.12).  

As presented in Figure 5.11, there were no significant differences in the RBC elongation 

index across shear stress in women with PCOS compared to controls at baseline and 

following moderate and heavy-intensity exercise.   
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Figure 5.11:  The elongation index (EI) of the RBC at baseline (Panel A) and in recovery 

following moderate (Panel B), and heavy-intensity exercise (Panel C) in PCOS and 

controls.    
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Figure 5.12 presents the EI max, SS½ and SS½:EImax, at baseline and in recovery following 

moderate, and heavy-intensity exercise between PCOS and controls.  There were no 

significant differences in any of the RBC deformability indices in women with PCOS 

compared to controls at baseline and following moderate, and heavy-intensity exercise.  

There was no significant difference in any of the RBC deformability indices within groups 

across all time points (baseline and following moderate, and heavy-intensity exercise).      
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Figure 5.12:  The maximum elongation index of the RBC (EImax;Panel A), the shear 

stress required to induce half of the EImax (SS½;Panel B) and the standardisation of SS½ 

for variations in EImax (SS½: EImax;Panel C) at baseline and in recovery following 

moderate and heavy-intensity exercise in PCOS and controls.   
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Chapter 6 

Discussion 

   

6.1 Primary Findings 

To our knowledge, this is the first study to consider the influence of cardiorespiratory 

fitness on vascular function and haemorheological characteristics in women with PCOS.  

The novel findings of the present study were that lean and active women diagnosed with 

PCOS (based on Rotterdam criteria and characterised by hyperandrogenism), 

demonstrated similar resting vascular function but altered haemorheological 

characteristics (with elevations in plasma viscosity and RBC aggregation) when 

compared to controls matched for age, BMI, and cardiorespiratory fitness.  Furthermore, 

women with PCOS exhibited a similar response to healthy controls in vascular and 

haemorheological parameters in recovery, following moderate-intensity exercise.  In 

contrast, following heavy-intensity exercise, women with PCOS experienced a significant 

increase in vascular shear stimulus compared to controls, which was not accompanied by 

significant changes in maximum artery diameter, demonstrating an impaired vascular 

response.  These collective findings indicate that despite women with PCOS 

demonstrating abnormal haemorheological parameters at rest, vascular function may be 

preserved in women with PCOS that exhibit a just above-average cardiorespiratory 

fitness, under conditions of low-to-moderate haemodynamic and metabolic stress.  

Whereas under higher levels of haemodynamic and metabolic stress, women with PCOS 

demonstrate an impaired vascular response relative to their healthy counterparts.   
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6.2 Cardiovascular and Metabolic Profiles  

The general characteristics of the present participants demonstrated that both groups were 

well-matched for age, weight, and BMI.  Women with PCOS were characterised by 

elevated levels of testosterone and an increase in the free androgen index (FAI) when 

compared with controls.  Thus our PCOS cohort presented with typical 

hyperandrogenism, a hallmark feature in PCOS [1].  However, typical cardiovascular risk 

factors, such as the fasting lipid profile (total cholesterol and HDL) and the metabolic 

response to the OGTT [129]  ─ a diagnostic marker of glucose homeostasis and insulin 

resistance [130] ─ were similar between groups.  PCOS has been classically characterised 

by abnormalities in fasting blood lipid profiles (elevated total cholesterol and depressed 

HDL) and glucose intolerance [131-135].  A possible explanation for the normal fasting 

blood lipids and glucose tolerance in the present PCOS women may be due to the similar 

cardiorespiratory fitness observed between the two groups.  Notably, the present PCOS 

women were of a just above-average cardiorespiratory fitness, likely due to the reported 

physical activity of approximately 45 min a day, 4-6 days a week.  As previously 

mentioned, exercise can decrease cholesterol and increase HDL ─ which promotes the 

transportation of lipids away from the artery walls ─ in women with PCOS following 

exercise training [43, 93, 94, 136].  Furthermore, exercise has profound effects on glucose 

homeostasis, given that acute exercise increases contraction-mediated glucose uptake 

[137] and chronic exercise enhances insulin sensitivity [138].  Notably, improvements in 

insulin sensitivity have been demonstrated in women with PCOS following exercise 

training [43, 93-95].  Considering this, it is plausible that the regular physical activity that 

the present PCOS women performed to obtain the observed cardiorespiratory fitness may 

explain the normal fasting lipid and glucose profile in the present cohort.  
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6.3 Cardiorespiratory Fitness  

Classic parameters of cardiorespiratory fitness (e.g., V̇O2max, VT1, and VT2) were not 

significantly different between PCOS compared to controls.  Both groups demonstrated 

similar V̇O2max, and power output at maximal exercise.  Moreover, both groups obtained 

a VO2max that was between the 50-75th percentile of predicted VO2max for healthy 

individuals, based on gender and age as per reference standards [139].  Additionally, both 

groups demonstrated similar VO2 and power output at both VT1 and VT2.  In contrast, 

previous studies that have assessed cardiorespiratory fitness in women with PCOS have 

suggested  that PCOS is characterised by decreases in oxygen consumption (< 30 mL·kg-

1·min-1 ) – below the 50th percentile of predicted VO2max [140] – and power output at 

maximal cycling exercise [141, 142] and lower power outputs at VT1 and VT2 [142], 

when compared to age and BMI matched controls .  These differences in cardiorespiratory 

fitness parameters between PCOS and healthy controls have been suggested to be related 

to elevations in testosterone [142] and/or the presence of insulin resistance [141] in 

women with PCOS.   

Sustained elevations in testosterone have been hypothesised to cause changes in muscle 

fibre composition (with a shift from type I oxidative muscle fibres to type II 

glycogenolytic fibres) in addition to decreases in capillary density [143] – factors that can 

impair oxygen uptake during exercise in women with PCOS [142].  Furthermore, there is 

evidence that insulin resistance can impair the functional capacity of the skeletal muscle 

mitochondria, subsequently influencing aerobic capacity [141].  Women with PCOS in 

the present study demonstrated typical hyperandrogenism, and yet did not appear to be 

limited in their aerobic capacity compared to controls.  Notably, PCOS and control 

women in the abovementioned study [142] that reported a relationship between elevated 

testosterone and an impaired aerobic capacity, were categorised as sedentary.  
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Considering the direct relationship in physical activity levels and cardiorespiratory 

fitness, further studies are required to elucidate whether a relationship exists between 

elevated testosterone and cardiorespiratory fitness in the PCOS population.   

As previously mentioned, the present PCOS women exhibited a healthy insulin 

sensitivity, most likely due to habitual exercise.  Considering that the present PCOS 

women did not appear to be limited in the aerobic capacity by either hormonal or 

metabolic factors, it is plausible that a similar physical activity level may explain the 

similar cardiorespiratory fitness demonstrated between PCOS and controls.   

 

6.4 Vascular Function at Rest  

In the present study, women with PCOS demonstrated a similar FMD response at rest to 

controls, a finding that is consistent with some [62, 63], but not all [11-13, 15-17, 19] 

previous reports.  Given that previous studies [11-13, 15-17, 19, 62, 63] have not 

controlled for cardiorespiratory fitness, these methodological differences may explain the 

discordant findings between studies that have investigated vascular function in women 

with PCOS.  Exercise has been suggested to upregulate the eNOS protein in women with 

PCOS [144], increasing NO bioavailability and facilitating vasodilation.  Furthermore, 

repetitive increases in arterial shear stress induced by exercise, have been frequently 

suggested to induce both structural (angiogenesis and remodelling) and functional 

(alterations in vascular smooth muscle and endothelial cells) adaptions to the vessel wall 

[38, 45-47, 98].  Notably, evidence of improved endothelial function due to exercise-

induced vascular adaptations have been demonstrated in women with PCOS following 

exercise training programs [42, 43, 144]. Indeed, women with PCOS in the present study 

demonstrated a just above-average cardiorespiratory fitness and reported involvement in 

physical activity approximately 45 min a day, 4-6 days a week.  Therefore, it is plausible 
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that preserved endothelial function at rest in the present PCOS women may be due to, in 

part, exercise-induced vascular adaptive responses to habitual exercise.   

The presence of hyperandrogenism, is suggested to be another factor related to endothelial 

dysfunction in women with PCOS [10, 13, 17, 145].  Elevations in androgens have been 

reported to increase total cholesterol and to decrease HDL [146] – factors that typically 

contribute towards an impaired FMD [12, 13, 15].  PCOS women in the present study 

were clinically hyperandrogenic; however, demonstrated a similar fasting lipid profile 

and endothelial function compared to controls. Considering that we did not investigate 

the direct mechanism of testosterone on vascular reactivity, we cannot exclude that 

elevated androgens may be a contributor to endothelial dysfunction in women with 

PCOS.  Instead, it is possible that factors such as a healthy lipid and metabolic profile 

may have modulated the vascular response in women with PCOS to some extent, despite 

the presence of hyperandrogenism.  Notably, the previous studies that reported 

associations of hyperandrogenism and endothelial dysfunction in PCOS women [10, 13, 

17, 145] consisted of participants who were either sedentary or without a known physical 

activity status.  Indeed, we have previously discussed that exercise training improves the 

metabolic [41, 43, 93, 94, 96] and lipid profiles [93, 94] in women with PCOS.  As such, 

it is reasonable to suggest that despite the presence of clinical hyperandrogenism, the 

preservation of endothelial function at rest in the present PCOS women can be explained 

by the combination of healthy lipid profile, insulin sensitivity and exercise-induced 

vascular adaptations that accompanies habitual exercise.  
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6.5 Haemorheological Characteristics at Rest 

Women with PCOS in the present study demonstrated differences in haemorheological 

characteristics at rest when compared to controls, despite exhibiting similar 

cardiovascular health profiles and cardiorespiratory fitness.  Elevations in plasma 

viscosity were also observed in women with PCOS women, a finding in accordance with 

Simmonds et al. [30], but not Vervita et al. [31].  Vervita et al. [31] reported no differences 

in plasma viscosity in lean women with PCOS compared to healthy controls.  However, 

plasma viscosity was elevated in obese women with PCOS when compared to both 

controls and lean PCOS.  In contrast, Simmonds et al. [30] reported that plasma viscosity 

was elevated in lean women with PCOS, which is in line with the findings of the present 

study.  Fibrinogen is considered the most significant protein that promotes plasma 

hyperviscosity, given its molecular weight and fibrous structure [73].  Notably, PCOS 

women demonstrate elevated levels of plasma fibrinogen [147-149] independent of BMI 

and in the absence of dyslipidaemia and a proinflammatory state [148].  

Interestingly, an inverse relationship has been suggested to exist between plasma 

fibrinogen and cardiorespiratory fitness (V̇O2max) in women with PCOS [86].   It is 

important to note, however, that Giallauria et al. [86] recruited overweight and inactive 

women with PCOS – conditions both documented to further exacerbate plasma fibrinogen 

concentration [22, 40].  Our PCOS cohort were lean and active, and despite this, 

elevations in plasma viscosity were still present.  Thus, elevated plasma fibrinogen may 

be an inherent attribute of PCOS.  It is important to note that we did not quantify plasma 

fibrinogen in women with PCOS in the present study.  Therefore, future studies 

investigating the role of elevated plasma fibrinogen concentrations in active women with 

PCOS are warranted.   
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Given the elevations observed in plasma viscosity in the present PCOS women, it is 

surprising that blood viscosity was no different between groups.  An increase in plasma 

viscosity should directly affect blood viscosity independent of haematocrit or cell-cell 

interactions (RBC aggregation and RBC deformability) [26].  It is plausible that technical 

limitations may have contributed to the lack of differences observed in blood viscosity 

between groups in the present study.  (See Section 6.8 for a more detailed discussion).   

RBC aggregation is a key determinant of whole blood viscosity at low-shear rates [28, 

71].  The present women with PCOS demonstrated an elevated magnitude and rate of 

RBC aggregation at stasis in blood at native and standardised haematocrit, and is 

consistent with Simmonds et al [30].  Elevations in RBC aggregation represent an 

imbalance between disaggregating cellular (e.g. electronegative membrane surface 

charge of the RBC) and pro-aggregating plasma factors (e.g. plasma proteins such as 

fibrinogen and immunoglobulins) within the blood [72].   It is unlikely that the 

electronegative membrane surface charge of the RBC is altered in women with PCOS, 

given that sialic acid – a RBC membrane bound protein that is primarily responsible for 

the negative charge of the RBC [150] – is similar to that of healthy controls [65]. It is 

therefore plausible that elevated plasma fibrinogen might explain hyperaggregation of 

RBC in women with PCOS.  The unique physical properties of fibrinogen draws 

intercellular fluids towards this protein via osmotic forces, promoting cell-cell contact 

and rouleaux formation under low-shears [26, 151].  Moreover, a positive relationship 

has been documented between the rate of RBC aggregation and plasma fibrinogen 

concentration [73].  Considering that T½ was reduced (i.e., indicating an increased rate of 

RBC aggregation) in the present women with PCOS when compared with controls lends 

further support to the hypothesis that plasma fibrinogen may be elevated in women with 

PCOS.    
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Red cell deformability was similar between women with PCOS and controls in the present 

study.  These findings are unexpected as increases in inflammation and a decreased 

antioxidant capacity are common in women with PCOS [7, 8, 23, 82, 147-149], and have 

been documented to promote the production of free radicals and impair deformability [26, 

69, 82]. However, Simmonds et al. [30] examined young and lean women with and 

without PCOS and did not find group-differences in RBC deformability.  These authors 

also suggested that both age (youth) and body composition (being lean) positively 

modulate antioxidant capacity.  Indeed, in addition to being young and lean, our cohort 

was also of a just above-average V̇O2max, suggesting that cardiorespiratory fitness may 

enhance anti-oxidant capacity [38].  Such an enhancement of anti-oxidant capacity may 

counteract the negative effects of elevated free radicals, potentially explaining the 

preserved RBC deformability of the lean and fit women with PCOS in the present study.    

In summary, haemorheological impairments persist in women with PCOS who are active, 

lean, and present with a normal cardiometabolic profile.   Chronic elevations in plasma 

viscosity and RBC aggregation can physically damage the vascular endothelium and 

contribute towards endothelial dysfunction [24-26].  While, the women with PCOS in the 

present study did not appear to exhibit endothelial dysfunction at rest, these impairments 

may increase the risk of developing cardiovascular disorders in the future [25, 26, 28, 77-

79, 152-154].   

 

6.6 The Effects of Acute Exercise on Vascular Function  

To our knowledge, this is the first study to investigate the effects of acute exercise on 

vascular function in women with PCOS.  The findings in the present study demonstrate 

that the acute effects of dynamic, large-muscle mass exercise on vascular responses in 

both women with PCOS and controls are dependent on exercise intensity, in line with 
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previous reports [38, 99, 100, 103]. Following heavy-intensity exercise, women with 

PCOS demonstrated a significant increase in the change in vascular shear stimulus 

compared to controls, which was not accompanied by significant changes in maximum 

artery diameter.  These findings demonstrate that women with PCOS may exhibit an 

impaired vascular response to acute heavy-intensity exercise.  

Following moderate-intensity exercise, both groups demonstrated a trend of a decrease in 

FMD compared to baseline values.  These findings disagree with previous studies [37, 

91, 100, 103], which documented improvements or no change [99] in FMD following 

moderate-intensity exercise in a variety of cohorts (endothelial dysfunction, inactive and 

healthy). Notably, the abovementioned studies [37, 91, 99, 100, 103] predominantly 

consisted of men.  Healthy women participants have been  reported to exhibit an 

exaggerated decrease in FMD following exercise (albeit heavy-intensity) compared to 

men [105].  This has been suggested to be attributed to, in part, smaller artery diameters 

reported in women and therefore, a potentially greater capacity to vasodilate in response 

to reactive hyperaemia at baseline compared to post-exercise [105, 125].  However, it is 

noteworthy that there was a large variability in artery diameters of the participants in the 

present study, presumably due to the study’s small sample size. Considering this, it is 

difficult to say whether a smaller resting diameter is responsible for the decreased trend 

in FMD observed in participants following moderate-intensity exercise or if it is more 

likely due to inter-subject variability.  

The magnitude of decrease in FMD following moderate-intensity exercise was similar in 

both groups in the present study.  Previous studies have reported that both sedentary 

individuals and those with endothelial dysfunction exhibit a similar FMD response to 

moderate-intensity exercise compared to healthy controls [37, 100].  These similar FMD 

responses between groups to moderate-intensity exercise have been suggested to be due 

to matching for fitness and/or age.  Both women with PCOS and controls in the present 
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study were well matched for both of these factors.  Furthermore, low to moderate-

intensity exercise does not result in major perturbations to the cardiovascular system or 

metabolic challenges [102].  Considering this, it seems possible that women with PCOS 

demonstrated a similar FMD response to moderate-intensity exercise compared to 

controls due to the low-level of haemodynamic and metabolic stress experienced 

throughout the exercise bout.  However, as previously mentioned, these results should be 

interpreted with caution given that the variables used to derive FMD values (resting and 

maximum artery diameter) exhibited large variability.   

Interestingly, women in the present study experienced contrasting responses in SRAUC 

following moderate-intensity exercise.  Women with PCOS demonstrated a decrease, 

whilst control women exhibiting an increase in trend in SRAUC following moderate-

intensity exercise compared to baseline.  Previous studies have reported that an increase 

in exercise-intensity (from rest to moderate-intensity exercise) results in an increase in 

SRAUC in the brachial artery during FMD assessment [37, 99, 100].  Notably, the 

SRAUC produced by reactive hyperaemia is inversely related to the resting artery 

diameter.  As such, larger vessels experience a lower shear stimulus than smaller vessels 

despite experiencing a similar blood flow [125].  Both groups in the present study 

demonstrated a similar resting blood flow following moderate-intensity exercise, and a 

similar maximum blood flow post-occlusion during FMD assessment.  Moreover, it 

appears that women with PCOS in the present study generally exhibited a larger resting 

artery diameter following moderate-intensity exercise compared to controls.  This may 

provide one explanation to the decrease in SRAUC demonstrated in the present women 

with PCOS.  Alternatively, it could be argued that the differences in SRAUC between 

groups in the present study may instead be due to the large variability in SRAUC values 

demonstrated between participants.   
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In order to compare the endothelial response of vessels with differing diameters and, 

consequently varying shear stimuli, the standardisation of FMD to SRAUC has recently 

been encouraged [124, 125].  In the present study, acute FMD responses following 

moderate-intensity exercise were lower compared to baseline in both groups when 

standardised for SRAUC (FMD:SRAUC).  The use of FMD:SRAUC to represent 

endothelial function appears to remain a novel approach with only one [91] of the five 

[37, 91, 99, 100, 103] studies investigating the acute effects of moderate-intensity 

exercise using this approach to interpret their findings.  In contrast to the findings of the 

present study, Currie et al. [91] documented an increase in FMD:SRAUC following 

moderate-intensity exercise compared to baseline in healthy adults.  However, it should 

be noted that these investigators [91] used a different approach to calculate FMD and 

SRAUC than that of the present study to account for technical and equipment limitations.  

Consequently, comparison between the findings of the abovementioned study [91] and 

the present study are not readily comparable.   

Both groups in the present study demonstrated a decreased trend in FMD following 

heavy-intensity exercise compared to baseline.  These findings are in line with previous 

studies  [37, 99, 100, 103, 105], who also reported decreases in FMD following heavy-

intensity exercise in a variety of cohorts (endothelial dysfunction, inactive, healthy and 

trained).  As previously mentioned in Section 2.7, exercise above the anaerobic threshold 

(i.e., at heavy-intensity) typically results in increases in resting artery diameter [37, 38], 

NO pathway limitations [37, 106], and decreases in sensitivity to SRAUC [37, 38, 103].  

Collectively, these factors contribute to the general decrease in FMD following heavy-

intensity exercise in both diseased and healthy individuals.  

Moreover, both groups in the present study demonstrated a similar magnitude of decrease 

in FMD following heavy-intensity exercise compared to baseline.  The decrease in FMD 

in response to heavy-intensity exercise has been suggested to be attenuated by increases 
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in cardiorespiratory fitness [37, 38, 98, 105].  This has been thought to be primarily due 

to the increased endothelial cell tolerance to haemodynamic and metabolic stress that 

accompanies habitual exercise [38, 98].  Notably, both groups in the present study 

exhibited a just above-average cardiorespiratory fitness.  As such, it is possible that the 

present women with PCOS exhibited an FMD response following heavy-intensity 

exercise that was similar to controls due to beneficial endothelial cell adaptions that occur 

as a result of habitual exercise.  

Interestingly, women with PCOS in the present study demonstrated an increase in 

SRAUC following heavy-intensity exercise, a response that contrasted with that of 

control women. Previous studies have reported that the SRAUC following heavy-

intensity exercise increases from baseline to a similar magnitude than that of moderate-

intensity exercise [99, 100, 103]. As such, these findings of a further increase in SRAUC 

following heavy-intensity compared to moderate-intensity exercise exhibited by the 

present women with PCOS is unexpected.  Moreover, these differences between groups 

could not be explained by any differences in the resting brachial artery diameter – a 

contributing factor of SRAUC [125].  Women with PCOS did however, experience an 

increase in resting brachial artery blood flow (~50% increase) following heavy-intensity 

exercise compared to moderate-intensity exercise, which may provide some explanation 

to the increased SRAUC experienced.  Performing a lower-limb exercise bout at heavy-

intensity would typically cause a redistribution of blood flow away from the less active 

regions (e.g., the periphery) and towards metabolically active tissues (e.g., lower limbs) 

[155].  As such the increases in brachial artery blood flow following heavy-intensity 

exercise in the present women with PCOS is puzzling.  

One possible explanation to the increase in brachial artery blood flow observed in the 

present women with PCOS following heavy-intensity exercise may be due to an altered 

autonomic response of the cardiovascular system.  Women with PCOS have been 
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suggested to exhibit sympathetic hyperactivity reflected by an attenuated heart rate 

recovery and an exaggerated systolic blood pressure following a maximum treadmill test 

[156].  Considering the direct relationship of blood pressure to blood flow [155], an 

exaggerated response in systolic blood pressure measured in the brachial artery may 

explain an increased brachial artery blood flow observed in women with PCOS 

immediately after heavy-intensity exercise.  Notably, these alterations in heart rate 

recovery and systolic blood pressure reported in Tekin et al. [156] were demonstrated to 

resolve within 10 min of recovery post-exercise.  However, whether the women with 

PCOS in the present study exhibited characteristics of exercise-induced autonomic 

dysfunction is unknown considering that haemodynamic variables were measured 20 

minutes in recovery following exercise bouts.   

Another potential explanation to the increase in brachial artery blood flow observed in 

the present women with PCOS may be due to thermoregulatory processes during and 

following heavy-intensity exercise.  Notably, women with PCOS have been documented 

to exhibit altered thermoregulatory processes with exaggerated sweating responses and 

increases in core temperature documented during and after exercise compared to controls 

[157].   These changes in thermoregulation have been suggested to be due to elevated 

levels of circulating testosterone (given its influence on central neural control of 

thermoregulation) [158].  Indeed, the women with PCOS in the present study exhibited 

elevated serum testosterone; however, core temperature and sweating responses were not 

measured.  In addition to sweating, cutaneous vasodilation is also a critical 

thermoregulatory response, shunting blood flow from the core and working muscles to 

the periphery to facilitate heat transfer to the skin during and following exercise  [159].  

As such, it may be possible that women with PCOS in the present study experienced a 

higher brachial artery blood flow following heavy-intensity exercise in an attempt to 
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transfer heat to the periphery.  Further study of the potential interactions between 

thermoregulation and peripheral vascular responses in this population is warranted.   

The acute FMD:SRAUC responses following heavy-intensity exercise were of contrast 

between women with PCOS and controls in the present study.  Unfortunately, there are 

no studies available that employed the method of FMD:SRAUC from which comparisons 

can be draw.  The findings of the present study are most likely due to the opposing 

responses in SRAUC in women with PCOS compared to controls.  As previously 

mentioned, elevations in SRAUC in women with PCOS may be related to the increased 

blood flow experienced following heavy-intensity exercise.   

In summary, the similar FMD responses between women with PCOS and controls suggest 

that women with PCOS demonstrate a similar vascular response to heavy-intensity 

exercise compared to controls.  However, it appeared that SRAUC and resting blood flow 

was elevated in women with PCOS following heavy-intensity exercise compared to 

controls.  It is possible that these differences between groups in SRAUC and resting blood 

flow may be somewhat related to an altered autonomic and thermoregulatory responses 

with PCOS, given reports of abnormal cardiovascular [156] and sweating responses [157] 

to high-intensity exercise.   

 

6.7 The Effects of Acute Exercise on Haemorheological Characteristics  

Women with PCOS in the present study demonstrated no differences in haemorheological 

characteristics following both moderate and heavy-intensity exercise compared to 

controls.  Considering that the present women with PCOS exhibited elevations in baseline 

RBC aggregation and plasma viscosity, it is surprising that following exercise – which 

typically results in increases in plasma proteins and haematocrit [40, 50] – that post-

exercise haemorheological alterations in women with PCOS were negligible. Moreover, 
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both groups demonstrated no significant changes in blood viscosity, plasma viscosity, 

RBC aggregation, and RBC deformability at any time points.  These findings are in 

contrast with previous reports of exercise-induced increases in blood viscosity, plasma 

viscosity, and RBC aggregation [40, 50, 101, 113].  Moreover, haemorheological 

alterations following exercise have been reported to be intensity dependent, with blood 

viscosity and RBC aggregation increasing to a greater magnitude following heavy-

intensity in comparison to moderate-intensity exercise [101].  However, in the present 

study no differences in haemorheology were observed following heavy-intensity and 

moderate-intensity exercise for either group. A few studies also failed to observe exercise-

induced changes in haemorheology, with similarities in blood viscosity, plasma viscosity, 

RBC aggregation reported before and after acute exercise in healthy men and women 

[113, 160]. The discrepancies between findings of studies that have investigated the 

effects of acute exercise on haemorheological characteristics [40, 92, 101, 113, 160] may 

be due to mode of exercise utilised and/or the methodological approaches in measuring 

haemorheological parameters in the studies.  Nader et al. [113] reported increases in blood 

viscosity and RBC aggregation following an incremental test on a cycle ergometer, but 

not on a treadmill [160], findings in line with other studies [101, 160, 161].  These lack 

of haemorheological changes observed following a treadmill/running protocol have been 

proposed to likely be due to the foot-strike haemolysis that occurs during running [113]. 

Foot-strike haemolysis has been suggested to destroy rigid, ageing RBC which thus 

contributes to a reduced haematocrit during running, and subsequent maintenance of 

blood viscosity following exercise  [49, 160, 162].   A treadmill protocol was utilised in 

the present study which thus may explain the haemorheological response; however, 

participants were only required to walk which may not have produced the force required 

to illicit haemolysis.  Further studies designed to investigate the effects of acute exercise 
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on haemorheology in women with PCOS may elucidate whether the mode of exercise is 

relevant to haemorheological alterations in this population.   

Hydration status of the participants is another factor that may explain, in part, the lack of 

changes in haemorheology observed in women with PCOS and controls.  The primary 

mechanisms involved in changes of plasma viscosity and haematocrit during acute 

exercise mostly reflect fluid shifts [92].  Therefore, it is not surprising that hydration 

status has also been documented to have an influence on haemorheology during and 

following acute exercise [39, 92, 163, 164].  Water intake has been demonstrated to 

decrease exercise-induced hyperviscosity by reducing the rigidity of RBC [163], and 

preserving deformability.  Moreover, consumption of fluids during exercise has been 

suggested to prevent exercise-induced alterations in blood rheological properties due to 

the attenuation of haemoconcentration and decreased plasma protein content [39, 164]. 

In the present study, participants were encouraged to arrive to the laboratory well-

hydrated and also remain hydrated throughout the exercise protocols to improve the 

likelihood of a successful blood draw.  Although fluid intake and hydration status was not 

monitored in the present study, the lack of change in the haematocrit in the participants 

following acute exercise suggests that hydration status was well-maintained.  Therefore, 

it plausible that hydration status and participant fluid intake may have influenced the 

alterations in haemorheological parameters following exercise.   

Methodological approaches to the timing of blood collection is another factor that may 

explain the unexpected lack of differences between groups and across exercise intensities 

in the present study.   Indeed, alterations in haemorheological parameters are transient, 

with alterations returning to baseline rapidly [92, 116, 165].  Exercise-induced 

hyperviscosity is reversed shortly after following the termination of exercise due to fluid 

shifts which increase plasma volume and subsequently reduce haematocrit [50, 92, 165, 

166]. Previous studies that have documented transient exercise-induced changes have 
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typically sampled blood during [101, 161] at peak exercise [40] or less than 3 mins post 

exercise [113] from an intravenous catheter.  Brun et al. [161] observed that despite 

significant elevations in blood viscosity, haematocrit and plasma viscosity at peak 

exercise, all values returned to baseline levels within 10 minutes of completing exercise.  

Although we did endeavour to perform blood draws immediately after exercise, this was 

not always the case primarily due to availability of personnel and/or difficulty in 

accessing an appropriate vessel in the participant.  As such, the time in which blood draws 

were performed post-exercise may have varied between visits and participants.  

Therefore, it is possible that haemorheology measurements in the present study may not 

necessarily reflect in vivo acute exercise-induced haemorheological alterations in women 

with PCOS and controls.  Consequently, any acute haemorheological alterations that were 

present in PCOS and/or controls, may have been masked due to rapid haemodilution that 

occurs shortly after termination of exercise.    

It is worthy to note, that despite no statistically significant differences in 

haemorheological variables between groups in recovery post-exercise, women with 

PCOS demonstrated an increased trend in plasma viscosity and RBC aggregation in 

comparison to controls.  Generally, these observations of an increased trend in RBC 

aggregation and plasma viscosity in women with PCOS suggest the presence of a 

sustained elevation in fibrinogen in women with PCOS [26, 30, 40]. Further studies 

controlling for transient changes in haemorheology and fluid intake are required to 

elucidate whether elevations in RBC aggregation and plasma viscosity in women with 

PCOS are further exacerbated following acute exercise.   
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6.8 Study Considerations and Future Directions 

The present study aimed to determine whether women with PCOS demonstrated altered 

vascular function and haemorheological characteristics at rest and following acute 

moderate and heavy-intensity exercise in comparison to controls matched for age, BMI 

and cardiorespiratory fitness.  Therefore, the findings of the present study can only be 

attributed to the specific demographic of women with PCOS that were included in cohort.  

A natural progression of this work is to implement an exercise training program in 

inactive PCOS women to further analyse the direct influence of cardiorespiratory fitness 

on baseline and post-exercise vascular and haemorheological parameters in women with 

PCOS. These investigations may further uncover whether preservation of vascular 

function in women with PCOS at rest and following low-levels of physiological stress 

(moderate exercise) is due to exercise training-induced vascular adaptations.   

Additionally, there is strong evidence that increased levels of fibrinogen and oxidative 

stress are present in women with PCOS [7, 8, 23, 82, 147-149], which may explain many 

of the alterations observed in baseline rheology parameters and vascular function 

following heavy-intensity exercise.  However, due to the limited testing performed on 

blood and plasma components (haemorheological and hormonal profiles) in the present 

study, direct measurements of fibrinogen and oxidative stress were not obtained.  A 

greater focus in future studies on the influence of fibrinogen and oxidative stress on 

haemorheological parameters and endothelial function following acute exercise, may be 

beneficial in uncovering mechanisms that contribute towards the abnormalities in 

haemorheology and endothelial function observed in the present study.   

Post-exercise blood collection timing is another factor that may have limited the present 

study’s capacity to detect alterations in haemorheological responses to acute exercise.  

Exercise-induced haemorheological alterations are transient in nature, documented to 

return to baseline levels within 10 mins following termination of exercise [161].  
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Therefore, post-exercise blood collection not performed immediately after exercise, may 

contain blood samples that possess haemorheological characteristics that reflect baseline 

parameters in the subject.  Moreover, due to the study complexity and time restraints, 

multiple operators were required to perform blood viscosity measurements.  Additionally, 

unforeseen instrumentation error of the viscometer was documented throughout the time 

of the present study.  As such, the inconsistency between operator techniques and the 

possible presence of instrumentation error, may have further contributed to inaccurate 

torque readings over shear rates.   

Finally, the present study did consist of a small sample size.  A power calculation 

(G*Power version 3.1.9.2) was performed in order to determine the required sample size 

for the experiment.  Conventional α (0.05) and β (0.80) values, and effect sizes of 0.5 

(FMD measurements) and 1.13 (haemorheology parameters) were used as in previous 

studies [21, 31] (i.e., independent groups) for the same primary outcome variables (i.e., 

FMD or haemorheological parameters).  As such, a minimum sample size of 48 (24 per 

group) and 14 (7 per group) were required for FMD and haemorheological parameters, 

respectively.  A total of 24 participants were recruited in the present study, with a total of 

18 participants performing FMD and haemorheological measurements across all time 

points (baseline and following moderate, and heavy-intensity exercise).  As such, we were 

adequately powered in detecting significance in haemorheological parameters but may 

have been limited in detecting significance between groups in vascular variables.   
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6.9 Conclusion 

The present study aimed to investigate whether alterations in vascular function and 

haemorheological characteristics exist in women with PCOS at rest and following acute 

exercise bouts when matched to controls for age, BMI and cardiorespiratory fitness.  This 

study has identified that at rest, women with PCOS demonstrated preserved vascular 

function, however haemorheology (as demonstrated by elevations in RBC aggregation 

and plasma viscosity) was altered despite being young, lean and fit. Furthermore, despite 

women with PCOS demonstrating similar vascular function to controls following 

moderate-intensity exercise, heavy-intensity exercise appeared to induce higher shear 

rates and brachial artery blood flow in women with PCOS compared to controls.  It is 

possible that an altered autonomic cardiovascular and/or thermoregulatory response [156, 

157], may have contributed to this altered vascular response in women with PCOS.  

Irrespective to the mechanisms behind altered vascular function, the exposure of the 

endothelium to chronic, increased shear can compromise the mechanics responsible for 

the transduction of the endothelial-dependent vasodilator signal, causing impaired 

endothelial responsiveness to alterations in shear stress [25, 153].  These processes can 

be extremely detrimental to overall vascular health, with exacerbations in endothelial 

dysfunction, promoting the evolution of atherosclerosis and CVD [51].    

In conclusion, this study has identified that despite the evidence of the beneficial exercise 

training-induced adaptions in vascular function and haemorheology [33, 35, 36, 42, 43, 

90, 91], women with PCOS exhibit altered baseline haemorheological characteristics and, 

potentially, exercise-induced vascular alterations. These findings suggest that even lean 

and fit women with PCOS may be at increased risk of CVD [1, 2].   
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EFFECTS OF EXERCISE ON VASCULAR HEALTH IN 

WOMEN WITH POLYCYSTIC OVARY SYNDROME 

 

 

 

 

Who 

We are looking for women between the ages of 20-40 years who have been diagnosed 

with Polycystic Ovary Syndrome. 

 

What 

Three sessions (3 x 1.5 h) at Griffith University’s Gold Coast campus consisting of 

exercise, blood and vascular testing to determine the effects of exercise on your blood 

vessel health.  

 

If you are interested or would like more information, please contact 

 

 

Emily Brotherton 

Master of Medical Research Student  

Griffith University, Gold Coast 

Ph: 0474 507 600 

Email:emily.brotherton@griffithuni.edu.au 
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