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Abstract  

Endurance trained athletes have a high peak aerobic capacity (V̇O2 peak) and greater 

endothelial-mediated vasodilation in many vascular beds including the skin when compared to 

age- and sex-matched untrained adults. Aerobic exercise training increases V̇O2 peak and there 

is some evidence to suggest this may result in part from an improvement in endothelial-cell 

function in large (e.g., macrovasculature) and small (e.g., microvascular) blood vessels. A 

potential relationship between V̇O2 peak and skin microvascular function is understudied 

especially in older adults where V̇O2 peak and endothelial cell function decline with aging 

naturally (i.e., healthy aging) and in response to pathology (e.g., ischemic heart disease (IHD)).  

This thesis examines V̇O2 peak and changes in skin blood flow (SkBF) to vasodilatory 

provocation assessments in middle aged and older adults 47 to73 years with and without IHD 

in order to identify possible relationships between V̇O2 peak and vasodilatory capacity within 

the skin microcirculation. Identification of such a relationship would support an emerging 

position that the skin microcirculation can serve as a surrogate to study and understand the 

microvascular function of other tissue beds that are more difficult to interrogate (e.g., cardiac).  

It may be possible to use the skin microcirculation to monitor and track how exercise training 

or other interventions influence the control and regulation of blood flow within the body's 

microvascular beds.    

The primary finding reported in this thesis is that the vasodilatory capacity within the skin 

microcirculation assessed by resting provocation assessments (i.e., iontophoresis, local heating 

and PORH) is not strongly associated with V̇O2 peak but it is strongly-moderately correlated 

to absolute VO2 during submaximal exercise and V̇O2 peak. In general, stronger relationships 

were observed for patients with IHD compared to those who are healthy. Interestingly, exercise 

training improved V̇O2 peak and skin vasodilation in response to provocation; however, the 

amount of improvement in skin vasodilation for a given improvement in V̇O2 peak were not 
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proportional implying the changes were independent of one another. Although both skin 

microvascular function and V̇O2 peak improved with exercise training, more work is required 

to elucidate how the two physiologic processes interact and to determine how well changes in 

skin microvascular regulation reflect microvascular function in other tissues.   
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1. Chapter 1: Introduction  

Peak aerobic capacity (V̇O2 peak) is defined as the highest rate of oxygen uptake measured in 

an individual during a graded exercise test. V̇O2 peak is proportional to the amount of cardiac 

output produced (a central factor) and the amount of oxygen (O2) extracted by exercising 

skeletal muscle from circulating blood (arterial venous oxygen difference (A-V̇O2); a 

peripheral factor), and reflects the integrative function of the circulatory, respiratory, and 

neuromuscular systems to transport and utilise O2 during exercise (2). 

V̇O2 peak declines with advancing age by 3-6 % per decade after the age of 30 and this decline 

is accelerated up to 20% per decade after the age of 70 in healthy adults (3). The reduction in 

V̇O2 peak with age is due to a reduction in maximal heart rate (HR), stroke volume (e.g., central 

factors), and maximal A-V̇O2 difference (e.g., peripheral factor) (3-9). A decrease in habitual 

physical activity levels is also strongly associated with the decline in V̇O2peak with age. 

Physical inactivity and a low V̇O2 peak are associated with the development of a number of 

chronic diseases including ischemic heart disease (IHD) (10, 11) and strongly associated with 

increased cardiovascular mortality and morbidity rates (12-15). Adults with IHD have a 

substantially lower (≈20-60%) exercise capacity, as indicated by V̇O2 peak, compared to age-

similar healthy adults (15, 16). Despite a low V̇O2 peak, relatively short term (4-16 weeks) 

moderate to-vigorous aerobic exercise training can improve V̇O2 peak by 12-30% in previously 

physically inactive adults and adults with IHD (16-19). Improvements in V̇O2 peak after 

training in adults with IHD likely results from circulatory improvements in both central 

(increase in cardiac output) and peripheral factors (peripheral blood flow). 

Evidence suggests that at least some of the improvement in V̇O2 peak following aerobic 

exercise training in older adults is due to peripheral factors such as improved blood perfusion 

of exercising skeletal muscle (20, 21). Improved control of vascular diameter and vascular 

resistance within tissue beds allows for better redistribution of available cardiac output; this 
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likely increases the efficiency of O2 delivery allowing for better support of skeletal muscle’s 

metabolic demands during exercise (22, 23). There is also evidence to suggest that aerobic 

exercise training improves endothelial cell function within the skeletal muscle 

microvasculature that would further improve skeletal muscle perfusion during exercise (24, 

25). Thus, the entire peripheral vascular network from conduit supply arteries to the 

microvascular arterioles and capillaries are likely to enhance blood flow regulation to skeletal 

muscle following aerobic exercise training.   

The microvasculature is an integrative network of blood vessels comprised of arterioles, 

capillaries and venules that are <100 μm in luminal diameter. The microvasculature primarily 

serves as the interface between blood and tissue cells for the transfer of nutrients (e.g., glucose 

and O2) and removal of metabolic by-products (e.g., lactate and CO2). Blood flow through a 

microvascular bed is precisely controlled by neurogenic, endothelial, metabolic, and myogenic 

mechanisms that regulate vascular diameter and thus tissue blood flow (26).  

Given the role of the microvasculature in facilitating nutrient exchange, it is critical that 

microvascular blood flow is adequately regulated in order to redistribute cardiac output to 

active skeletal muscle in support of metabolism while, vasoconstricting inactive renal and 

splanchnic tissues to preserve mean arterial pressure (MAP) (22). In many chronic disease 

states, including IHD, one or several of the regulatory mechanisms controlling microvascular 

blood flow (e.g., endothelial) can become dysfunctional and therefore disrupt tissue perfusion 

(27-32). It is possible that microvascular dysfunction within cardiac or skeletal muscle results 

in inefficient nutrient-waste exchange leading to diminished metabolic support and 

consequently a lower V̇O2 peak.  

Multiple investigations have shown that endothelial function, which is a primary regulator of 

vascular tone, is enhanced in the skin microcirculation of endurance trained adults compared 
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to age-similar untrained adults (33-38). Prior studies investigating the effect of exercise training 

on skin microvascular regulation; specifically, endothelial-mediated dilation in healthy young 

adults and adults with chronic diseases such as type 2 diabetes mellitus and hypertension (39-

42) have yielded equivocal results (43-46). Furthermore, a recent systematic review and meta-

analysis conducted by Lanting et al., (47) highlighted that there is a lack of evidence currently 

available to understand the effect  exercise training has on skin microvascular regulation in 

adults with pathological conditions known to impair microvascular function such as diabetes 

and cardiovascular disease (CVD). Thus, additional research is warranted to clarify whether 

exercise training affects microvascular regulation, and to understand the similarities and 

differences in responses between healthy and chronically ill adults. 

Given the role of the microvasculature in facilitating nutrient exchange within tissues and that 

dysfunction within the microvasculature is associated with many chronic illnesses associated 

with reduced V̇O2 peak, it is important to characterise the relationship between V̇O2 peak and 

microvascular function in healthy and chronic disease states.  Furthermore, it is important to 

understand if this relationship can be altered through exercise training. Aerobic exercise 

training is known to improve V̇O2 peak, but it is currently not known if microvascular 

regulation is altered with exercise training.  Should microvascular regulation be improved by 

exercise training, it may provide additional insights into the specific physiological mechanisms 

that underpin an improvement in V̇O2 peak and microvascular health and function in adults 

with IHD. 
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1.1. Research Question 

This thesis aims to improve the understanding of the potential relationship between V̇O2peak 

and the regulatory control of vascular diameter and blood flow within the skin 

microvasculature. Two specific research questions will be addressed: 1) What is the 

relationship between V̇O2 peak and the ability of the skin microvasculature to vasodilate or 

vasoconstrict in response to provocation; and 2) Is the capacity within the skin 

microvasculature to respond to provocation a trainable property?  Exploration of these 

questions will enhance our current understanding of how blood flow is controlled within the 

microvasculature.. It may also provide some insight into the health benefits of a high V̇O2 peak 

(i.e., better microvascular flow and control) and identify a specific tissue target (i.e., the 

microvasculature) that positively adapts to an aerobic exercise training stimulus. Such a finding 

could provide an avenue to monitor training-related microvascular adaptions in an exercise 

rehabilitative setting.  

1.2. Experimental Hypotheses 

The central experimental hypotheses guiding this research are outlined below.  

The first research question is addressed using a cross-sectional comparison of middle aged and 

older adults.  

HA (1): In middle aged and older adults, V̇O2peak is strongly associated with changes in SkBF 

in response to provocation testing.  

HO (1): In middle aged and older adults, V̇O2peak is not associated with changes in SkBF in 

response to provocation testing.  
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The second research question is addressed using a quasi-experimental pre-test, post-test design 

to determine the effect 12-weeks of exercise training has on V̇O2 peak and skin microvascular 

function in middle aged and older adults with IHD. 

HA (2): In middle aged and older adults, 12-weeks of exercise training will result in 

proportionate increases in V̇O2 peak and SkBF in response to provocation testing. 

HO (2): In middle aged and older adults, increases in V̇O2 peak and SkBF in response to 

provocation testing will occur independent of each other following 12-weeks of exercise 

training. 

1.3. Novelty and Significance 

This thesis will evaluate the microvasculature of non-glabrous (hairy) skin of the forearm to 

support or refute the experimental hypotheses. Within the last decade, the skin 

microvasculature has been increasingly studied because it offers the opportunity to non-

invasively evaluate the microvasculature in situ in humans. The skin microvasculature is 

known to be affected by chronic diseases such as diabetes mellitus and CVD (27-31, 48). Since 

the skin microvasculature is believed to share many of the regulatory characteristics of other 

microvascular beds, studying the skin may provide insight into how other systemic 

microvascular beds (e.g., the coronary and skeletal muscle beds) function in health and with 

IHD (49, 50). 

Despite some similarities in the regulatory mechanisms between skin, skeletal muscle, and 

myocardial microvasculature, it remains to be established if the skin can provide an appropriate 

model to evaluate global changes in these tissues. There are unique physiological elements to 

consider when comparing the skin microvasculature to other tissue beds. First, the skin has a 

low metabolic rate and O2 demand in contrast to skeletal muscle and myocardial tissue. Second, 

within the skin, microvasculature organisation and blood flow regulation are not homogeneous. 
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One only needs to consider that the human “blush” response to emotional stimuli is typically 

confined to the facial cheeks and neck. This implies differential regulation of flow across 

regions of the skin surface. Given the low metabolic rate and differences in regional structure 

and mechanistic control, it is unknown if the regulatory mechanisms that control blood flow in 

the skin respond to aerobic exercise training. Given the accessibility of the skin and that it 

shares many similar regulatory mechanisms to other microvascular beds, it is reasonable to 

evaluate the skin as a possible non-invasive model that can provide information on the effects 

of exercise training on microvascular regulation of other tissue beds in health and disease. 

Therefore, the skin may allow for a non-invasive avenue to monitor the effect of exercise 

training on microvascular regulation. 

To date, the limited number of cross-sectional studies that have characterised the relationship 

between V̇O2 peak and skin microvascular regulation in healthy populations have reported 

inconsistent findings. Certain components of microvascular regulation have been reported to 

have an enhancement in healthy endurance trained adults (33, 35) while, others have reported 

no differences between trained and untrained adults (46). Furthermore, within clinical 

populations that are known to have compromised microvascular regulation (e.g., IHD), this 

relationship has not been well characterised (27, 29, 47). Therefore, any relationship between 

microvascular regulation and V̇O2 peak is presently unclear. Aerobic exercise training 

improves V̇O2 peak in patients with IHD, yet it is not known if exercise training can alter skin 

microvascular regulation in adults with IHD.  Should microvascular regulation be improved by 

exercise training, it may provide some additional insights on specifically how exercise training 

leads to an improved V̇O2 peak (i.e., improved tissue nutrient-waste exchange).   

Thus, undertaking this research will provide additional insight into the regulatory mechanisms 

associated with controlling SkBF in health and disease (e.g., IHD). It will provide novel 

information on the impact of exercise training on these mechanisms. Moreover, it will provide 
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information that can be used to evaluate the utility of studying the skin microcirculation as a 

surrogate for other microvascular beds.  

1.4. Thesis Overview 

A brief overview of the structure of the thesis is described below. 

Chapter 2 will outline the relevant scientific literature on V̇O2 peak, skin microvascular 

regulation, and changes in microvascular regulation in response to short-duration dynamic 

exercise training programmes in healthy adults, and in adults with chronic disease conditions 

such as CVD.  Chapter 3 will provide an overview of the methodology and experimental 

techniques used to test the experimental hypotheses of the current thesis. Chapter 4 – 6 will 

outline the experimental studies used to test the hypotheses. Chapter 7 will outline and discuss 

the primary findings of the thesis, implications of findings, and avenues for future research. 

Chapter 8 provides supplementary material used in the thesis. Lastly, Chapter 9 outlines the 

relevant scientific references cited within this thesis.  
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2. Chapter 2: Literature Review 

Chapter 2 will review relevant literature in order to develop the rationale for the proposed 

relationship between V̇O2 peak and skin microvascular function. 

2.1. Peak Aerobic Capacity 

V̇O2 peak is defined as the highest rate of oxygen uptake measured in an individual during a 

graded exercise test. V̇O2 peak is proportional to the amount of cardiac output produced (a 

central factor) and the amount of O2 extracted from the circulating blood (arterial venous 

oxygen difference; a peripheral factor) and it reflects the integrated function of the circulatory 

system, respiratory system and neuromuscular system to transport and utilise O2 during 

exercise (2).  

Physical inactivity and low V̇O2 peak are associated with an increased risk of the development 

of IHD, and increased morbidity and mortality rates (12). Adults with IHD have a substantially 

lower (≈40-60%) exercise capacity, as indicated by V̇O2 peak, compared to age-similar healthy 

adults (15, 16). This reduction in V̇O2 peak is due to both a decline in cardiac output and a 

reduction in peripheral blood flow and O2 extraction (51-53). Despite a low V̇O2 peak, short 

term (4-16 weeks) aerobic exercise training can improve V̇O2 peak by 12-30% in adults with 

IHD (16-19). 

Improvements in V̇O2 peak in patients with IHD following exercise training likely result from 

improvements in both central and peripheral factors. Evidence suggests that some of the 

improvement in V̇O2 peak following aerobic exercise training in older adults is due to 

peripheral factors such as improved blood perfusion of exercising skeletal muscle (20, 21). 

Improved control of vascular diameter and vascular resistance within tissue beds allows for 

better redistribution of available cardiac output and this likely increases the efficiency of O2 

delivery allowing for better support of skeletal muscle metabolic requirements during exercise 
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(22, 23). There is also evidence to suggest that aerobic exercise training improves endothelial 

cell function within the skeletal muscle microvasculature and thus, the endothelium is often 

viewed as the mechanism responsible for improvements in arteriolar tone regulation and 

control of muscle blood flow (24). Thus, the entire peripheral vascular network from conduit 

supply arteries to the microvascular arterioles and capillaries are likely better able to regulate 

blood flow to skeletal muscle following aerobic exercise training.   

2.2. Microvascular Function 

The microvasculature is a branching network of blood vessels less than 100µm in diameter and 

includes arterioles, venules and capillaries. The microvasculature is an interface between blood 

and tissue cells to facilitate fluid and nutrient-waste exchange between the vascular and tissue 

compartments (54).  

Microvascular blood flow is often modelled using Poiseuille's Law for laminar flow (𝑄 =

 
∆𝑃𝜋𝑟4

8𝜂ℓ
 ) in that flow is proportional to the inflow and outflow pressure difference (ΔP), vessel 

radius (r4), fluid viscosity (η) and the length of the tube or blood vessel (ℓ). Within a tissue 

bed, flow is primarily determined by the pressure gradient and changes in vessel radius. Small 

changes in vessel radius cause large changes in blood flow, since the radius is raised to the 4th 

power. 

Blood vessel radius is regulated by complex interactions between neurogenic, myogenic, 

metabolic and endothelial cell-mediated responses (55, 56). Changes in neurogenic, myogenic, 

or metabolic input/stimulus alters blood vessel diameter and in turn the amount of flow through 

the capillary tissue interface. As a result, the exchange of nutrient (e.g., O2) delivery and 

metabolite (e.g., CO2) removal within tissues and in the case of skeletal muscle, influence the 

amount of O2 consumed during exercise. 
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2.3. A Model Connecting Microvascular Function to Peak Aerobic Capacity  

During prolonged incremental exercise, adequate skeletal muscle blood flow is required to 

deliver an adequate supply of O2 to support the metabolic demands of muscular contraction. 

Therefore, a reduction in microvascular blood flow and subsequent poor capillary perfusion 

during exercise would reduce O2 uptake and utilization leading to development of early 

muscular fatigue. During a graded maximal effort exercise test, reduced muscle blood flow 

would reduce muscle force and the capacity for external work that would consequently result 

in a lower measured V̇O2 peak during testing (57). 

The proposed model showing how the microvasculature could influence V̇O2 peak is outlined 

below in Figure 2.1 (pg., 5). This conceptual model aims to illustrate how mechanisms that 

regulate microvascular blood flow (neural inputs, vascular endothelium, metabolic and 

myogenic activity) influence V̇O2 peak through the regulation of muscle blood flow and 

consequently muscle O2 delivery. In this model, vasodilation and vasoconstriction within the 

microvasculature controls the volume of blood flowing through skeletal muscle. This in effect 

controls the amount of blood delivered to skeletal muscle capillaries and the availability of 

oxygen for extraction (a- V̇O2 difference) which consequently influences V̇O2 peak. 

Modification of the microvasculature by IHD or aerobic exercise training may influence one 

or more key regulatory mechanisms which control microvascular tone resulting in enhanced or 

diminished skeletal muscle blood flow and corresponding V̇O2 peak. 

Exercise training appears to augment microvascular regulation through improved endothelium-

dependent vasodilation in young healthy individuals (33, 42, 58, 59). During exercise training, 

blood flow is increased causing greater shear stress on the endothelium. Repeated exposure to 

bouts of increased shear stress leads to improved endothelial function via enhanced nitric oxide 

(NO) synthase activity and NO bioavailability (42, 60). In the model proposed on page 5 

(Figure 2.1) upregulation of endothelial NO synthesis would increase vasodilatory capacity, 
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capillary perfusion and therefore enhance skeletal muscle and myocardium O2 delivery. 

Overall, the proposed model provides an outline of the integration between V̇O2 peak and 

microvascular regulation.
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Figure 2.1: A model outlining the role of microvascular tone regulation in the control and determination of oxygen uptake and peak aerobic capacity. In this model, 

vasodilation and vasoconstriction within the microvasculature controls the volume of blood flowing through skeletal muscle. This in effect controls the amount of 

blood delivered to the skeletal muscle capillaries for oxygen extraction (a-V̇O2difference) in support of skeletal muscle energy requirements for external work (i.e. 

exercise). Modification of the vasculature by cardiovascular disease or aerobic exercise training can influence one or more key regulatory mechanisms resulting in 

enhanced or diminished muscle blood flow and corresponding V̇O2 peak. NO; nitric oxide, ET-1; endothelin- 1, EDHF; endothelial-derived hyperpolarizing factor, 

CNS; central nervous system, NE; norepinephrine, NPY; neuropeptide Y, H+;  hydrogen, K+; potassium. 
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2.4. The skin Microcirculation as a Surrogate for understanding Microvascular 

Function in Other Tissue Beds  

In recent years, regulation of blood flow in the skin microcirculation has been proposed to 

reflect regulation in other vascular beds (49, 50, 61). Khan et al., (49) assessed microvascular 

blood flow in the skin using laser Doppler flowmetry (LDF) in response to the iontophoresis 

of acetylcholine (ACh) and sodium nitroprusside (SNP) (ie., both vasodilators), whilst 

simultaneously measuring coronary blood flow using transthoracic echocardiography during 

the infusion of adenosine (i.e., vasodilator) in healthy subjects (18–55 years). A significant 

positive correlation was observed between vasodilatory capacity in forearm skin and coronary 

blood flow velocity reserve (r = 0.39). This finding is in agreement with Sax et al., (50) who 

assessed coronary blood flow and forearm SkBF in adults with coronary microvascular angina. 

Coronary flow was measured using a thermodilution catheter placed in the great cardiac vein, 

following the infusion of dipyridamole (i.e., a vasodilator) whilst forearm vascular resistance 

was assessed via strain gauge plethysmography following 10 minutes of forearm ischemia. 

Likewise, there was a significant positive correlation (r = 0.74) between coronary vasodilatory 

impairment and peripheral vasodilatory impairment in this patient population. Overall, these 

findings demonstrate that peripheral assessments of skin microvascular function relate to 

coronary vascular function and thus, the skin may provide an avenue to evaluate changes in 

other microvascular tissue beds.   

The skin microcirculation has been proposed to share similar vascular responses as skeletal 

muscle. Meijer et al., (62) found capillary recruitment in the skin during hyperinsulinemia was 

positively correlated (r = 0.57) with skeletal muscle microvasculature (i.e., increase in blood 

flow). This provides evidence that the skin microcirculation may be a reflective model to 

evaluate skeletal muscle microvasculature. Collectively, these findings suggest that the skin 

microcirculation likely shares at least some similar vascular responses with the 
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microcirculatory beds found in cardiac and skeletal muscle. Given the accessibility of the skin 

as an examination site, it may be a convenient microcirculatory bed to use to provide important 

information about the regulation and function of coronary and skeletal muscle 

microvasculature (61). Furthermore, it may provide an approach to evaluate the effect of 

therapeutic interventions such as exercise training on systemic microvascular regulation. 

2.5. Function and Anatomy of the Skin 

The skin is the largest contiguous organ of the human body, which is involved in the physical 

protection of the body’s interior, sensation, and thermoregulation. It is also capable of repairing 

itself following injury (33). The skin serves as a barrier and provides protection from physical 

trauma, fluid loss and infection (63). 

 In humans, SkBF at rest in normothermic conditions (i.e., the body is neither gaining nor losing 

heat) is approximately 200-500 ml∙min-1 (63, 64). The skin has a large capacity to alter blood 

flow in response to changes in internal and external temperature. During whole body heating 

or dynamic exercise, SkBF can increase by 7 to 8 L.min-1 or more, in order to dissipate heat by 

convection to the external environment (63, 64), whereas on exposure to cold environments, 

SkBF can approach 0 L.min-1 in order to decrease heat dissipation from the skin surface (65).  

The skin consists of three primary layers 1) epidermis, 2) dermis, and 3) hypodermis. The 

epidermis is the outermost layer of the skin which has no blood supply and acts as a 

semipermeable protective barrier. It is comprised of predominantly keratinized squamous 

epithelial cells (66). The epidermis can be broken down into five distinct layers. The stratum 

basale is the deepest layer of the epidermis and it is made up of a single layer of dividing cells.  

As these cells divide, they undergo morphological changes and migrate toward the surface 

replacing the outermost layer (the stratum corneum). From deepest to most superficial the 

layers are: the stratum basale, stratum spinosum, stratum granulosum, stratum lucidum and 

stratum corneum  (66). 
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The dermis is the middle layer of the skin and it is primarily made up of collagen, which gives 

the skin its elasticity and tensile strength. The dermis contains connective tissue, sweat glands, 

afferent and efferent nerves and their receptors, and an abundance of blood vessels (67). Lastly, 

the hypodermis is the innermost layer of the skin and is composed of primarily loose connective 

and adipose tissue. The hypodermis functions to provide the protective and insulating 

properties of the skin as well as serve as an energy reserve.  

Blood supply to the skin is arranged into two dermal horizontal plexuses that lie parallel to the 

skin surface. The superficial or papillary plexus is located just below the skin surface at the 

junction between the papillary and reticular dermis (68). A deeper horizontal plexus forms 

along the border between the dermis and hypodermis. The horizontal plexus is supplied and 

drained by deep vessels arranged in the hypodermis. Ascending branches from the horizontal 

plexus supply the papillary plexus and capillary loops that branch from the papillary plexus 

and provide much of the nutritive blood flow (i.e., the delivery of O2 and removal of CO2) for 

the dermal and epidermal layers (67). There are numerous arterial-venous shunts within the 

papillary plexus that allow blood flow to bypass the capillary loops to enable a large increase 

in SkBF to dissipate heat during thermal stress (67, 68).  

There are two different types of skin which cover the body; glabrous skin (non-hairy) which 

covers the palms and soles of the feet, and non-glabrous (hairy) skin which covers the majority 

of the body’s surface. The current thesis is focused on non-glabrous skin; thus, only the known 

regulatory mechanisms influencing SkBF in non-glabrous skin will be discussed in the 

subsequent sections.  

2.6. Control of Skin Blood Flow  

The regulation of SkBF is controlled by the skin circulation can be divided into two types of 

control 1) central neural regulation a complex integration of neural reflex (whole body) and 

local control mechanisms. In general, the control of through control of the sympathetic nervous 
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system and 2) local control of the vascular system through myogenic, endothelial and metabolic 

factors. These integrative control mechanisms establish and regulate vasomotor tone within the 

skin microvasculature and therefore control SkBF. A description of the key mechanisms will 

be discussed below, for a comprehensive discussion of the regulation of SkBF the following 

review articles are recommended (69, 70). 

2.6.1. Central Neural Control 

The skin circulation is innervated by two branches of the sympathetic nervous system 1) 

sympathetic adrenergic vasoconstrictor nerves, and 2) sympathetic vasodilator nerves. 

Information on internal (core) and skin temperature is sensed by neurons within the anterior 

hypothalamic-preoptic, spinal cord and skin. Afferent and efferent signals serve to modulate 

vasodilatory and vasoconstriction signals within the skin in order to regulate blood flow 

through arterial-venous shunts in the dermis as a means to release or retain heat and maintain 

a stable core temperature (71).  

Under resting conditions, in a thermoneutral environment, the sympathetic adrenergic 

vasoconstrictor system is active. Adrenergic sympathetic vasoconstrictor nerves release 

norepinephrine that binds to postsynaptic α1 and α2 receptors on blood vessel walls and cause 

vasoconstriction. During resting normothermic conditions, the vasoconstrictor system is 

primarily responsible for the maintenance and regulation of vascular tone by limiting blood 

flow through dermal arterial-venous shunts so that heat is retained and body temperature 

maintained (56, 65, 72).  In non-glabrous skin, the skin microvasculature is also innervated by 

sympathetic vasodilator nerves. The sympathetic vasodilator system is activated when an 

increase in core temperature is sensed by the thalamus during conditions in which metabolic 

heat production increases such as dynamic exercise, or when there is an increase in 

environmental temperature that reduces convective heat loss (65, 72). The majority (80-90%) 
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of the increase in SkBF during heat stress is mediated by the active vasodilator system rather 

than the withdrawal of active vasoconstriction (73).  

2.6.2. Endothelium  

The vascular endothelium has a large influence on the regulation of vascular tone and blood 

flow. Endothelial cells secrete a number of vasodilatory substances including nitric oxide (NO), 

endothelium-derived hyperpolarizing factor (EDHF), prostacyclin and vasoconstrictors such 

as endothelin and thromboxane in response to physical stimuli and circulating humoral factors 

(74). Therefore, the endothelium is important in maintaining the regulation of microvascular 

blood flow and tissue oxygen supply. NO is produced by the endothelium from L-arginine by 

NO synthase (eNOS). NO causes relaxation of the smooth muscle that increases vessel 

diameter which in turn promotes an increase in flow through the vessel (56, 74). The 

vasodilator effect of NO is caused by NO’s effect on guanylate cyclase. NO increases guanylate 

cyclase conversion of guanosine triphosphate (GTP) into cyclic guanosine monophosphate 

(cGMP) that acts to decrease intracellular calcium concentration within the vascular smooth 

muscle cell to promote relaxation (75). This is a regulatory pathway reported to be upregulated 

in response to exercise training (76-78). 

2.6.3. Myogenic Control 

The control of microvascular tone is also regulated by local autonomous changes in blood 

vessel diameter in response to increases in intraluminal pressure (56). As first described by 

Bayliss, arterioles constrict in response to an abrupt increase in intraluminal pressure (79). This 

response is thought to be independent of neural, hormonal, or metabolic influences and may 

contribute to the phenomenon of vasomotion whereby microvascular flow is augmented by 

rhythmic contraction and relaxation cycles that move red blood cells along the smallest 

arterioles, pre-capillaries, and capillaries. The signalling pathways underlying changes in 

myogenic tone in response to lumen pressure are proposed to result from activation of a 
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transient receptor potential channel and voltage-dependent calcium ion channel complex that 

increases intracellular calcium in the vascular smooth muscle causing vasoconstriction (80). 

2.7. Techniques Used to Measure Microvascular Blood Flow 

Due to its unique accessibility, the skin microcirculation has been used as an experimental 

model to study and improve our understanding of microvascular function and dysfunction in 

health and disease. LDF, in conjunction with provocation assessments are widely utilised to 

examine and study skin microcirculatory function. 

2.7.1. Laser Doppler Flowmetry 

Microvascular regulation in the skin can be evaluated by measuring changes in SkBF using 

LDF. A small probe is placed on the skin surface to direct 780 nm wavelength laser light into 

1 mm3 volume of skin. Each probe consists of fibre optic cables that can transmit or receive 

light (81). When the laser light is directed onto the skin surface, it passes through the epidermis 

and into the dermal layer of the skin. The light strikes red blood cells moving within the skin 

circulation causing some of the light to reflect back to the probe, undergoing a change in 

wavelength in the process (i.e., Doppler shift effect) (82). Reflected light waves are detected 

by optical fibers in the surface probe and a proprietary algorithm is used to convert the shift in 

the Doppler waveform to a velocity measurement of the moving red blood cells. The algorithm 

considers the red blood cell velocity in combination with the total number of reflected wave 

lengths (i.e., a way to estimate the total number of red blood cells interacting with the light) to 

derive a measure of red blood cell flux within the volume of skin under observation (83). LDF 

does not provide a direct measure of blood flow in terms of a unit of volume per unit of time 

(i.e., ml∙min-1) and instead changes in the laser Doppler signal representative of SkBF, are 

reported in arbitrary perfusion units (PU). Ahn et al.,  (84) reported a strong positive linear 

relationship (r = 0.98) between PU and measured SkBF using the drop-counting technique 
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across a range of flows from 0 to 300 ml∙min-1.100 g-1 tissue (84). This finding indicates that 

LDF is a suitable method for quantifying changes in SkBF over a wide range of flow rates. 

 

The primary advantages of using LDF to measure SkBF is that it is minimally invasive and has 

high temporal resolution that allows for the detection of rapid changes in blood flow (85). 

Furthermore, owing to the small measurement area, any site on the skin is easily investigated. 

Additionally, using LDF to measure skin microvascular regulation has advantages over other 

measurement techniques such as venous occlusion plethysmography which typically measures 

changes in limb volume and cannot separate underlying muscle blood flow from SkBF (86). 

Given the limited penetration depth of LDF (e.g., approximately 1 mm) the measurement is 

confined to the skin microvasculature and therefore can provide an adequate representation of 

microcirculatory blood flow within the skin irrespective of blood flow in other tissues (e.g., 

underlying muscle) or larger conduit arteries (56).   

 

Several studies have reported regional variations (glabrous versus non-glabrous skin) in SkBF 

across anatomical sites, which can lead to an increase in spatial variability when SkBF is 

assessed with LDF (87, 88). However, this issue can be mitigated by standardising and 

accurately reporting probe placement with reference to anatomical structures. The volar surface 

of the forearm is the primary site used to evaluate microvascular reactivity therefore, studying 

the volar surface of the forearm allows a standardised comparison of SkBF responses across 

studies. Furthermore, standardising local skin temperature (33 ˚C) and ambient temperature 

(22-24 ˚C) reduces the confounding effect of local changes in skin temperature on SkBF (89). 

To date, LDF still remains the one of the primary methods used to evaluate skin microvascular 

regulation within research settings.  
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2.7.2. Iontophoresis  

Iontophoresis is a minimally invasive method that uses low amperage current to administer 

vasoactive substances across the skin surface. This method can be used to investigate skin 

microvascular regulation through the administration of different drug compounds that affect 

vasodilation and vasoconstriction pathways of microvessels (89). Iontophoresis uses the 

principle of electrorepulsion (i.e., charges that are the same repel each other) to propel drug ion 

molecules across the skin surface.  

To perform iontophoresis, vasoactive drugs are ionized by dissolving them in solution and 

loading the solution on a drug delivery electrode that is in contact with the skin (90). A second 

reference electrode is placed on the skin approximately 10 cm away from the drug delivery 

electrode to complete an electric circuit. Both electrodes are connected to a low amperage 

power source to create the electric field (90). The polarity of the field can be altered so that the 

drug electrode is either the positive or the negative pole to assume the same polarity as the drug 

molecule targeted for delivery (Figure 2.2) 

ACh and SNP are two vasoactive compounds used to evaluate skin microvascular reactivity, 

and both compounds are effectively delivered across the skin by iontophoresis (91). It is widely 

accepted that exogenous ACh elicits vasodilation of vascular smooth muscle predominantly 

through an endothelium-dependent production of NO (90) and possibly through other 

vasodilators such as prostaglandins and EDHF (92). SNP is a NO donor that degrades to release 

NO once in solution. This exogenous source of NO elicits vasodilation of the vascular smooth 

muscle directly without requiring the endothelium (93). ACh and SNP have been routinely 

used to evaluate microvascular regulation in both healthy individuals and in those with 

compromised microvascular function due to a variety of diseases including diabetes mellitus, 

CVD and chronic heart failure (CHF) (27-30, 94).  
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The day-to-day reproducibility of iontophoresis of ACh and SNP is moderated-to-good (49, 

94, 95). Farkas et al.,(94) reported good-to-moderate day-to-day repeatability with a CV of 16-

21% when measured on the forearm in six subjects across three days. Similarly, Morris and 

colleges (95) reported a CV of 21±6% determined in four subjects on two to four occasions. 

Iontophoresis has several advantages over other methods of drug delivery such as intradermal 

microdialysis. Iontophoresis is significantly less invasive than intradermal microdyalsis as the 

latter requires insertion of porous catheters 0.5–1 mm between the hypodermis and dermis 

layers of the skin (96, 97). The insertion of microdialysis probes can cause some tissue trauma 

that can induce inflammatory responses leading to alterations in SkBF. Further, the quantity of 

drug delivered during iontophoresis is small and causes no systemic effects that would be 

observed following oral or intravascular drug administration. 

A limitation to using iontophoretic administration of vasodilatory drugs that rely on anodal 

current (e.g., ACh) is that several authors report a current-induced vasodilation response that 

is additive to the effect of the vasodilatory drug administered (98, 99). This effect causes an 

overestimation of the amount of vasodilation attributed to the endothelium if the drug (i.e., 

ACh) is provoking endothelium-mediated vasodilation responses. This is a greater problem 

when investigating threshold or sensitivity responses compared to when assessing peak or 

maximal responses. The increased SkBF observed during anodal iontophoresis likely results 

from accumulation of hydroxyl ions (OH-) under the anode when deionized water or sodium 

chloride are used as the drug vehicle solutions (100, 101). The effect of non-specific current-

induced vasodilation can be mitigated by using a low current density (i.e., amperage), low total 

current load (i.e., limiting the number of doses given to one site), and by using isotonic sodium 

chloride as a diluent (91). 
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Figure 2.2: Iontophoresis uses electrorepulsion (i.e., the principle that charges with the same signal repel 

each other) to propel drug ion molecules across the skin surface. Extracted from Perimed: 

https://www.moor.co.uk/wp-content/uploads/2018/10/Moor_Iontophoresis_Theory_Issue_1.pdf 

 

2.7.3. Post Occlusive Reactive Hyperaemia  

The skin microcirculation like many other vascular beds has a hallmark characteristic of an 

increase in blood flow following a period of brief occlusion to flow. To provoke this response, 

a tourniquet is used to temporarily restrict blood flow to an area of the skin (82). Immediately 

following tourniquet release, there is a rapid increase in SkBF that gradually returns to baseline 

over a time course that appears proportional to the total occlusion time (102). The exact 

mechanisms controlling vascular diameter and blood flow during the hyperaemic response 

remain poorly understood, although a variety of mediators have been proposed including 

endothelial vasodilators, sensory-mediated reflexes, and metabolites (82, 103, 104).  

Since the PORH response follows a characteristic pattern, various aspects of the response can 

be assessed to characterise how the microvasculature is involved in controlling the response. 
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For example, peak hyperaemia occurs several milliseconds after the release of the occlusive 

pressure and provides a measure of the maximum vasodilation for the response. The time to 

peak SkBF can be measured to provide an index of how compliant the microvasculature was 

at the start of the response. For example, if the time to peak SkBF is prolonged it may indicate 

a reduction in vascular compliance and may reflect the presence of increased tone within the 

microvasculature. The time to half maximal recovery can be measured to provide a 

measurement of how quickly tone is re-established in the microvascular bed (i.e., the 

rebalancing of vasodilating and vasoconstricting signals). Finally, the area under the 

hyperaemia curve (AUC) or the ratio of the area of occlusion to the area under the hyperaemic 

curve can be measured to provide an index of the magnitude of the PORH response, which can 

be larger in healthy individuals compared to those with certain chronic disease (e.g., diabetes 

mellitus) (105). The primary parameters evaluated during the PORH response are depicted 

visually in Figure 3.3 (Chapter 3, Section 3.9.1, pg., 45). 

 

The reproducibility of PORH parameters including peak hyperaemia and time to peak 

hyperaemia have been assessed with LDF on the volar surface of the forearm. Yvonne-Tee et 

al., (106) assessed the day-to-day reproducibility of PORH in 18 young healthy adults. Peak 

hyperaemia and time to peak hyperaemia had an intra-class correlation coefficient (ICC) of 

0.83-0.91 and a coefficient of variation (CV) between 6.5-10%, when the same anatomical sites 

were studied on different days. This finding suggests good between day reproducibility and is 

in agreement with Rasic et al., (107) who reported a CV between 10-25% for peak hyperaemia 

when evaluated on the forearm in 10 healthy young females over a 2-week period.  

Variations in skin temperature and time of day can have large effects on SkBF. Therefore, 

controlling skin temperature and ambient temperature improves day-to-day reproducibility 

(82). Subsequently, when measurement site, occlusion period and skin temperature are 
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controlled, PORH in conjunction with LDF can provide a reliable estimate of several 

parameters related to the control of microvascular diameter following temporary occlusion of 

blood flow. 

 

PORH coupled with LDF has been widely used to evaluate mechanisms that control 

microvascular diameter in young healthy individuals and those with chronic disease. Peak 

hyperaemia and time to peak hyperaemia are attenuated and prolonged in individuals with 

CVD, diabetes mellitus, hypertension, and intermittent claudication when compared to healthy 

individuals (27-29, 31, 108, 109). Souza et al., (29) observed a 20% reduction in peak SkBF 

following 3-minutes of arterial occlusion in adults with CAD compared to healthy age-matched 

adults. Tur et al., (108) found a 26% reduction in peak SkBF following 4 minutes of forearm 

arterial occlusion in 25 adults with non-insulin-dependent diabetes mellitus compared to age-

matched controls. In agreement, Farkas et al., (94) observed a 35% reduction in peak SkBF 

following 3-minutes of forearm arterial occlusion in 25 adults with essential hypertension 

compared to healthy age-matched adults. Despite the physiological complexities of the PORH 

response, it has identified differences in microvascular regulation between healthy adults and 

those with diabetes mellitus, hypertension, and vascular disease.  

 

2.7.4. Local surface heating 

Surface heating of the skin is used to evaluate the neurovascular and endothelial-mediated 

pathways that regulate SkBF. Local heating up to 44 ̊C elicits a robust vasodilatory response 

with an increase in SkBF, without eliciting pain (71, 110). In non-glabrous skin there are three 

distinct phases which occur in response to local heating. During phase one there is an initial 

increase in SkBF that peaks within one-to-three minutes of heat application. Phase two is 

characterised by a decline in flow with the lowest point called the nadir. Phase three is 
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characterised by an increase in SkBF over approximately 30 minutes that extends from the 

nadir to a plateau that is typically higher than the initial peak (Figure 3.2, Chapter 3, Section 

3.8.1 pg., 43). Continued application of heat beyond 30 minutes results in the response dying 

away and SkBF returns toward baseline (71, 82).  

The parameters mediating vasodilation and a subsequent increase in SkBF following local 

surface heating include an axon-mediated reflex and endothelium-dependent NO release. 

Minson et al., (111) demonstrated a substantial reduction in the initial-peak (phase one) of 

SkBF (75% versus 32%) following application of heat when the axon-mediated reflex was 

inhibited by a topical aesthetic (e.g., EMLA cream). Recent evidence suggests that the primary 

sensory nerves involved in the axon-mediated reflex are C-fibre afferents that promote local 

vasodilation via the neurotransmitters calcitonin gene related peptide (CGRP), substance P and 

neurokinin A (65, 112).   

 

The secondary rise and sustained plateau (phase three) in SkBF is predominantly (60-70%) 

mediated by the endothelial release of NO (111, 113). Minson et al., (111) demonstrated that 

infusion of a NO synthase inhibitor (L-NAME) before or during local heating significantly 

attenuated the secondary rise in SkBF (111). There was no effect on the secondary rise and 

plateau of SkBF when the sensory nerves were blocked, therefore indicating the secondary rise 

and plateau in SkBF is mediated by endothelial NO production rather than through neurally-

mediated mechanisms. While NO has been shown to account for approximately 60-70% of the 

plateau-phase other factors such as EDHFs are thought to be responsible for the remaining 

response (114). Collectively, these findings indicate that the initial increase in SkBF results 

from a local sensory neural axon-reflex while the sustained plateau phase is mediated by the 

release of NO from the endothelium (30, 111).  
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Previous work has found moderate to good day-to-day reproducibility for SkBF measurements 

during local heating. Roberts et al., (115) recently examined the day-to-day reproducibility of 

the plateau-phase of SkBF in response to local heating to 42 ˚C (0.5 degrees/per 5s for 30 

minutes) on the forearm in 15 young healthy males. The day-to-day CV averaged 6.8 -13% 

when the data was expressed as absolute perfusion units, absolute cutaneous vascular 

conductance (CVC) or as a percentage of CVC indicating moderate to good day-to-day 

reproducibility. This is consistent with previous work from Dawson et al., (116) who reported 

moderate day-to-day reproducibility in SkBF between 16 -18% CV in response to local heating. 

 

Local heating of the skin has been used to characterise and evaluate microvascular function in 

several disease conditions including systemic sclerosis and type 2 diabetes mellitus (30, 43, 44, 

117, 118).  The increase in SkBF in response to local heating is attenuated in adults with 

impaired fasting glucose, diabetes mellitus and renal failure when compared to healthy age-

matched individuals (30, 48, 119-121). These findings suggest that measuring changes in SkBF 

in response to local heating can be useful for comparing microvascular regulation between 

healthy adults and those with pathological conditions. Such comparisons could also elucidate 

possible mechanistic reasons for any changes that are observed in response to exercise training. 

 

Overall, the three provocation tests discussed above (iontophoresis, PORH and local heating) 

can be used to gain a comprehensive evaluation of different regulatory mechanisms (e.g., 

endothelium, neurogenic, myogenic, and metabolic) and responses that influence 

microvascular blood flow. It is possible that one or more of these responses and associated 

mechanisms are similar across tissue beds in a way that influences V̇O2 peak. By examining 

multiple responses and pathways, a more comprehensive picture of how microvascular 

function influences V̇O2 peak can be gained.   
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2.8. Microvascular Dysfunction in Adults with Chronic Disease(s) 

Microvascular dysfunction occurs when one or more components (sympathetic input, vascular 

endothelium and or myogenic control) responsible for the regulation of blood vessel diameter 

and blood flow is impaired (Figure 2.1). Impaired control of microvascular tone in the skin is 

prevalent in several disease conditions including diabetes mellitus, CAD, hypertension and 

CHF (27-32, 122-124). Borges et al., (27) measured SkBF via laser speckle contrast imaging 

(LSCI) on the forearm following iontophoresis of ACh and 3-minutes of arterial occlusion in 

61 male adults with CAD and 24 healthy age-matched controls. The maximum increase in 

SkBF following iontophoresis of ACh was significantly reduced (74 vs 116%) in adults with 

CAD compared to healthy controls. Similarly, peak SkBF following arterial occlusion was 17% 

lower in adults with CAD compared to healthy controls. The authors interpreted these findings 

to illustrate a reduction in endothelial function, which was responsible for the attenuated 

vasodilation and smaller increase in peak SkBF following ACh iontophoresis and arterial 

occlusion. In agreement, Souza et al., (29) reported a 23% smaller increase in SkBF (expressed 

as CVC) following ACh iontophoresis in adults with CAD (0.61 ± 0.04 PU·mmHg-1) 

compared to healthy controls (0.48 ± 0.03 PU·mmHg-1). Additionally, 3-minutes of forearm 

arterial occlusion resulted in a 20% lower increase in peak SkBF in adults with CAD compared 

to healthy individuals.  

A blunted increase in forearm SkBF has also been reported in patients with essential 

hypertension. Farkas et al., (94) measured the vasodilatory  response to ACh and peak 

hyperaemia following 3-minutes of arterial occlusion. Peak SkBF was significantly blunted 

following both provocations in adults with essential hypertension compared to normotensive 

controls. Likewise, adults with severe forms of CVD such as CHF are also reported to have an 

attenuated increase in SkBF in response to local and passive whole-body heating, and following 

5-minutes of forearm arterial occlusion compared to healthy age-matched adults (122, 125). 
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The authors concluded that microvascular endothelial mediated control of vascular calibre is 

impaired in CHF patients with preserved ejection fraction, evidenced by a reduction in the rise 

in forearm SkBF and subsequently a reduction in peak SkBF after occlusion release. 

The discussion above illustrates that SkBF is lower in response to provocation assessments in 

adults with various forms of CVD when compared to age-similar healthy controls (27, 30, 31, 

95, 118, 122, 125). It seems likely that the disease process affects both peripheral and central 

factors that influence SkBF. Based on Poiseuille’s Law (i.e., flow  =  
∆𝑃𝜋𝑟4

8ℓ𝜂
 ), where flow (Q) 

is proportional to both the inflow and outflow pressure difference (ΔP) and vascular diameter 

(r4). the pressure difference is largely equivalent between healthy adults and those with CVD 

in the studies discussed above. If the pressure gradient for flow is largely equivalent between 

healthy and adults with CVD, a plausible explanation for a difference in SkBF most likely 

resides in the local peripheral regulatory mechanisms that control vessel radius (vasodilation 

and vasoconstriction).  

2.9. Dysfunction of Microvascular Tone Regulation in Adults with CVD 

The mechanisms and pathways underlying microvascular dysfunction are complex and 

multifactorial. There is increasing evidence to suggest a combination of both functional and 

structural alterations within the microvasculature leads to a dysregulation of tone and control 

of blood flow. IHD, hypertension, diabetes mellitus, and hypercholesterolemia are associated 

with the upregulation of reactive oxygen species (ROS) and a reduction in antioxidant capacity 

which results in an increase in oxidative stress (126-131). Oxidative stress can lead to 

functional alterations in the capacity for blood vessel vasodilation and vasoconstriction. An 

increase in oxidative stress leads to downregulation of eNOS and an increase in NO quenching, 

therefore, decreasing endothelium-dependent dilation and reducing the capacity for 

vasodilation and tissue blood flow. Howletz et al., (132) assessed the effect of antioxidant 
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supplementation on skin vasodilatory capacity during whole body heating in 9 adults with 

essential hypertension, through the intradermal microdialysis delivery of L-Ascorbate (vitamin 

C). Supplementation of L-Ascorbate increased SkBF vasodilation in response to whole body 

heating in adults with hypertension. These findings suggest that an increase in ROS associated 

with hypertension may contribute to the decline in microvascular vasodilatory capacity.  

Anatomical and structural alterations that contribute to an attenuation in microvascular function 

include vascular rarefaction and alterations in the wall-to-lumen ratio of resistance vessels. 

Serné and colleagues (133, 134) found a reduction in capillary density and capillary perfusion 

during PORH and iontophoresis of ACh in adults with essential hypertension compared to 

healthy age-matched normotensive adults. Capillary rarefaction has also been reported in adults 

with CAD, as observed by Tibirica et al., (135) who assessed capillary density and recruitment 

following 3-minutes of arterial occlusion in 30 adults with CAD. Capillary density at rest was 

16% lower in CAD patients and capillary recruitment following arterial occlusion was 26% 

lower in adults with CAD. A reduction in capillary perfusion has been shown to influence 

skeletal muscle metabolism (i.e., O2 uptake) in the rat hindlimb (136). Consequently, capillary 

rarefaction may decrease skeletal muscle perfusion during exercise (i.e., reduce O2 uptake) and 

contribute to limiting V̇O2 peak in humans. These findings suggest both structural and 

functional alterations may contribute to microvascular dysfunction in patients with CVD. 

Overall, the upregulation of ROS is evident in adults with IHD, this upregulation in ROS has 

been shown to impair NO production and consequently decrease endothelial-dependent 

dilation. Furthermore, capillary density and perfusion is reduced in adults with IHD. These 

functional and structural alterations may be responsible in part for the reduced capacity to 

vasoconstrict and vasodilate microvessels in the skin and other systemic tissue beds in adults 

with IHD. This dysfunctional regulation of microvascular tone likely contributes to the 

reduction in V̇O2 peak in adults with IHD (Figure 2.1, pg., 5).  
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2.10. Skin Microvascular Tone and Aerobic Exercise Training 

Aerobic exercise training is widely believed to improve mechanisms involved in regulating 

vascular tone and resistance in many vascular beds including the skin (33, 35, 37, 38). Cross-

sectional examinations have demonstrated that highly trained endurance athletes have greater 

endothelial-mediated increases in SkBF following ACh iontophoresis compared to sedentary 

adults (33, 35). Lensai et al., (33) assessed skin blood flow via LDF in 19 trained cyclists and 

20 age-matched controls and found a 1.6-fold larger ACh-mediated vasodilation in trained 

cyclist compared to sedentary controls. Similarly, Kvernmo et al., (35) reported enhanced 

endothelial-mediated vasodilation following iontophoresis of ACh on the forearm in a sample 

of long-distance runners compared to healthy untrained individuals. These findings support the 

suggestion that aerobic exercise training leads to greater endothelial-mediated vasodilation. It 

is possible that enhanced capacity for microvascular vasodilation leads to greater muscle blood 

flow during exercise and consequently an enhanced O2 uptake and V̇O2 peak.  

Enhancement control of microvascular tone in endurance-trained adults is also supported by a 

greater magnitude of change in SkBF following a local thermal stimulus and following PORH 

compared to sedentary controls (34, 36-38). Tew et al., (34) assessed the effect of V̇O2 peak  

on the control of skin microvascular tone in 15 older fit adults and 14 sedentary age-matched 

controls using local heating and PORH. The findings showed a 50% higher peak SkBF 

following 5-minutes of forearm arterial occlusion in endurance trained adults (V̇O2 peak 45.8 

mL.kg-1.min-1) compared to sedentary age-matched controls (V̇O2 peak of 26 mL.kg-1.min-1). 

Furthermore, local surface heating of the forearm induced a 68% (initial peak) and 48% 

(plateau-phase) greater increase in SkBF in the trained older adults compared to sedentary age-

matched adults. (34). The authors suggested that regular aerobic exercise training may improve 

microvascular responsiveness through an increase in NO synthase expression, therefore 

resulting in greater endothelium-mediated vasodilation and peak SkBF response. Further, the 
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authors postulated that exercise training may upregulate the release of neurotransmitters (e.g., 

CGRP, Substance P) from sensory nerves and or increase vascular responsiveness to the 

neurotransmitters involved, therefore, resulting in a greater initial peak in SkBF in endurance 

trained adults. This finding is supported by Franzoni et al., (38) who measured NOx (i.e., an 

end product of NO production) concentrations and SkBF responses via LDF on the hand 

following 3-minutes of arterial occlusion and local surface heating in endurance training adults 

(V̇O2 peak 60.0 ± 4.7 mL.kg-1.min-1) and sedentary age-matched adults (V̇O2 peak 38.0 ± 7.1 

mL.kg-1.min-1). Peak SkBF was 29% and 20% higher in the endurance-trained athletes 

following local surface heating and arterial occlusion respectively. Furthermore, the older 

endurance trained adults had significantly higher plasma NOx concentrations compared to 

sedentary age-matched controls. Therefore, the higher microvascular blood flow observed in 

the endurance trained adults may have due to enhanced endothelial-mediated control of 

vascular tone through increased NO availability as a consequence of exercise training. 

Similarly, Roche et al., (37) found a 32% greater increase in SkBF following local surface 

heating on the forearm in trained adolescents compared to sedentary age-matched controls. In 

addition, peak SkBF following 3-minutes of arterial occlusion on the forearm was 37% higher 

in the trained adolescents compared to sedentary controls, whereas no significant between 

group differences were observed for time to peak hyperaemia, and time to half recovery. Given 

the role of NO in the plateau phase of local surface heating, the authors speculated that the 

increase in SkBF following local surface heating in trained adolescents was due to repeated 

bouts of shear stress during exercise resulting in the upregulation of eNOS phosphorylation 

and NO bioavailability.  

Assuming the regulatory mechanisms within the skin circulation are largely generalisable to 

those found in other tissue beds, it is possible that training-related improvements in skin 

microvascular reactivity reflect alterations in vasomotor tone that increase blood flow and O2 
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delivery to skeletal muscle during exercise, consequently increasing V̇O2 peak (Figure 2.1, pg., 

5). If true, then the skin may be an appropriate surrogate to evaluate training-induced changes 

to microcirculatory function in other tissue beds. 

To date, a limited number of studies have evaluated the effect of exercise training using a pre-

test post-test design on microvascular regulation in healthy adults (42, 58, 59). Wang et al., 

(42) evaluated the effect of 8-weeks of moderate intensity aerobic exercise training (5 days 

cycling, 30 minutes per session) on SkBF in 10 healthy sedentary adults. After training, a 

≈126% greater increase in SkBF was observed following iontophoresis of ACh, with the SkBF 

response to SNP iontophoresis remaining unchanged. In addition, there was an increase in 

plasma NOx metabolites (i.e., an end product of NO production) at rest and following exercise 

training. This suggests that exercise training improves endothelial cell function by increasing 

the amount of NO production by the endothelium. An improvement in endothelial-dependent 

vasodilation after exercise training was also found by Hodges et al., (59) who observed a 2.3 

metabolic equivalent (MET) improvement in V̇O2 peak and an 128% and 86% increase in SkBF 

following ACh iontophoresis and local surface heating respectively, after 48-weeks of mild-

moderate intensity aerobic exercise training in post-menopausal women. It was noted that there 

was little increase in SkBF following ACh iontophoresis and local heating over the first 12-

weeks of training. This may have been due to the relatively low volume and intensity (30% HR 

reserve) of exercise during the initial 12-weeks.  

Overall, multiple cross-sectional studies have demonstrated greater increases in SkBF in 

response to provocation testing in endurance trained young and older adults. Although not 

comprehensively examined, it appears that aerobic exercise training sufficient to improve V̇O2 

peak, also improves SkBF; likely through increased endothelial NO production. Despite an 

accumulating body of evidence to support a training effect on microvascular function, much 
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remains unknown including the effect of training in adults with chronic diseases known to 

affect microvascular tone and regulation.  

To date, no studies have assessed the effect of an exercise training intervention on skin 

microvascular regulation in adults with IHD. A small number of studies have assessed the 

effect of exercise training on microvascular regulation in adults with other chronic diseases 

known to impair microvascular regulation with equivocal results. Middlebrooke et al., (44) 

demonstrated that 6-months of three weekly 30 minute exercise training sessions at 70-80% 

maximal heart rate (MHR) did not improve V̇O2 peak nor microvascular reactivity following 

ACh iontophoresis or peak hyperaemia in adults with type 2 diabetes mellitus  (44). The authors 

proposed that the lack of improvement may have resulted from a relatively short duration of 

the disease (3.8 ± 4.2 years) among the participants. Similarly, Colberg et al., (43) found no 

improvement in skin vasodilatory capacity in response to local surface heating (44 ˚C) after 

10-weeks of moderate intensity aerobic exercise training (30-45 minutes 50–65% HR reserve) 

in adults with type 2 diabetes mellitus despite a significant improvement in V̇O2 peak. The 

authors suggested that 10-weeks of exercise training was not sufficient to elicit skin 

microvascular adaptations in this population. Furthermore, skin microvascular reactivity 

following ACh and SNP iontophoresis remained unchanged in adults with impaired glucose 

tolerance and type 2 diabetes mellitus after 6-months of aerobic exercise training (three 

sessions of  30 minutes at 60-80% MHR) (45). Thereby suggesting that skin microvascular 

regulation is not altered with aerobic exercise training.  

In contrast to the findings above, Pasqualini et al., (41) assessed the effect of 8-weeks of aerobic 

exercise training four times per week (80% MHR for 30 minutes) on microvascular reactivity 

in 24 overweight hypertensive sedentary patients. Microvascular reactivity was assessed on the 

forearm using LDF following 5-minutes of arterial occlusion. After training, the AUC was 

significantly greater in the trained group, whilst no significant changes were observed in peak 
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SkBF or the AUC in the control group. This is in support of findings by Mitranun et al., (39) 

who assessed the effect of 12-weeks of aerobic exercise training (moderate continuous training: 

50–65% V̇O2 max or interval training: 50-85% V̇O2 max) on microvascular reactivity following 

5-minutes of arterial occlusion on the forearm in adults with type 2 diabetes mellitus. After 12-

weeks of aerobic exercise training, the ratio of maximal to resting SkBF following arterial 

occlusion release was significantly increased in both training groups, although a greater 

improvement in microvascular reactivity was observed in the interval-training group. In 

addition, V̇O2 peak improved by 13% in the continuous training group and 22% in the interval-

training group after training. Therefore, these findings indicate that some components of 

microvascular regulation may be improved with exercise training in those with chronic illness; 

however, this is not well established and to date has not been examined in adults with IHD. 

Overall, the current literature suggests that physically active young and older adults have 

greater endothelium-dependent vasodilation measured in the skin microcirculation in 

comparison to those who are inactive. Furthermore, aerobic exercise training has been shown 

to improve some aspects of skin microvascular function in healthy and chronically ill 

populations. Therefore, these findings support the proposition that the capacity to regulate 

microvascular tone (i.e., the ability to vasodilate) is likely positively correlated to V̇O2 peak. 

Currently, the strength of this relationship in those individuals who have chronic disease is less 

clear due to a paucity within the literature. It would be of interest to know if the strength of the 

correlation between skin microvascular regulation and V̇O2 peak was intact (albeit at lower 

absolute values) in those with chronic disease or, whether the presence of disease affects the 

regulatory mechanisms in a way that significantly alters the nature of the relationship. The 

ability to address this fundamental question would allow for a better understanding of how IHD 

affects microvascular regulation and may provide insight on how exercise training may be able 

to improve overall function in those with IHD.  
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2.11. How Exercise Training Could Improve the Regulation of Microvascular 

Tone 

Aerobic exercise training is accepted to produce some positive adaptations in the regulatory 

pathways and mechanisms that control microvasculature blood flow. The exact nature of these 

training-related adaptations are still unclear, however, some of the proposed mechanisms are 

discussed below. 

2.11.1. Nitric Oxide 

Shear stress has been proposed as a physiological stimulus for NO release by the endothelium. 

In essence, shear stress can be thought of as the frictional or drag force experienced by the 

endothelial cells as blood flows through the vessel lumen. Shear stress is proportional to flow 

and velocity with greater flow and or velocity causing greater shear stress and greater 

endothelial cell NO release. It is postulated that repetitive bouts of exercise expose the 

vasculature to repeated bouts of laminar shear stress causing upregulation of endothelial NO 

synthase (eNOS) and NO production (77). For example, Sessa et al., (76) showed that eNOS 

gene expression and ACh mediated vasodilation are upregulated in the coronary arterioles after 

10 days of treadmill exercise in dogs. Similarly, within skeletal muscle arterioles of rats, 

vasodilation was enhanced following ACh infusion and the administration of L-arginine 

(precursor of NO) after 4 weeks of exercise training (137). Therefore, the temporary increase 

in blood flow during exercise increases shear stress and consequently the upregulation of 

endothelial NO synthesis. Hambrecht et al., (78) recently examined the effect of 4 weeks of 

exercise training on the vascular responsiveness of the left internal mammary artery (LIMA) 

to ACh in vivo and in vitro (78). Thirty-five patients with stable CAD scheduled for coronary 

artery bypass surgery (CABG) were randomised to 4-weeks of aerobic exercise training (60 

minutes per day) or an inactive control group. Invasive in vivo measurements of the infusion 

of ACh to the LIMA were performed before and after training. After exercise training, during 

the CABG procedure a small section of the LIMA was removed and used for the assessment 
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of ACh and SNP responsiveness and eNOS mRNA isolation in vitro. After training, 

endothelium-dependent vasodilation in response to ACh infusion was significantly greater in 

the trained adults with no significant change in the inactive control group. Furthermore, eNOS 

and mRNA expression was 96% higher in the trained group compared to the inactive adults. 

In addition, eNOS phosphorylation was substantially higher in the trained group and was 

correlated (r = 0.59) with ACh mediated vasodilation in vivo. This provides evidence to 

illustrate that endothelial-dependent vasodilation is enhanced in trained individuals due to the 

upregulation of the protein expression of eNOS and increased eNOS phosphorylation, therefore 

increasing NO availability.  

The discussion above illustrates that exercise training can upregulate endothelial eNOS and 

NO production that theoretically should increase blood flow within a tissue. This exercise-

induced training adaptation has been shown in animal and human experimental models and 

reflects a possible way in which an exercise training stimulus could result in improved 

regulation of microvascular tone and blood flow in those with chronic disease. 

2.11.2. Oxidative Stress 

Reactive oxygen species (ROS) are a normal by-product of mitochondrial oxidative 

metabolism. ROS are often viewed as undesirable and responsible for cellular damage and 

dysfunction; however, some ROS species are beneficial and used in cell signalling (e.g., NO).  

It is the total ROS load which is indicative as to whether cellular damage or simply normal 

cellular signalling is occurring. The total ROS load in a tissue is typically maintained by 

antioxidant enzymes (e.g., superoxide dismutase), vitamins (e.g., vitamin C), minerals (e.g., 

selenium) and dietary compounds (e.g., anthocyanin) (138). Oxidative stress occurs when there 

is an increase in either ROS production or a decrease in cellular antioxidant capacity (138). An 

increase in oxidative stress has been proposed to be involved in the pathology of a number of 

chronic health conditions including CVD, atherosclerosis, diabetes mellitus and hypertension. 
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An increase in ROS reduces NO bioavailability (i.e., through a quenching reaction where 

superoxide (O2
-) and NO- form peroxynitrite (OONO-)) that attenuates endothelial-mediated 

vasodilation (139). Exercise training has been proposed to increase shear stress and upregulate 

the production of intracellular antioxidant enzymes such as glutathione peroxidase and 

superoxide dismutase to decrease ROS  (140). Overall, this leads to an attenuation in oxidative 

stress and an enhancement in NO bioavailability, consequently increasing endothelial function 

and blood flow during exercise.  

2.11.3. Inflammation 

 

Chronic low-grade inflammation plays an important role in the underlying mechanisms 

contributing to microvascular dysfunction with ageing and in particular patients with chronic 

disease conditions such as CVD (141). Ageing and CVD are associated with an increase in 

inflammatory biomarkers such as C-reactive protein (CRP) and increases in proinflammatory 

cytokines such as interlukin-6 (IL-6) and tumour necrosis factor alpha (TNF-α)(142). The 

exposure of endothelial cells to chronic and sustained levels of proinflammatory cytokines 

promotes increased expression of vascular cell adhesion molecules, promotes procoagulant 

activity, and impairs endothelial mediated-vasodilation (143, 144). In the presence of chronic 

and sustained elevated levels of proinflammatory cytokines endothelium dependent 

vasodilation to ACh is impaired in resistance and conduit arteries (145, 146).  The increased 

levels of proinflammatory cytokines promote the production of ROS, leading to reductions in 

NO bioavailability (as described above) that attenuates endothelial mediated vasodilation 

(146).  

Observational data from large population cohort studies show a strong, inverse, dose dependent 

relationship between self-reported physical activity levels and markers of systemic of chronic 

inflammation such as CRP, IL-6 and TNF-α (147-150). Findings from the Health, Ageing and 
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Body Composition study showed an inverse association between self-reported physical activity 

levels and circulating levels of CRP and IL-6 (150). Furthermore, TNF-α levels were 

significantly lower in participants reporting higher level of physical activity (150).  

Exercise training interventions in participants with elevated levels of chronic inflammation due 

to chronic diseases such as cardiovascular disease show favourable changes in inflammatory 

markers. Goldhammer (151) showed that 12-weeks of moderate intensity aerobic exercise 

training in patients with CAD was associated with significant reductions in plasma IL-6 and 

CRP. Similarly in adults with chronic heart failure 12-weeks of aerobic exercise training 

resulted in a significant decrease in TNF-α levels (152). Collectively these findings suggests 

that regular aerobic exercise training may reduce circulating inflammatory biomarkers in 

particular in individuals with underlying conditions associated with elevated inflammation 

such as CVD. Therefore, reductions in proinflammatory markers after exercise training may 

be one avenue contributing to an improvement in microvascular endothelial function after 

exercise training.  

2.12. Summary of Literature 

In the preceding sections the role of the microvasculature in determining V̇O2 peak was 

outlined. Tone within the microvasculature controls tissue blood flow and this in turn 

influences the amount of O2 available to the tissues for extraction and conversion to energy to 

support tissue metabolism during exercise (see Figure 2.1, pg., 5). A central part of the current 

thesis is the use of the skin microcirculation as a surrogate to investigate how aerobic exercise 

training might influence and alter the capacity for tone regulation within a microvascular bed. 

There are many similarities between the skin and other microvascular beds with respect to the 

mechanisms involved in the regulation of microvascular tone. The skin microvasculature is 

studied using relatively easy, safe, and minimally invasive techniques that have an established 
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history of use and reliability of measurement. For these reasons, the skin microvasculature may 

provide a viable surrogate for studying the microvascular function of other vascular beds. 

Overall, the current literature suggests that physically active young and older adults have 

greater endothelium-dependent vasodilation measured in the skin microcirculation in 

comparison to those who are inactive. Furthermore, short duration exercise training has been 

shown to improve some aspects of skin microvascular function in healthy adults. From the 

available evidence it appears that there should be a positive association between V̇O2 peak and 

peak SkBF in response to vasodilatory stimulus. 

Interestingly, chronic health conditions that usually result in a reduced V̇O2 peak (e.g., CVD) 

are usually also associated with systemic vascular endothelial dysfunction and impaired 

vasodilatory responses. Furthermore, adults with chronic disease conditions such as IHD also 

have lower SkBF responses to vasodilatory stimulus compared to similar-aged healthy 

controls, thus the skin microcirculation appears to be affected in a similar manner by chronic 

illnesses. This sets up the intriguing possibility that the reduced V̇O2 peak often observed in 

adults with IHD may result from a reduction in microvascular function. Even more intriguing 

is the possibility that exercise training that improves V̇O2 peak, may do so through improved 

microvascular function (e.g., increased tissue blood flow and in turn O2 extraction, Figure 2.1). 

Since it is not known if skin microvascular function is associated with V̇O2 peak, this thesis 

aims to characterise the relationships if present, between V̇O2 peak and microvascular 

function.  Further, the thesis will explore the possibility that both V̇O2 peak and skin 

microvascular function improve with exercise training in patients with IHD which are known 

to have reductions in both V̇O2 peak and skin microvascular vasodilation compared to healthy 

adults.  Such an outcome would support the concept that microcirculatory function influences 

V̇O2 peak and it would strengthen the position that the skin microcirculation could be used as 
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a surrogate to study the effect of disease and or exercise training on other microcirculatory 

beds. 
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3. Chapter 3: General Methodology 

The following chapter will outline the common methodological techniques and procedures 

utilised within this thesis. Specific detail on the individual study design, and statistical analysis 

will be outlined in detail in the subsequent experimental chapters. 

3.1. Ethics and Informed Consent 

Ethical approval for the experimental protocols used in this thesis were obtained from The 

University of Auckland Human Participants Ethics Committee (#016895). Individuals who 

expressed interest in the study received a participant information sheet (Appendix A & B) and 

participant consent form (Appendix C). All participants were given an opportunity to ask any 

questions prior to providing written informed consent. Participation in this study was 

voluntarily and participants were able to withdraw from the study at any time without having 

to provide a reason. 

3.2. Participants: Inclusion and Exclusion Criteria 

The inclusion and exclusion criteria for each study was identical and is outlined below. Males 

and females aged 47 to 73 years were recruited. Healthy middle aged and older adults (HO) 

and similarly-aged adults with IHD were recruited. HO adults had no diagnosed cardiovascular, 

pulmonary or metabolic disease. Adults with IHD had medically documented IHD (defined as; 

stable angina, previous myocardial infarction (MI), post revascularization procedure including 

percutaneous coronary intervention (PCI) and/or coronary artery by-pass graft (CABG)). All 

participants were medically stable, able to provide informed consent, were able to complete a 

maximal graded cardiopulmonary exercise test and were able to attend all data collection and 

or exercise training sessions. 

Individuals were excluded if they had any significant underlying arrhythmic disorders, 

significant valve disease, diagnosed CHF (systolic or diastolic), pacemaker/ICD implantation, 
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chronic kidney disease, diabetes mellitus, neoplastic disease requiring chemotherapy or 

radiotherapy, or in the presence of any absolute contraindication for performing a maximal 

cardiopulmonary exercise test as outlined by the American College of Sports Medicine (153). 

Furthermore, participants with any underlying skin condition including Raynaud phenomenon, 

systemic sclerosis, or the presence of any abrasions, or burns on the volar surface of the upper 

forearm were excluded due to the potential confounding effects of these conditions on SkBF. 

3.2.1. Participant Screening  

Older healthy adults, with no diagnosed CVD and or metabolic disease were required to 

undertake a physical activity readiness questionnaire (PARQ+, Appendix D) to screen for any 

underlying signs or symptoms of CVD which may have excluded them from participation. A 

comprehensive medical history was obtained from each participant who had medically 

documented IHD to confirm medical diagnosis, and confirm suitability to proceed with 

undertaking exercise. In addition, menopausal status was recorded from all female participants.   

3.3. Sample Size Estimate 

Sample size estimates were conducted based on pilot data collected from HO adults and adults 

with IHD (n=9). A regression analysis of V̇O2peak vs. ACh-mediated increases in SkBF 

yielded a correlation coefficient of r =0.436. The sample size estimate (G*Power, CA, USA) 

for a two-tailed t-test with an r = 0.436, α=0.05 and β=0.8 indicated that 36 participants would 

be required to test the hypothesis that there is a significant linear relationship between V̇O2 

peak and SkBF.  

Limited data were available to compare the expected mean increase in SkBF following a short 

duration exercise training intervention in older adults with IHD. Sample size estimates were 

derived from previous work conducted in adults with hypertension (n = 24) following 8-weeks 

of moderate-intensity aerobic exercise training (41). Sample size estimates were based off the 

expected mean increase in SkBF; measured by the area under the curve following PORH. 
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Therefore, using a paired t-test with a conventional power and alpha (β=0.8 and α=0.05) a total 

of 17 participants were required to detect a significant training related change in SkBF. To 

account for a conservative dropout rate of 25-30% we aimed to recruit 21-22 participants into 

the exercise training study. 

 

3.4. Participant Characteristics  

Height was measured to the nearest 0.1 cm using a stadiometer (SECA, 213. Hamburg 

Deutschland) whilst total body mass was measured to the nearest 0.1 g using a calibrated scale 

(SECA, 813. Hamburg, Deutschland). Height and total body mass were measured twice with 

the average recorded. Body mass Index (BMI) was calculated by dividing total body mass by 

height squared.   

Resting blood pressure was assessed after 5 minutes of rest in the seated upright position, via 

auscultation of the brachial artery using a mercury sphygmomanometer (ALPK2, Japan) and 

stethoscope (3M™ Littmann™, Classic II SE, USA). Three measurements were taken with the 

median blood pressure measure recorded.  

 

3.5. Cardiopulmonary Exercise Testing 

For the assessment of V̇O2 peak, participants completed a cardiopulmonary exercise (CPX) test 

on an upright cycle ergometer in a temperature-controlled laboratory (19°- 21°C). A TrueOne 

2400 metabolic cart (ParvoMedics; Utah, USA) was used to measure the O2 and CO2 fractions 

in the volume of exhaled air. The CO2 and O2 sensors were calibrated according to the 

manufacturer’s instructions using atmospheric air (20.93% for O2 and 0.04% for CO2) and a 

standardised calibration gas (16.00% O2 and 4.00% CO2). The pneumotach for measuring 

expired air was calibrated using a 3 L syringe (Hans Rudolph, series 5530, USA) prior to each 

testing session. 
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 A 12-lead electrocardiograph (ECG) (Quinton Q-Stress, Cardiac Science, Hannover, 

Germany) was used to monitor the electrical activity of the heart and measure HR continuously 

throughout the test. 

3.5.1. Exercise Test Protocol 

Each participant completed a graded CPX test on a cycle ergometer (Ergoselect 100, Ergoline, 

Lindenstrasse 5, 72475 Bitz, Germany). Prior to testing, participants were asked to refrain from 

caffeine and vigorous exercise for 12 hours and food for 2 hours. The protocol consisted of 5-

minutes of seated rest followed by a 5-minute warm up at 30-50W, thereafter, exercise 

workload was increased every two minutes by 10 – 40W depending on age, sex, and training 

status. HR and rhythm were monitored continuously, while blood pressure was measured at 

the end of each test stage. A rating of perceived exertion (RPE) using the OMNI scale (154) 

was collected periodically throughout the test.  

The test continued until volitional fatigue or the appearance of any absolute contraindications 

for test termination in accordance with the ACSM guidelines (153) (Appendix E). If the 

exercise test was symptom limited (e.g., knee pain) or terminated early due to an abnormal 

exercise response (e.g., signs of myocardial ischemia), the participant was excluded from 

further participation in the study.  

Cardiopulmonary data were collected continuously during the test and reported in 15 second 

epochs for analysis. Volitional fatigue was used as the primary endpoint to quantify V̇O2 peak, 

in addition, each participant had to meet a further two criteria defined below to satisfy the 

achievement of V̇O2 peak. 

 Respiratory exchange ratio >1.1 

 Rating of perceived exertion (RPE) >8 

 Attainment of >85 % age-predicted heart rate max (APMHR)  
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Peak values for the oxygen consumption rate (V̇O2 peak), respiratory exchange ratio (RER), 

heart rate (HR), minute ventilation (V̇E) and oxygen pulse (O2-pulse), were derived from the 

highest 15-second epoch measured during the final stage of the exercise test.  

 

3.6. Assessment of Skin Blood Flow 

Following the CPX test participants underwent two testing sessions lasting 1-2 hours to 

evaluate microvascular responses to standardised provocation assessments that alter SkBF. The 

two SkBF assessment sessions were randomised over a one-week period. LDF was used to 

measure SkBF and all assessment sessions were conducted at a similar time of day to minimise 

the effect of diurnal variations in resting SkBF. All SkBF assessments were conducted in a 

quiet and dimly lit room to minimise stimulation of the sympathetic nervous system. The room 

was maintained between 19.5-21 ˚C to control for any effect of external temperature on 

thermoregulation and resting SkBF. All participants were asked to refrain from caffeine, and 

food ingestion at least 3 hours prior to each experimental session as these substances are known 

to affect resting SkBF (88). Participants were also asked to refrain from vigorous exercise at 

least 12 hours prior to each SkBF session, to avoid the potential short-term effects of exercise 

on resting SkBF. 

SkBF was assessed using LDF (PeriFlux System 5000, Perimed, Sweden). LDF provides an 

index of skin perfusion using the principle of the Doppler Effect. LDF reports SkBF in arbitrary 

perfusion units (PU) which are derived from the concentration and velocity of red blood cells 

moving in the microvasculature within the field of interrogation below the probe. With 

participants reclined on a padded bed, two LDF probes (PF 481-1, Perimed, Sweden) were 

attached to the volar surface of the forearm. To ensure the LDF probes were placed in a similar 

position for each assessment anatomical landmarks were used as a reference. A tape measure 

was used to measure and locate the mid-point between the styloid process and olecranon of the 
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ulna. The LDF probe was placed at the mid-point between the styloid process and olecranon 

of the ulna, in the midline of the forearm (Figure 3.1). The skin surface temperature within the 

measurement area was clamped to 33 ˚C via a heating element on the LDF probe to minimise 

the influence of variations in skin surface temperature, which can influence resting SkBF (155). 

After the LDF probes were affixed to the skin surface, participants quietly rested for at least 

15-minutes to allow for the stabilisation of SkBF. Once stabilised (i.e., no change in mean 

SkBF over 3 minutes), 5-minutes of data were collected to establish a measurement of resting 

(baseline) SkBF. Following measurement of resting SkBF, provocation testing was initiated as 

described below for each test over two testing sessions. Prior to and at the completion of each 

microvascular assessment session blood pressure was measured via auscultation of the brachial 

artery twice and the average recorded. 

3.7. Iontophoresis  

3.7.1. Acetylcholine Protocol 

Iontophoresis of ACh was used to assess endothelium-dependent dilation of the skin 

microvasculature. A 2% ACh solution was made by dissolving 0.02 g of ACh in 1.0 mL of 

sodium chloride solution (NaC1).  Approximately 180 µL of the ACh solution was placed onto 

a drug delivery electrode (PF 383#, Perimed, Sweden) which was connected directly to the 

LDF probe (PF 481-1, Perimed, Sweden). The LDF probe and drug delivery electrode were 

then placed on the volar surface of the forearm. A dispersive electrode (PF384#, Perimed, 

Sweden) was affixed to the skin on the wrist approximately 10 cm away from the drug delivery 

electrode to complete the circuit. Cumulative doses of ACh were administered to the skin using 

the drug delivery electrode as the anodal pole and the dispersive electrode as the cathodal pole. 

The details of the iontophoresis protocol including current density and charge density is 

outlined in Table 3.2.  ACh was administered in cumulative doses interspersed with 60 second 

intervals of no current until no further detectable increase (e.g., <5%) in mean SkBF was 
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observed. Peak responses to ACh typically occurred after 4-to-8 doses. The design of the 

iontophoresis protocol was used to mitigate potential non-specific current-induced vasodilatory 

responses.  Peak SkBF in response to ACh was defined as the highest 15-second average in 

SkBF during exposure to the drug. 

3.7.2. Sodium nitroprusside protocol 

SNP iontophoresis was used to assess endothelium-independent vasodilation. SNP is a NO 

donor that causes relaxation of the vascular smooth muscle cells when dissolved in a solution, 

where it will spontaneously degrade and release NO. SNP is thought to maximally relax 

vascular smooth muscle and therefore gives an indication of the maximal vasodilatory capacity 

of microvascular bed being investigated. A 2% SNP solution was made by combining 0.02 g 

of SNP in 1.0 mL of sodium NaC1. Approximately 180 µL of the SNP solution was placed 

onto the drug delivery electrode (PF 383#, Perimed, Sweden) and affixed to the LDF probe (PF 

481-1, Perimed, Sweden) that was positioned on the volar forearm of the opposite arm in the 

same relative location as described above for ACh. The SNP-loaded drug delivery electrode 

served as the cathodal pole and cumulative doses of SNP were delivered interspersed by short 

periods (i.e., 60-seconds) of no current. The iontophoresis protocol including current density 

and charge density is outlined in Table 3.2. SNP was delivered until no further detectable 

increase in SkBF (e.g., <5%) was observed and this typically occurred after the administration 

of 3 to 5 doses.  Peak SkBF in response to SNP was defined as the highest 15-second average 

in SkBF during exposure to the drug. The order of ACh and SNP iontophoresis were randomly 

generated. 
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Figure 3.1 A representation of the placement and orientation of the LDF probe on the volar 

surface of the forearm. 
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Table 3.2. Iontophoresis Protocol  

 Ach  SNP  

Pulse Current 

Density 

(mA·cm-2) 

Charge 

Density 

(mC·cm-2) 

Pulse 

Duration 

(s) 

Cumulative 

dose 

mC·cm-2 

Current 

Density 

(mA·cm-2) 

Charge 

Density 

(mC·cm-2) 

Pulse 

Duration 

(s) 

Cumulative 

dose 

mC·cm-2 

1 0.05 5.7 120 684 0.1 11.4 120 1368 

2 0.05 5.7 120 1368 0.2 22.8 120 2736 

3 0.05 5.7 120 2052 0.3 34.2 120 4104 

4 0.05 5.7 120 2736 0.4 45.7 120 5484 

5 0.1 2.8 30 2820     

6 0.1 2.8 30 2904     

7 0.1 2.8 30 2988     

8 0.16 4.6 30 3126     

 

3.8. Local Skin Heating  

The SkBF response to a local skin heating was assessed on the volar surface of the forearm. 

Local surface heating to 42 ºC activates temperature sensitive nociceptors in the skin connected 

to afferent C-fibers. Nociceptor activation causes terminal nerve fibres to release  substance P, 

calcitonin gene-related peptide (CGPR) and neurokinin A which cause vasodilation (65). This 

initial response occurs rapidly within the first 1-to-3 minutes and resolves then decreases to a 

nadir within 5-to-10 minutes after the heat application. When the heat stimulus is maintained 

≥30 minutes, a secondary rise in SkBF occurs which is primarily (60-70%) mediated by the 

endothelial release of NO  (111, 113). Therefore, the heating protocol selected allowed for the 

integrated assessment of the neurovascular and endothelial-mediated pathways which regulate 

microvascular tone. A schematic diagram of the typical SkBF response to local surface heating 

is depicted in Figure 3.2.  
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3.8.1. Protocol 

A thermostatic LDF probe (Perimed, 457, Sweden) was secured to the volar surface of the 

forearm as described in Section 3.6.  Following the rest period (details outlined in Section 3.6) 

the thermal element of the LDF probe was increased to 42 ˚C via a heating element within the 

probe at a rate of (0.1°C/0.5s). The local heat stimulus was maintained for at least 30 minutes 

or until a clear plateau was observed thereby marking the peak increase for the endothelial-

mediated portion of the response. The highest 15-second average in SkBF occurring within the 

first one-to-three minutes of heating was defined at the initial-peak. The plateau in SkBF was 

defined as the highest one-minute average in SkBF following the nadir. The day-to-day 

reliability of peak SkBF using this protocol within our laboratory suggests fair to good 

reliability ICC; 0.73 (CI; 0.50 to 0.87) (Appendix F). 

 

 

Figure 3.2: Representative trace of a typical biphasic SkBF response to local heating with an initial 

peak, followed by a brief nadir and a secondary rise to a sustained plateau. Extracted from: Perimed 
https://www.perimed-instruments.com/content/endothelial-dysfunction-endothelium-dependent-vasodilation/  
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3.9. Post Occlusive Reactive Hyperaemia  

PORH was used to gain an overall representation of the integrated regulation involved in the 

control of SkBF. Temporary occlusion of blood flow reduces pressure within the post occlusive 

vasculature to near zero while, also diminishing O2 supply and CO2 removal resulting in an 

accumulation of vasodilating metabolites that relaxes the vascular smooth muscle and reduces 

vascular resistance. Following release of the occlusion, blood is free to move 

into the vasodilated post occlusive vascular bed driven by a large pressure difference and low 

resistance to flow. The large increase in SkBF is temporary and recovers back to baseline over 

the course of 5-to-10 minutes as vasodilating signals are removed and vascular smooth muscle 

tone is re-established. Although the regulatory mechanisms controlling this response are not 

completely understood, quantifying different aspects of this response will help to build a better 

understanding of how this response is influenced by V̇O2 peak and the presence of IHD. This 

information may help to uncover and identify the mechanistic aspects of the response. A 

schematic representation of this response is presented in Figure 3.3.  

3.9.1. Protocol: 

A small angled thermostatic LDF probe (Perimed, 457, Sweden) was secured to the volar 

surface of the forearm as described in Section 3.6 via double-sided adhesive tape. An 

appropriately sized blood pressure cuff was wrapped around the forearm over the LDF probe 

tight enough to remain in place but not tight enough to impede SkBF. Following the rest period 

(details outlined in section 3.6) the blood pressure cuff was rapidly inflated to suprasystolic 

pressure to eliminate pulsatile blood flow (biological zero) in the skin under the LDF probe for 

5-minutes. The magnitude of the hyperaemic response is proportional to occlusion time up to 

5-minutes with occlusion times longer than 5-minutes having little additional effect (102). 

Therefore, a 5-minute occlusion period was used to maximise the hyperaemic response while 

minimising possible discomfort to the participant. After the 5-minute occlusion period, the cuff 

was rapidly deflated to restore blood flow. The reactive hyperaemia response was measured 
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for 10 minutes after occlusion release to allow for the recovery of SkBF to be examined. Peak 

hyperaemia, time to peak hyperaemia and the area under the hyperaemia response curve were 

derived for each record using the automated PeriSoft software analysis report. An example of 

the software derived data analysis trace is shown in Figure 3.3. Peak hyperaemia was defined 

as the highest SkBF value after release of the pressure cuff. Time to peak hyperaemia was 

defined as the time taken to reach peak SkBF immediately after cuff deflation. Lastly, the total 

hyperaemic response was calculated by taking the AUC over a 10-minute period beginning 

immediately after cuff deflation. The day-to-day reliability of peak SkBF using this protocol 

within our laboratory suggests fair to good reliability ICC; 0.76 (CI; 0.55 to 0.89) (Appendix 

F). 

 

 

3.10. SkBF response during an incremental maximal exercise test 

The provocation tests outlined above (iontophoresis, local surface heating, and PORH) are 

completed with the participant at rest; however, it should be acknowledged that SkBF does not 

vary widely during rest. It is during a physiological stimulus such as whole-body heating that 

SkBF can increase 7-fold or more (156). 

During dynamic exercise which engages a large percentage of muscle mass (50%), cellular 

metabolism increases heat production, and in turn increases core temperature (157). During 

Figure 3.3: A Schematic of the SkBF trace output from the PeriSoft software trace, showing resting SkBF, 5-

minute occlusion and the PORH response on the forearm.  
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prolonged exercise SkBF increases linearly with increasing core temperature until core 

temperature increases to ≈38 ºC at which point the increase in SkBF begins to plateau (158-

161). Further increases in core temperature during exercise results in little or no additional 

increase in SkBF, and SkBF remains at ≈50-60% of the maximal blood flow obtained under 

resting heat-stress conditions (Figure 3.4) (1, 158-160).  Since SkBF typically varies over a 

small range during rest in normothermic conditions, peak SkBF responses to provocation 

testing (e.g., ACh iontophoresis) may have limited relevance to SkBF during a dynamic activity 

such as exercise, and perhaps even less so to V̇O2 peak.  Thus, measurement of SkBF during 

incremental graded exercise may provide greater insight into any possible relationship between 

SkBF and V̇O2 peak 

3.10.1. Protocol 

SkBF in response to graded exercise was assessed at the same time as the CPX test (CPX 

protocol outlined in section 3.5.1). With the participant seated on the cycle ergometer 

(Ergoselect 100, Ergoline, Lindenstrasse 5, 72475 Bitz, Germany) a drug delivering electrode 

(PF 383#, Perimed, Sweden) connected to the LDF probe filled with 180μL of a 2% SNP 

solution was secured to the surface of the right upper forearm (measured 2 cm below the 

elbow). Adhesive tape was carefully used to ensure the LDF probe was secured to the skin 

surface during exercise (Figure 3.5). With participants seated in the upright position on the 

cycle ergometer resting SkBF was recorded until a stable LDF trace was observed. 

Previous work in our lab has established that SNP is not absorbed by the skin to cause 

vasodilation without application of the cathodal current to the drug delivery electrode.  SkBF 

and skin surface temperature were measured continuously throughout the exercise test. 

Participants were asked to keep their right arm comfortably resting on the handlebar and to 

refrain from tightly gripping the handlebars to minimise movement artefact. Throughout the 

test, tympanic temperature (Graco, 1752197 Thermometer, China) and blood pressures were 
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measured at rest and at the end of each two-minute exercise stage. Following test termination, 

a standardised 5-minute recovery period was implemented using a workload corresponding to 

40% of the peak workload achieved during the test. Following the 5-minute recovery period, 

participants transitioned from the bike to a supportive chair with armrests. SNP iontophoresis 

was performed using the iontophoresis protocol described above in Section 3.7.2 to measure 

the maximal vasodilatory capacity and therefore the maximum SkBF available at the site of 

investigation. 

 

 

 

Figure 3.4: Schematic figure representing the relationship between SkBF and core body temperature during 

heat stress at rest and during exercise. SkBF reaches a higher plateau for the same given core temperature 

under resting conditions compared to exercising conditions. Adapted from Simmons et al.,(1) 
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Figure 3.5: Representation of the LDF placement on the upper forearm 

during graded cycling exercise.  
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4. Chapter 4: The Relationship Between Peak Skin Blood Flow and 

Peak Aerobic Capacity in Middle Aged and Older Adults with and 

without IHD. 

4.1. Introduction 

 

V̇O2 peak is consistently higher in endurance trained athletes and those who have engaged in 

regular lifelong aerobic exercise training when compared to similar age and sex-matched 

sedentary individuals (162). The mechanisms responsible for a higher V̇O2 peak in response to 

regular aerobic exercise training are likely due to both central (cardiac output; increased blood 

supply) and peripheral adaptions (improved perfusion and O2 extraction). Evidence suggests 

that at least some of the improvement in V̇O2 peak following aerobic exercise training in older 

adults, results in part from an improvement in the control and regulation of tissue vascular 

resistance, which in turn, improves tissue perfusion during exercise (20, 21, 163).   

Endothelial-mediated vasodilation appears to improve in older adults following aerobic 

exercise training. Beere et al., (20) & Spina et al.,(164) showed in male and female adults (60-

80 year) that 3 to-12 months of aerobic exercise training improved V̇O2 peak primarily through 

an increase in peak leg blood flow and systemic A-V̇O2 difference with no change in cardiac 

output.  Similarly, in a cross-sectional analysis, Snell et al., (165) reported  greater V̇O2 peak 

and maximal leg vascular conductance in young endurance trained men compared to sedentary 

adults. Additionally, a strong correlation (r = 0.81) between maximal leg vascular conductance 

and V̇O2 peak was observed in endurance trained men. Overall, the evidence suggests that the 

difference in V̇O2 peak observed between sedentary and endurance trained individuals is at 

least partly explained by a greater vasodilatory capacity of peripheral blood vessels that in turn, 

improve muscle blood flow.  
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The microcirculation has a central role in the function of the cardiovascular system. It is 

composed of an extensive network of blood vessels < 100μm in diameter which includes 

arterioles, venules, and capillaries (166). The primary function of the microvasculature is to 

bring blood into contact with tissues and create an interface for the exchange of nutrients (e.g., 

O2) and removal of wastes (e.g., CO2).  Blood flow or perfusion through a tissue is regulated 

by perfusion pressure and vascular resistance resulting from increasing or decreasing arteriole 

diameter.  Smooth muscle tone within the arteriole wall (i.e., arteriole diameter) is tightly 

controlled by a complex interaction between both central (e.g., autonomic) and local (e.g., 

endothelial-mediated, humoral and myogenic) mechanisms (166). These regulatory 

mechanisms serve to increase or decrease blood vessel diameter in response to tissues 

metabolic demand ensuring appropriate perfusion and oxygen delivery. Dysfunction in one or 

more of the regulatory mechanisms can alter the control of tissue perfusion and ultimately 

influence O2 delivery and utilization during exercise.  

Despite the critical role of the microcirculation in facilitating oxygen delivery during exercise, 

direct evaluation of microvascular function in vivo in human muscle is technically difficult, 

invasive and/or exposes the participant to risk. Unlike muscle, the skin microcirculation can be 

easily, safely and non-invasively assessed using LDF.  The skin microcirculation shares similar 

regulatory mechanisms with other microvascular beds such as those found in skeletal muscle 

and the skin shows similar patterns of microvascular dysfunction (e.g., reduced vasodilation) 

in cardiovascular disease. This led Holowatz et al., (61) to propose that the skin be used as a 

surrogate to understand disease-based microvascular dysfunction of other systemic tissue beds.      

Most (33-35, 38) but not all (46) of the cross-sectional evidence indicates that healthy 

endurance trained athletes have greater vasodilation in the skin microcirculation when 

compared to similar age-matched untrained adults. Tew et al., (34) reported a moderate 

correlation (r =0.50) between V̇O2 peak and the increase in SkBF in response to local heating 
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or temporary occlusion of blood flow to the skin. Less compelling correlations were reported 

for the relationships between V̇O2 peak and ACh or SNP-mediated increases in SkBF (r = 0.16, 

0.18, respectively). Furthermore, exercise training sufficient to improve V̇O2 peak, also appears 

to improve endothelial-mediated vasodilation in the skin among sedentary healthy older adults 

and certain patient populations (39, 41, 42, 59) however, this finding is not universal (43-45) 

and it is not known how the presence of a pathology known to cause microvascular dysfunction 

(e.g., IHD) can alter any relationship between skin microvascular regulation and V̇O2 peak.   

Therefore, the purpose of the present study is to investigate possible relationships between peak 

skin microvascular vasodilatory responses and V̇O2 peak in healthy adults and adults with IHD. 

It is hypothesised that there will be a positive linear relationship between the vasodilatory 

capacity within the skin’s microvasculature and V̇O2 peak.    

4.2. Methods 

4.2.1. Study Design and Population 

This study employed a cross-sectional design to evaluate the relationship between V̇O2 peak 

and skin microvascular function across a wide range of maximal exercise capacities in middle 

aged and older adults. Microvascular function was measured using LDF in conjunction with a 

variety of common provocation assessments alongside the assessment of V̇O2 peak measured 

by maximal effort CPX testing in healthy middle aged and older adults (48-72 years) and 

similarly aged adults with IHD. Forty-three adults with IHD, and 22 HO adults met the study 

the inclusion criteria outlined in Chapter 3, Section 3.2. Four participants were excluded from 

the final analysis as outlined in Figure 4.1.  

4.3. Baseline Assessments  

4.3.1. Maximal Cardiopulmonary Exercise Test 

For the assessment of V̇O2 peak, participants completed a CPX test on an upright cycle 

ergometer following the same methodology and protocol outlined in Chapter 3, Section 3.5 -
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3.5.1 (pg., 36-37). Adults with IHD were instructed to take their prescribed medications at the 

usual time. 

4.3.2. Skin Blood Flow Assessment 

Participants completed two SkBF assessment sessions in order to evaluate microvascular 

function, all SkBF assessments were conducted in a supine position following the same testing 

procedures outlined in Chapter 3, Section 3.6 (pg., 38-39). The iontophoresis of ACh and SNP 

were conducted in one session and PORH and local surface heating were conducted in a 

separate session. 

4.3.3. Acetylcholine and Sodium Nitroprusside  

Iontophoresis of ACh and SNP were used to assess endothelium-dependent and independent 

dilation of the skin microvasculature, respectively. The same iontophoresis protocol and data 

analyses were used as previously described in Chapter 3, Section 3.7.1 - 3.7.2 (pg., 39-40).  

4.3.4. Local Heating and Post Occlusive Reactive Hyperaemia 

SkBF was assessed in response to local surface heating (42ºC) and arterial occlusion of the 

forearm as previously outlined in Chapter 3, Section 3.8 and 3.8.1 (pg., 42-43) and Section 3.9 

and 3.9.1 (pg., 44-45) respectively. Local surface heating was assessed on the forearm 

contralateral to the one used during PORH.  
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Figure 4.1: Schematic of participant recruitment 
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4.4. Data Analysis 

4.4.1. Skin Blood Flow and Cutaneous Vascular Conductance  

All SkBF data were recorded, stored, and analysed using the PeriSoft program (version. 2.1; 

Perimed, Sweden). All analyses were performed on LDF data expressed as arbitrary perfusion 

units (PU) or as cutaneous vascular conductance (CVC) by dividing PU by mean arterial 

pressure ((diastolic x 2) + (systolic)/3)). CVC accounts for the influence of BP on SkBF so that 

the contribution of changes in vascular resistance to any change in SkBF can be identified 

(167).   

4.4.2. Cardiorespiratory Fitness (CRF) 

V̇O2 peak is influenced by several factors including age, sex, and current or previous exercise 

history. Therefore, two people of the same age and sex can have vastly different V̇O2 peak 

values depending on their current or previous exercise training history. To 

determine if cardiorespiratory fitness (CRF) influenced the relationship between peak CVC 

and V̇O2 peak, a sub analysis was performed by transforming a participant’s V̇O2 peak into a 

measure of CRF by scaling the V̇O2 peak as a percentage of the individual’s age and 

sex predicted V̇O2 peak estimate (e.g., CRF (%) = measured V̇O2 peak / estimated V̇O2 peak x 

100). The estimate of V̇O2 peak was derived using Jones 2 equations developed for men and 

women  (168).  

4.5. Statistical Analysis 

All data were graphed and analysed using GraphPad Prism version 8 (GraphPad Software, La 

Jolla California, USA). Pearson’s correlation coefficients were used to identify the strength of 

the relationship between V̇O2 peak (L∙min-1) and CRF and peak forearm CVC in response to 

each provocation assessment. The strength of correlation was defined by the following rank 

order: r = 0.0-0.19 “very weak”, 0.20-0.39 “weak”, 0.40-0.59 “moderate”, 0.60-.79 “strong”, 

and 0.80-1.0 “very strong” (169). Linear regression was used to further characterise the 
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relationships. Differences in the relationships between peak CVC and V̇O2 peak or CRF 

between IHD and HO groups were identified by comparing the regression slopes calculated for 

each group. Two-way repeated measures ANOVA were used to examine differences 

in SkBF or CVC within groups (condition), between groups (IHD and HO) and to identify any 

interaction effects. A Greenhouse-Geisser correction was used when the assumption of 

sphericity was violated.  A Bonferroni correction for multiple comparisons was used to adjust 

p-values during post hoc comparison. Student’s t-test were used to compare participant 

characteristics and all cardiopulmonary exercise variables except RPE. Wilcoxon matched 

pairs signed ranks test was used to assess difference in RPE between groups. Results are 

expressed as the means ± SD unless stated otherwise, and a p value <0.05 was considered 

statistically significant. 

4.6. Results 

4.6.1. Participant Characteristics 

Sixty-five participants were enrolled into the study, with four participants excluded from the 

final analysis as outlined in Figure 4.1. Thus, data from 61 participants (n = 12 female, n = 49 

male) were included in the final analysis. Of the 12 female participants, 11 were classified as 

postmenopausal and one as premenopausal. None of the female participants were taking 

hormone replacement therapy. Forty participants in the study had diagnosed IHD with the 

remaining 21 classified as healthy (HO). The majority (75%) of participants with IHD had 

received a PCI, 15% had CABG surgery, whilst 10% received no surgical intervention. 

Medications prescribed to participants with IHD are outlined in Table 4.1.  

Participant characteristics are outlined in Table 4.1. The mean age was 62 ± 6 years, with an 

average BMI of 26.2 ± 3.6 kg/m2 classifying them as overweight. There were no significant 

differences in age, resting HR, or systolic blood pressure (SBP) between the HO and IHD 
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participants. Total body mass and BMI were significantly higher in the IHD group (27.5 ± 3.5 

kg/m2) compared to the HO group (23.7 ± 2.4 kg/m2; Table 4.1).  

4.6.2. Cardiopulmonary Exercise Test Outcomes: All Participants 

Key variables from the CPX test are presented in Table 4.2. All tests met the criteria for the 

attainment of V̇O2 peak as outlined in Chapter 3 (Section 3.5.1, pg., 37). The average peak 

power was 179 ± 61W with an average absolute and relative V̇O2 peak of 2.4 ± 0.7 L·min-1 and 

29.7 ± 8.6 mL·kg-1·min-1 respectively. The ΔV̇O2/ΔW relationship was on average 11.1 

mL·watt-1. The mean V̇O2 peak achieved was of 111% of the age and sex-predicted maximum. 

Peak HR was 159 ±19 bpm which is equivalent to 96 ± 11 % APMHR, peak RER at test 

termination was 1.15 ± 0.06 and the peak RPE was 9/10. Collectively, these values reinforce 

that a maximal effort was given during testing and that the V̇O2 peak measured likely reflects 

the participants maximum aerobic capacity (170). 
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Table 4.1: Participant Characteristics   

 
All (n = 61) 

(mean ± SD) 

IHD (n = 40) 

(mean ± SD) 

HO (n =21) 

(mean ± SD) 

IHD– HO difference 

(Mean ± SEM (95% CI) 
p - value 

Age (years) 61.5 ± 5.4 62.5 ± 6.7 59.6 ± 5.4 -2.9 ± 1.7 (-6.5, 0.4) 0.0873 

Female/Male 12/49 0/40 12/9  -  - 

Weight (kg) 80.4 ± 14.0 85.4 ± 12.2 70.8 ± 12.0 -14.6 ± 3.3 (-21.1, -8.0) <0.001 

Height (cm) 174.7 ± 7.9 176.0 ± 6.3 172.1 ± 10.1 3.9 ± 2.1 (-8.1, 0.3) 0.070 

BMI (kg/m2) 26.2 ± 3.6 27.5 ± 3.5 23.7 ± 2.4 -3.8 ± 0.8 (-5.4, -2.1) <0.001 

Resting HR (bpm) 63 ± 9 64 ± 10 62 ± 9 2 ± 2 (-8, 3) 0.505 

Resting SBP (mmHg) 122 ± 14 123 ± 14 118 ± 11 -5 ± 4 (-12, 2) 0.150 

Resting DBP (mmHg) 77 ± 7 80 ± 7 73 ± 7 -6 ± 2 (-10, -2) 0.004 

Primary intervention Count         

PCI 30         

CABG 6         

Medical management  4         

Primary Medication            

Anti-platelet 40         

Beta-blocker 19         

ACE Inhibitor 24         

Statin 38         

ARB 7         

CCB 7         

All; all study participants, IHD; participants with ischemic heart disease, HO; healthy older adult participants, BMI; body mass index, HR; heart 

rate, SBP; systolic blood pressure, DBP; diastolic blood pressure, PCI; percutaneous coronary intervention, CABG; coronary artery bypass graft, 

ACE; Angiotensin converting enzyme, ARB; Angiotensin receptor blocker, CCB: calcium channel blocker. p-value, probability result from a 

Student’s t-test comparing IHD to HO. 
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Table 4.2: Select Peak Exercise CPX Variables 

 All (n = 61) 

(mean ± SD) 

IHD (n = 40) 

(mean ± SD) 

HO (n =21) 

(mean ± SD) 

IHD – HO Difference 

(Mean ± SEM (95% CI) 
p - value 

V̇O2 (L·min-1) 2.4 ± 0.7 2.2 ± 0.53 2.6 ± 0.89 0.3 ± 0.2 (-0.1, 0.6) 0.119 

V̇O2 (mL·kg-1·min-1) 29.7 ± 8.6 26.7 ± 6.7 35.4 ± 9.2 8.6 ± 2.1 (4.5, 12.7) 0.001 

V̇O2 predicted (%) 111 ± 31 98 ± 23 136 ± 28 38 ± 7 (24, 51) <0.001 

Power Output (W) 179 ± 61 167 ± 47 200 ± 78 33 ± 16 (1, 65) 0.044 

V̇E (L·min-1) 102 ± 31 101 ± 25 103 ± 41 2 ± 9 (-15, 19) 0.784 

RER peak 1.15 ± 0.06 1.15 ± 0.06 1.15 ± 0.05 0.01 ± 0.02 (-0.03, 0.04) 0.826 

HR (beats·min-1) 159 ± 19 153 ± 20 166 ± 13 13 ± 5 (3, 23) 0.009 

APMHR (%) 96 ± 11 93 ± 12 100 ± 7 7 ± 3 (1, 12) 0.022 

O2-pulse (mL·beat-1) 15.2 ± 4.3 15.0 ± 3.5 15.4 ± 5.6 0.4 ± 1.2 (-1.9, 2.7) 0.732 

RPE 9 ± 1 9,9,101 9,10,101              1 (0, 1)2 0.316 

All; all study participants, IHD; participants with ischemic heart disease, HO; healthy older adult participants. p-value, probability result from a 

Student’s t-test comparing IHD to HO.V̇O2; oxygen uptake, V̇E; expired ventilation rate, RER; respiratory exchange ratio, APMHR; age-predicted 

maximum heart rate, RPE; rating of perceived exertion. Note1: values are the 25th percentile, median and 75th percentile. Note2: values are the median 

difference and the 95th percentile. 

Table 4.3: SkBF Parameters: ACh and SNP Iontophoresis  

 All (n = 61) 

(mean ± SD) 

IHD (n = 40) 

(mean ± SD) 

HO (n =21) 

(mean ± SD) 

IHD – HO Difference 

(Mean ± SEM (95% CI) 
p - value 

Iontophoresis Ach 

Baseline SkBF (PU) 8.9 ± 3.8 8.2 ± 3.6 10.4 ± 3.9 2.2 ± 4.7 (-8.6, 13.1) >0.999 

Maximal ACh (PU) 63.8 ± 30.9 50.5 ± 24.7 89.5 ± 25.3 39.0 ± 4.7 (28.1, 49.9) <0.001 

Baseline SkBF (CVC) 0.10 ± 0.04 0.08 ± 0.04 0.11 ± 0.46 0.03 ± 0.05(-0.09, 1.57) >0.999 

Maximal ACh (CVC) 0.71 ± 0.36 0.54 ± 0.27 1.02 ± 0.31 0.48 ± 0.05(0.39, 0.61) <0.001 

Iontophoresis SNP 

Baseline SkBF (PU) 9.4 ± 5.3 8.2 ± 4.9 11.7 ± 5.4 3.5 ± 5.5 (-8.9, 16.0) >0.999 

Maximal SNP (PU) 75.0 ± 31.0 65.6 ± 27.4 92.1 ± 30.3 26.5 ± 5.5 (14.0, 39.0) <0.001 

Baseline SkBF (CVC) 0.10 ± 0.06 0.08 ± 0.05 0.13 ± 0.05 0.04 ± 0.06 (-0.09, 0.18) 0.918 

Maximal SNP (CVC) 0.82 ± 0.35 0.70 ± 0.30 1.05 ± 0.34 0.34 ± 0.06 (0.20, 0.48) <0.001 

All; all study participants, IHD; participants with ischemic heart disease, HO; healthy participants. ACh; Acetylcholine, SNP; Sodium 

nitroprusside, SkBF; Skin blood flow, PU; Perfusion unit, CVC; cutaneous vascular conductance. p-value, probability result from Bonferroni 

correction comparing IHD to HO. 
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4.6.3. SkBF and CVC in Response to ACh and SNP: All participants  

Summary data of baseline and peak SkBF and CVC in response to ACh and SNP iontophoresis 

is outlined in Table 4.3. As a group, baseline CVC ranged from 0.03 -0.3 PU·mmHg-1 and was 

not significantly different between ACh (0.10 ± 0.4 PU·mmHg-1) and SNP (0.10 ± 0.06 

PU·mmHg-1) measurement sites (p = 0.58).  

ACh iontophoresis resulted in a significant increase in CVC, from 0.10 ± 0.4 PU·mmHg-1 to a 

peak of 0.71± 0.36 PU·mmHg-1 (p <0.001). SNP iontophoresis resulted in a significant increase 

in CVC from 0.10 ± 0.06 PU·mmHg-1 to 0.82 ± 0.35 PU·mmHg-1. As a group, the change in 

CVC was larger in response to SNP iontophoresis compared to ACh (p = 0.018) and the ratio 

of ACh to SNP mediated vasodilation was 88 ± 32%.  

4.6.4. SkBF and CVC in response to Local Heating and PORH: All participants  

Table 4.4 displays the primary SkBF variables recorded in response to local surface heating to 

42 °C on the forearm. For the entire sample, baseline CVC ranged from 0.07-0.33 PU·mmHg-

1 and averaged 0.16 ± 0.05 PU·mmHg-1. Local surface heating resulted in a significant increase 

in SkBF and CVC in a biphasic pattern with the initial peak occurring at 2.2 ± 0.4 minutes and 

a peak CVC of 1.27 ± 0.47 PU·mmHg-1 (p <0.001). Continued heating for up to 30 minutes 

resulted in a secondary increase and plateauing of SkBF that reached a peak CVC of 1.84 ± 

0.66 PU·mmHg-1. The secondary peak CVC was significantly greater than the initial peak CVC 

(Table 4.4).  

Table 4.5 displays the SkBF and CVC responses during PORH. Baseline CVC averaged 0.20 

± 0.08 PU·mmHg-1 increasing to a peak of 1.50 ± 0.87 PU·mmHg-1 (p <0.001) within 74.0 ± 

52.1s of cuff deflation. The total hyperemia AUC over 10 minutes post-occlusion release 

averaged 34289 ± 29357 PU*s.  
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Table 4.4: SkBF Parameters: Local Heating    

 All (n = 61) 

(mean ± SD) 

IHD (n = 40) 

(mean ± SD) 

HO (n =21) 

(mean ± SD) 

IHD – HO Difference 

(Mean ± SEM (95% CI) 
p - value 

Local heating (42°C) 

Baseline SkBF (PU) 14.7 ± 4.8 13.0 ± 4.9 17.7 ± 5.4 4.7 ± 1.4 (1.1, 8.2) 0.006 

Initial heat maximum (PU) 115.7 ± 43.2 100.9 ± 43.7 142.9 ± 44.7 41.9 ± 12.0 (11.9, 71) 0.003 

Heat plateau (PU) 168.3 ± 59.6 145.9 ± 60.3 209.9 ± 95.9 63.9 ± 23.0 (5, 122.5) 0.029 

Baseline SkBF (CVC) 0.16 ± 0.05 0.14 ± 0.04 0.20 ± 0.06 0.06 ± 0.01 (0.03, 0.10) <0.001 

Initial heat maximum (CVC) 1.27 ± 0.47 1.07 ± 0.48 1.62 ± 0.51 0.55 ± 0.13 (0.20, 0.88) <0.001 

Heat plateau (CVC) 1.84 ± 0.66 1.56 ± 0.67 2.38 ± 1.12 0.77 ± 0.26 (0.14, 1.50) 0.015 

Time to initial heat maximum (minutes) 2.23 ± 0.43 2.28 ± 0.43 2.13 ± 0.66 0.14 ± 0.14 (-0.42, 0.14) 0.322† 

Slope from heat marker to start of initial heat 

maximum (units/min) 

52.7 ± 23.9 43.8 ± 24.1 69.3 ± 33.7 25.4 ± 7.5 (10.4, 40.5) 0.001† 

All; all study participants, IHD; participants with ischemic heart disease, HO; healthy participants, SkBF; Skin blood flow, PU; Perfusion unit, 

CVC; cutaneous vascular conductance. p-value, probability result from Bonferroni correction comparing IHD to HO. †p-value, probability result 

from Student’s t-test t-test comparing IHD to HO. 

Table 4.5:  SkBF Parameters: Post occlusive reactive hyperaemia  

 All (n = 61) 

(mean ± SD) 

IHD (n = 40) 

(mean ± SD) 

HO (n =21) 

(mean ± SD) 

IHD – HO Difference 

(Mean ± SEM (95% CI) 
p - value 

Baseline SkBF (PU) 19.2 ± 7.8 17.8 ± 8.0 21.7 ± 6.6 3.9 ± 14.3 (-28.5, 36.5) >0.999 

Biological Zero (PU) 3.4 ± 1.4 3.6 ± 1.41 3.0 ± 1.1 0.6 ± 0.3 (-0.1, 1.3) 0.985† 

Maximal SkBF (PU) 137.0 ± 78.3 117.8 ± 64.2 172.7 ± 90.5 54.9 ± 14.3 (22.7, 87.7)  <0.001 

Baseline SkBF (CVC) 0.20 ± 0.08 0.19 ± 0.08 0.24 ± 0.07 0.05 ± 0.15 (-0.29, 0.41) >0.999 

Maximal SkBF (CVC) 1.50 ± 0.87 1.26 ± 0.73 1.92 ± 0.95 0.67 ± 0.15 (0.31, 1.02) <0.001 

Time to peak SkBF (s) 74.0 ± 52.1 62.6 ± 39.4 95.1 ± 65.9 32.5 ± 13.5 (5.30, 59.7) 0.020† 

AUC (PU x s) 34289 ± 29357 26168 ± 23018 49371 ± 34181 23204 ± 7413 (8366, 38042) 0.002† 

All; all study participants, IHD; participants with ischemic heart disease, HO; healthy participants, SkBF; Skin blood flow, PU; Perfusion unit, 

CVC; cutaneous vascular conductance, AUC; area under the curve. p-value, probability result from Bonferroni correction comparing IHD to HO. 
†p-value, probability result from Student’s t-test t-test comparing IHD to HO. 
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4.6.5. Relationship Between Peak CVC and V̇O2 peak: All participants 

The relationships between forearm peak CVC in response to the four provocation tests used 

and V̇O2 peak are shown in Figure 4.2. The Pearson correlation coefficients for ACh (r = 0.06; 

Figure. 4.2A), PORH (r = 0.002; Figure. 4.2C) and the initial-heat peak in response to local 

heating (r = 0.01; Figure 4.2D) showed very weak, non-significant positive association with 

V̇O2 peak. Weak to very weak, non-significant negative associations were found between peak 

CVC in response to SNP iontophoresis (r = -0.03; Figure 4.2B) and the secondary plateau in 

SkBF in response to local heating (r = -0.24; Figure 4.2E) and V̇O2peak. 

4.6.6. Relationship between peak cutaneous vascular conductance and CRF: All 

participants 

Figure 4.3 shows the relationship between forearm peak CVC in response to the four 

provocation tests utilised and the participants CRF. A significant moderate positive association 

was observed between CRF and peak CVC in response to ACh iontophoresis (r = 0.43; Figure 

4.3A) and the initial-heat peak response (r = 0.43; Figure 4.3D). Furthermore, significant weak 

positive associations were observed between CRF and peak CVC following SNP iontophoresis 

(r = 0.37, Figure 4.3B), PORH (r = 0.35; Figure 4.3C) and the secondary plateau in response 

to local heating (r = 0.33; Figure 4.3E).   
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Figure 4.2: The relationship between peak aerobic capacity (V̇ O
2 
peak) peak cutaneous vascular conductance (CVC) in response to iontophoresis of 

acetylcholine (A), sodium nitroprusside (B), post occlusive reactive hyperemia (C), Initial (D) and plateau phase (E) of local heating to 42 °C on the forearm in 

all study participants (n = 60).  
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Figure 4.3: The relationship between cardiorespiratory fitness (CRF; defined as the V̇O2peak expressed as a percentage of the age and-sex predicted value) 

and peak cutaneous vascular conductance (CVC) in response to iontophoresis of acetylcholine (A), sodium nitroprusside (B), post occlusive reactive 

hyperemia (C), Initial (D) and plateau phase (E) of local heating to 42 °C on the forearm in all study participants (n = 60). 
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4.7. The Influence of IHD on V̇O2 peak and peak SkBF 

4.7.1. Cardiopulmonary Exercise Test Data: IHD versus HO 

Comparing IHD to HO participants, peak power output was significantly lower in participants 

with IHD compared to HO adults (167 ± 47 versus 200 ± 78 W, p = 0.044). In addition, absolute 

and relative V̇O2 peak were 17% and 28% lower in the IHD group compared to the HO group 

(Table 4.2). Peak HR was ≈13 bpm higher in the HO group compared to IHD (166 ± 13 versus 

153 ± 20 bpm, p = 0.009) and equated to 100 ± 7% and 93 ± 12% of APMHR, respectively (p 

= 0.02). Peak RER, V̇E, O2 pulse and RPE were not significantly different between groups 

(Table 4.2). 

4.7.2. SkBF and Peak CVC in Response to ACh and SNP: IHD versus HO  

Table 4.3 and Figure 4.4 displays baseline and peak SkBF and CVC responses in response to 

ACh and SNP iontophoresis between IHD and HO groups. There was no significant difference 

in baseline SkBF or CVC between groups at either ACh or SNP measurement sites (Table 4.3). 

The peak CVC in response to ACh was 62% lower compared to HO group (p <0.001, Figure 

4.4). Furthermore, the ratio of ACh/ SNP mediated vasodilation was lower in the IHD (76% vs 

96%) group compared to the HO group. 

SNP iontophoresis resulted in a significant increase in CVC and SkBF in both groups (p 

<0.001, Figure 4.4). Although CVC was observed to increase in both groups, the peak CVC 

was 40% lower in the IHD group compared to HO group (Figure 4.4, p = 0.001).  
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Figure 4.4  Data displayed as mean ± SD. Skin blood flow (PU) and cutaneous vascular conductance (CVC) at baseline and in response to 

acetylcholine (A & B) and sodium nitroprusside (C &D) on the forearm in healthy middle-aged older adults (HO; open bar, n = 21) and 

adults with ischemic heart disease (IHD) (black bars, n = 40). Asterisk (*) identifies significant difference (p <0.05) between IHD and HO 

groups 
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4.7.3. SkBF and CVC in Response to Local Heating and PORH: IHD versus HO 

The primary variables assessed in response to local surface heating to 42 °C on the forearm are 

presented in Table 4.4. The vasodilatory response to local surface heating for both groups is 

displayed in Figure 4.5. At the onset of the heat stimulus, there was a significant increase in 

SkBF from baseline in both groups; however, the initial-peak and plateau-phase in SkBF and 

CVC were significantly lower in adults with IHD. The initial peak and plateau-phase in CVC 

were 41% and 42% lower in the IHD group compared to HO adults (p <0.001 and, p = 0.0146 

respectively). Similarly, the rate of change in CVC from the onset of the heat stimulus to the 

initial-peak was significantly blunted in adults with IHD (43.8 ± 24.1 units·minute-1) compared 

to HO adults (69.3 ± 33.7 units·minute-1; Table 4.4).  

The primary PORH variables for both IHD and HO are displayed in Table 4.5. At baseline 

SkBF and CVC were similar between groups (IHD; 0.19 ± 0.08 PU·mmHg-1
 versus HO; 0.24 

± 0.7 PU·mmHg-1
). After 5-minutes of forearm arterial occlusion, there was a significant 

increase in SkBF from baseline to peak following reperfusion in both groups (p <0.001); 

however, in participants with IHD the peak SkBF and CVC following reperfusion were 

significantly attenuated compared to the HO group (Table 4.5). Peak hyperaemia was 42% 

lower in the IHD group compared to the HO group (1.26 ± 0.73 PU·mmHg-1
 versus 1.92 ± 0.95 

PU·mmHg-1).  Similarly, the AUC was significantly lower in adults with IHD (26168 ± 23018 

PU*s) compared to HO adults (49372 ± 34181 PU*s) (Table 4.5). 
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4.8. Relationship Between Peak CVC and CRF: IHD versus HO 

The relationship between CRF and peak forearm CVC is shown in Figure 4.6.  Both IHD (r = 

0.100; Figure 4.6A) and HO (r = 0.06; Figure 4.6A) had non-significant, and weak to very 

weak positive associations between peak CVC in response to ACh iontophoresis and CRF. 

Similar non-significant, weak and very weak associations were observed between peak SNP 

iontophoresis CVC (Figure 4.6B), peak PORH CVC (Figure 4.6C) and peak heat CVC 

responses (Figures 4.6D & E) and CRF in both the IHD and HO groups. In general, non-

significant weak positive associations between peak CVC in response to provocation testing 

and CRF were observed in the IHD group but not HO group.   

Figure 4.5: Data displayed as mean ± SD. Cutaneous vascular conductance (CVC) changes in the forearm 

during 30 minutes of local skin heating in healthy adults (HO; n =21) and adults with ischemic heart disease 

(IHD; n = 39). CVC at rest (black bars), during the initial-peak (grey bars) and plateau-phase (stippled bars) 

are shown. An asterisk (*) identifies significant differences (p <0.05) in CVC between HO and IHD. 
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Figure 4.6: The relationship between cardiorespiratory fitness (CRF; defined as the V̇O2peak expressed as a percentage of the age and-sex predicted value) and 

peak cutaneous vascular conductance (CVC) in response to iontophoresis of acetylcholine (A), sodium nitroprusside (B), post occlusive reactive hyperaemia (C), 

Initial (D) and plateau phase (E) of local heating to 42 °C on the forearm in adults with ischemic heart disease (IHD; filled circles, n = 40) and healthy adults (HO; 

open circles, n =21). 
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4.9. Discussion  

The primary aim of the current study was to test the hypothesis that there is a positive linear 

relationship between peak SkBF and V̇O2 peak.  It was hypothesised that individuals having 

the largest V̇O2 peak would also have the highest provoked increase in SkBF as a result of 

greater vasodilation (i.e., CVC) within the skin microvasculature.  The 

four principle findings of this study are: 1) in general there is a non-significant weak – very 

weak positive correlation between peak CVC in the skin in response to a vasodilating 

provocation and V̇O2 peak in older adults, 2) the association between peak CVC and V̇O2 peak 

is strengthened when CRF is taken into consideration, 3) in general, responses to skin 

provocation testing and V̇O2 peak are lower in the IHD than in the HO groups, and 4) the 

association between peak CVC and CRF is less evident in HO adults compared to adults with 

IHD. Overall, the current findings do not provide compelling evidence to support the central 

hypothesis of a strong positive relationship between peak SkBF in response to a vasodilating 

provocation and V̇O2 peak in older adults with or without IHD.    

4.9.1. Peak Aerobic Capacity 

A central assumption underpinning any established relationship between V̇O2 peak and SkBF 

is that the V̇O2 peak achieved during CPX testing represents each participant’s maximal oxygen 

uptake rate. Given that a plateau in the oxygen consumption rate is not always present during 

CPX testing, secondary data are important to confirm that the participants put forth a maximal 

effort during testing. All participants satisfied the secondary criteria for the attainment of V̇O2 

peak  (170). Both pooled (e.g., All participants) and IHD and HO group data showed 

participants achieving a peak RER >1.1, peak HR within 10 bpm of APMHR, and a self-

reported peak exercise RPE > 8/10.  All participants terminated the test due to volitional 

fatigue, and the primary limiting factor to exercise was the utilisation of the cardiac reserve 

(i.e., peak HR within ≈10bpm age-predicted maximum).  
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For the entire cohort, V̇O2 peak ranged from 16.7 to 55.4 mL·kg-1·min-1, with a mean of 35.4 

mL·kg-1·min-1. The HO group had a large and diverse range of exercise training backgrounds 

and this was reflected by a large range in V̇O2 peak (e.g., 24.5 to 55.4 mL·kg-1·min-1), that is 

comparable to previously reported findings in healthy middle aged and older adults (50-70 

years). Boegli et al., (46) reported an average V̇O2 peak of 42.9 ± 7.1 mL·kg-1·min-1 and 31.6 

± 5.9 mL·kg-1·min-1 for trained and sedentary older men (>50 years) respectively. Similarly, 

Carrick-Ranson et al., (162) reported an average V̇O2 peak ranging from 24 ± 5 mL·kg-1·min-1 

up to 40 ± 5 mL·kg-1·min-1 in older sedentary and Master athletes, respectively.  

In participants with IHD, V̇O2 peak ranged from 16.7 to 38.9 mL·kg-1·min-1, with the mean 

value (26.7 mL·kg-1·min-1) being 28% (8.7 mL·kg-1·min-1) lower compared to the HO group. 

These values were slightly higher but comparable to previous published data showing that 

adults entering cardiac rehabilitation have a lower V̇O2 peak than healthy age-similar controls 

(13, 19, 171, 172). Vanhees et al., (19) reported an average V̇O2 peak of ≈23.6 mL·kg-1·min-1 

in 417 adults with CAD before entering a 12-week exercise training programme. Similarly, 

Kavanagh et al., (13) reported an average V̇O2 peak of 20.2 ± 5.1mL·kg-1·min-1 in a large 

sample of over 12,000 men with documented IHD. Given that the range in V̇O2 peak measured 

across both the HO and IHD groups is consistent with previous findings, and each participant 

satisfied the secondary criterion for the attainment VO2 max, it can be reasonably concluded 

that the measured values reflect the maximal oxygen uptake rates for this study group. 

4.10. Skin Provocation Testing  

A second central assumption for constructing relationships between V̇O2 peak and SkBF is that 

each individual skin provocation test induces maximal vasodilation of the microvasculature 

and that this results in provoking a maximal increase in SkBF. Each provocation test used in 

the current study activates different mechanisms to induce vasodilation, thus, the peak value 

for each test will not necessarily be equivalent.  Mean resting SkBF prior to provocation testing 
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ranged from 9 to 19 PU across both groups which is consistent with previous findings that have 

measured SkBF on the volar surface of the forearm using similar techniques and equipment 

(34, 94, 123, 173). The similarity in baseline SkBF illustrates consistency in patient condition 

and experimental preparation across the different testing days and groups. 

4.10.1. Response to ACh and SNP Iontophoresis   

Iontophoresis of ACh induces microvascular vasodilation in the skin through stimulation of the 

vascular endothelium to release NO and other endothelial-derived vasodilating factors that 

cause relaxation of the vascular smooth muscle (174-176). SNP is a NO donor and 

iontophoresis of SNP to the skin circulation results in relaxation of the vascular smooth muscle 

due to the direct effect of NO (176). SkBF increased in all participants following iontophoresis 

of ACh and SNP (Table 4.3).  

The responses to ACh iontophoresis observed in the current study are consistent with values 

previously reported in other studies. Tew et al., (34) reported an average relative increase in 

SkBF between 950 ± 390% to 1108 ± 589% in healthy older adults which is similar to the ≈ 

855% increase measured in the HO group. Peak SkBF and CVC in response to ACh 

iontophoresis was significantly reduced in adults with IHD as was the ratio of ACh/SNP-

mediated vasodilation (77 vs 96%) which is consistent with previous research in adults at risk 

or with established CVD (123, 124, 177, 178). The reduction in ACh-mediated vasodilation 

suggests that the endothelium in adults with IHD may be functionally compromised when 

compared to the HO group.   

The increase in SkBF in response to SNP iontophoresis in the current study is consistent with 

previous studies using similar methodology; however, the SNP-induced increase in SkBF was 

significantly lower in IHD compared to HO group. Since SNP is an NO donor and elicits 

vasodilation of vascular smooth muscle, independent of the endothelium (93), the current 

findings suggest that IHD adults may have limited capacity for increasing SkBF compared to 
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participants in the HO group. Observing a reduced maximal skin vasodilatory capacity in 

response to SNP in adults with IHD is in agreement with some (29, 124, 177) but not all studies 

in adults with CVD (94).   

In general, SkBF increased in response to ACh and SNP iontophoresis in a manner typical to 

what has been previously reported using similar methodology and equipment.  Although the 

ACh and SNP responses were blunted in adults with IHD when compared to healthy controls, 

it should be noted that participants that had IHD also had lower absolute and relative V̇O2 peak 

values. The blunted SkBF responses in participants with IHD do not necessarily confound the 

relationship between V̇O2 peak and peak SkBF. 

4.10.2. Response to Local Surface Heating 

Surface heating of the skin increases SkBF in two stages.  During the first stage, the increase 

in SkBF is thought to be result from a C-fibre neural reflex loop.  The secondary rise and 

sustained plateau in SkBF is understood to be primarily mediated by local production of NO 

release from endothelial cells (111, 113).  Overall, SkBF increased in the expected pattern in 

response to local surface heating to 42°C. The magnitude of increase in SkBF observed in the 

HO group was comparable to previous studies in healthy older adults (34, 179). Tew et al., (34) 

reported the initial-peak and plateau-phase of SkBF averaged between 173 ± 30 to 241 ± 53 

PU and 225 ± 28 to 273 ± 54 PU respectively, in older endurance trained and sedentary healthy 

adults (61 -65 years). In a separate study, Tew et al, (179) reported an initial-peak CVC of 1.75 

± 0.12 PU·mmHg-1 and 2.50 ± 0.11 PU·mmHg-1 for the plateau-phase of the heat response in 

older sedentary adults. The peak SkBF and CVC measured in the current study’s HO group are 

consistent with these values (Table 4.4).  

The initial-peak CVC of the heat response was 41% lower in adults with IHD compared to HO 

adults. Previous research evaluating skin microvascular reactivity in adults with underlying 

CVD has failed to characterise the initial-peak in SkBF in response to local surface heating and 
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thus, it makes the current findings difficult to compare to a larger body of evidence. Given the 

initial-heat peak is primarily mediated by a local axon-mediated reflex and considered 

dependent on CGRP and substance P; a lower initial-heat peak may suggest that adults with 

IHD have a decrease release of neurotransmitters from sensory nerves or a decreased vascular 

responsiveness to the neurotransmitters. However, this was not directly examined in the current 

study and the proposed mechanisms underlying the attenuated response are purely speculative. 

Similarly, the secondary rise in SkBF was also significantly lower (42%) in adults with IHD in 

comparison to the HO group which is consistent with previous studies (123, 173). Agarwal et 

al., (123) reported a significant attenuation in SkBF in response to local heating (41°C) in 

patients with CAD compared to similarly-aged healthy adults. Given the secondary rise and 

plateau phase of SkBF is largely mediated by endothelial NO production (111, 113) our results 

suggest an impairment in endothelial function in patients with IHD that aligns with the findings 

of a reduced ACh mediated vasodilation. 

4.10.3. Response to PORH 

SkBF can be temporarily restricted by applying occlusive pressure to the skin and or whole 

limb. During occlusion of blood flow, it is proposed that vascular smooth muscle myogenic 

tone is reduced, metabolically derived vasodilatory factors accumulate in the microvascular 

compartment (180) and neural sensory fibre activation (104, 181) act to reduce vascular tone 

in the affected vascular beds (182).  When occlusive pressure is released, the pressure within 

the arterial system forces blood into a compliant, vasodilated microvascular bed, allowing for 

a robust transient rise in blood flow. As the vasodilatory factors are removed from the site 

during reperfusion SkBF, gradually returns to baseline levels (182). The general assumption 

underpinning PORH and its measurement is that the magnitude of response represents the 

capacity of the microvasculature to respond to tissue hypoxia and that the magnitude of 

response is in part dependent on vascular endothelial health (31, 108, 183, 184). It should be 
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noted that the precise mechanism(s) underpinning the PORH response in human skin are not 

completely understood.    

In the entire sample, SkBF and CVC increased significantly from biological zero to 137 ± 78 

PU and 1.50 ± 0.87 PU·mmHg-1 respectively, following release of occlusive pressure in the 

skin. In the HO group, peak PORH SkBF reached 172 ± 91 PU (Table 4.5) which is similar to 

previously reported values in healthy adults (34, 46). Boegil et al., (46) reported an average 

peak forearm SkBF of 189 ± 76 PU after 3-minutes of forearm arterial occlusion in healthy 

older adults (59.1 ±7.4 years) who had a comparable V̇O2 peak of 31.6 ±76 mL·kg-1·min-1. 

Similarly, Agarwal et al., (123) reported a median peak SkBF of ≈139 PU following 5-minutes 

of arterial occlusion in similar aged (54 ± 8 years) healthy older adults.   

Compared to the HO group, adults with IHD had a reduced peak in SkBF following reperfusion 

and reduced AUC which is similar to most (29, 123, 173, 184) but not all (185) published 

research on PORH responses in patients with CVD. For example, Arglaw et al., (123) reported 

a significant reduction in peak reactive hyperaemia is older adults (≈57 years) with CAD 

(CAD;116 PU versus healthy; 139 PU) which is comparable to the current study findings (117 

PU vs 172 PU). Similarly, Keymel et al., (184) reported a significant (56%) reduction in peak 

PORH SkBF response following 5-minutes of forearm arterial occlusion in a small sample of 

men and women with CAD compared to healthy adults. Furthermore, they reported a 

significant reduction in AUC in adults with CAD which agrees with the current findings and 

suggests a shorter lasting vasodilatory response is present patients with IHD. In contrast, 

Shamim-Uzzaman et al., (185) reported the AUC was unaffected by the presence of CAD in 

older adults (64.6 ± 9 years) compared to healthy adults (40 ± 1 years) but, peak CVC was 

decreased when reactive hyperaemia was expressed as a percentage of baseline. Although the 

precise mechanism(s) responsible for the post-occlusive rise in SkBF are unclear, the 
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microvascular endothelium likely contributes significantly and smaller increases in SkBF 

following occlusion are likely reflective of a less functional microvasculature. 

 

4.10.4. Relationship Between Peak CVC and V̇O2 peak 

Contrary to the central hypothesis, the current study data did not identify a strong positive 

association between peak microvascular SkBF and V̇O2 peak in middle aged and older adults.  

In fact, the association was found to be very weak to weak at best (Figure 4.2). This finding 

was surprising and is in contrast with Tew et al., (34) who reported moderate strength 

correlations between SkBF during PORH and local surface heating and V̇O2 max in healthy 

older (>60 years) sedentary and endurance trained adults. The reason for the discrepancies 

between the current findings and previously reported findings are unclear, given the larger 

sample size and large range in V̇O2 peaks used in the current study.  

A central assumption in this experiment was that any relationship between SkBF and V̇O2peak 

was not altered by the presence of IHD; meaning that although the peak responses were on 

average lower than values measured in HO adults, the differences were proportional and 

explained by the same regression model. The rationale for this central assumption is based on 

two key ideas. First, oxygen uptake generally varies in a linear fashion with cardiac output 

(e.g., 5 to 6 L·min-1 cardiac output per 1 L·min-1 V̇O2; (186) with recognition that this 

relationship may not be strictly linear during graded cycling exercise (187) above the first 

ventilatory threshold in fit individuals (188) or individuals post myocardial infarction (189). 

Despite possible divergence from linearity during graded exercise testing, it is still most likely 

that V̇O2 peak was primarily limited by cardiac output in both HO (9, 190, 191) and IHD groups 

(192). Examination of each individual CPX test showed that all tests were limited by utilization 

of the cardiac reserve (i.e., attainment of the age-predicted maximum heart rate) while 

simultaneously meeting other secondary criteria for attainment of a peak V̇O2 measurement. 
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Further, the slope of the V̇O2 versus cycling power relationship was approximately 10ml 

oxygen uptake·W-1 suggesting a normal response to graded exercise (193). All indications are 

that there was an appropriate increase in oxygen uptake and cardiac output during graded 

exercise in both groups. 

The second idea supporting combining HO and IHD adults together for analysis of a possible 

relationship between SkBF and V̇O2 peak is that SkBF responses to provocation testing appear 

to fall along a continuum, where smaller responses tend to occur in sedentary and chronically 

ill adults while more robust responses occur in trained adults. Examination of Figure 4.2 in 

combination with regression analysis provided little evidence to support a significant linear 

relationship for any skin provocation test and V̇O2 peak.  Additional analysis did not support 

the presence of a non-linear model to explain the relationships observed between peak SkBF 

resulting from different provocation tests and V̇O2 peak. Thus, although peak SkBF responses 

were lower in the IHD group, the responses did not appear disproportionate to responses 

obtained from HO adults. In fact, it must be concluded that there was little evidence present in 

the data to support the presence of a significant linear relationship between peak SkBF in 

response to provocation testing and V̇O2 peak independently in either group or when combined.   

4.10.5. The Relationship Between Peak CVC and CRF  

Given there was little evidence in the study data to support the presence of a linear association 

between peak SkBF in response to provocation and V̇O2 peak, further interrogation of the data 

was undertaken to identify if SkBF changes measured during provocation testing were related 

to the participant’s CRF level.  The rational for this approach was two-fold. First, SkBF 

responses to provocation testing primarily reflect endothelial-mediated responses and 

endothelial-mediated vasodilation of the skin microvasculature is greater in endurance trained 

an in untrained adults following aerobic exercise training (33-35, 38, 42, 59). Second, the 

participants included in the present study were both male and female ranging in age from 47 – 
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73 years and as a result had a wide range of V̇O2 peak values. Placing the measured V̇O2 peak 

of each participant in the context of their age and sex predicted maximum V̇O2 peak provides 

an index of CRF (i.e., greater CRF being denoted by the measured V̇O2 peak being larger or a 

greater proportion of the predicted V̇O2 peak). It was hypothesised that those individuals who 

had a higher CRF level relative to their age and sex would have larger vasodilatory responses 

to SkBF provocation testing. 

When the study participants were analysed as a single group, ACh and the initial-heat peak 

response were moderately correlated to CRF (Figure 4.3A & D). While peak CVC in response 

to SNP iontophoresis, PORH and the plateau-phase of the heat response were positively but 

weakly correlated to CRF (Figure 4.3B, C & E respectively). These findings suggest that peak 

SkBF in response to provocation testing is associated with CRF and that this relationship may 

be due to the effects of regular physical activity and aerobic exercise on microvascular 

endothelial function.  Previous cross-sectional studies in healthy young (33, 35) and older (34, 

58) endurance trained adults have reported significantly greater endothelial-mediated 

vasodilatory responses to ACh iontophoresis. Kvernmo et al., (35) examined SkBF on the 

forearm in response to ACh in highly training, young endurance trained adults (V̇O2 max 68.9 

mL·kg-1·min-1) and recreationally active adults (51.5 mL·kg-1·min-1). ACh mediated 

vasodilation was significantly greater in the endurance-trained adults compared to 

recreationally active adults. Similarly, Black et al., (58) reported greater ACh mediated 

vasodilation in older (range 57 -61 years) endurance trained adults (V̇O2 max; 46 ± 3 mL·kg-

1·min-1) compared to sedentary (V̇O2 max; 28 ± 1 mL·kg-1·min-1) age-matched controls. 

Overall, these findings support an enhancement in endothelial-cell function in adults who 

engage in high levels of aerobic exercise and maintain a CRF level above their age and sex 

predicted maximum. 
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The observation that the initial-peak in SkBF in response to local heating was moderately 

correlated to CRF is consistent with previous studies that have evaluated local skin heating and 

self-reported physical activity levels (34, 179, 194). Tew and colleagues (34, 179, 194) have 

consistently demonstrated a greater initial-peak in SkBF in response to local heating in 

aerobically trained older adults that participated in three or more, endurance exercise sessions 

per week of at least 30 minutes for 10 years or more (61 – 64 years) compared to age-matched 

sedentary controls. Similarly, a moderate correlation between V̇O2 peak and the initial-peak in 

response to local heating has been previously reported in older healthy adults (34).  

Unexpectedly, the secondary plateau-phase of the local heat response and PORH responses 

were significantly but only weakly correlated to CRF (Figure 4.3E &C respectively). Given 

the significant contribution of NO to the plateau-phase of the local heating response it was 

expected a stronger relationship would be observed between CRF and peak CVC. The plateau-

phase in response to local heating has been reported to be enhanced in aerobically trained adults 

(34, 38, 59) and moderately correlated to V̇O2 peak in older sedentary and endurance trained 

adults (34). Similarly, peak SkBF and the AUC hyperaemic curve has been reported to be 

enhanced in endurance trained adults compared to age-similar sedentary adults in most (33, 34, 

36)  but not all studies (46) and moderately correlated to V̇O2 peak (34). The significant but 

weaker association between CRF and peak CVC in response to local heating and PORH in 

comparison to ACh and the initial-heat response may suggest that other mechanisms or 

pathways involved in this response may be less impacted by CRF status.  

4.10.6. Effect of IHD on the Relationship Between CRF and peak CVC 

When the relationships between skin microvascular reactivity in response to provocation 

testing and CRF were evaluated for the HO and IHD groups separately, the strength of the 

relationships were weakened in comparison to the pooled data analysis. The loss of strength in 

the relationship was greater for the HO group than for the IHD group (Figure 4.6). 
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The observation that peak CVC in response to provocation testing were no longer correlated to 

CRF when each group was analysed separately is difficult to ascertain. A series of possible 

explanations may exist. First, when the relationships were analysed independently in each 

group the range in CRF levels was substantially reduced, therefore, affecting the ability to 

identify a relationship between CRF and peak CVC. Second, when the two groups were 

analysed independently the sample size was substantially reduced, reducing the statistical 

power to be able to detect a relationship. 

Despite no significant difference in the slope of the lines between groups, it appears that there 

was a weak but positive trend between peak CVC in response to some provocation tests and 

CRF in the IHD group (Figure 4.6). Whereas, virtually no relationship could be discerned for 

the HO (Figure 4.6). It is plausible that there may be a certain ‘threshold’ where microvascular 

vasodilatory function has a greater influence on CRF, especially in the presence of endothelial 

dysfunction or when V̇O2 peak is below age and sex predicted maximum values. It is possible 

that once this threshold is reached, further increases in microvascular vasodilation have less 

influence on V̇O2 peak and CRF and other factors that determine oxygen utilization such as 

cardiac output, mitochondrial size and density, and oxidative enzymes have a greater influence 

on V̇O2 peak and CRF. This may explain the weaker relationship between CRF and peak CVC 

in the HO as 95% percent of the HO group had a V̇O2 peak > 100% of their age-predicted 

maximum, and only 57% of the IHD group had a V̇O2 peak > 100% of their age-predicted 

maximum. Our findings do not provide conclusive evidence that such a threshold exists thus, 

further research is warranted to determine the direct effect exercise training has on skin 

microvascular function in adults with IHD who have low CRF levels. 
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4.11. Limitations and Strengths 

Despite considerable recruitment efforts, no females with IHD volunteered to take part in the 

study and therefore, the HO group consisted of a combination of both males and females, while 

the IHD group consisted of males only. Few studies have been undertaken to examine sex 

differences in SkBF responses to provocation testing.  It is unlikely that sex had a significant 

effect on the relationship between peak CVC and V̇O2 peak as V̇O2 peak was scaled relative to 

age and sex. Second, although participants were questioned about their health status including 

physical activity habits, smoking status, and risk factor profile, other potential confound factors 

such as cholesterol levels, body composition and blood glucose levels were not independently 

collected in the current study and have been reported to influence microvascular function (195, 

196). 

In addition, it should be considered that the current provocations tests utilised were performed 

under resting conditions and only assessed ‘peak’ vasodilatory responses of the skin 

microcirculation. It is not clear if provocation tests conducted at rest represent the regulation 

of SkBF during exercise given that the increase in SkBF during exercise is limited to ≈50-60% 

of the maximal blood flow observed under resting heat-stress conditions (1, 158-160). 

Therefore, the current findings cannot determine if SkBF regulation during exercise is related 

to V̇O2 peak or CRF. 

Despite wide utilization of LDF in conjunction with provocation testing to evaluate peak 

vasodilatory capacity in the skin microvasculature, the mechanisms underpinning each 

provocation test remain incompletely understood. An incomplete understanding of how these 

mechanisms work may limit our ability to understand how the provocation tests connect or 

relate to V̇O2 peak. 

Therefore, the weak to very weak relationships between SkBF after provocation testing and 

V̇O2 peak found in the current study peak may reflect a limitation of the testing methodology 



81 

 

rather than a lack of relationship between these two variables.  Further research is warranted to 

gain a more comprehensive understanding of the mechanisms evaluated when utilising these 

provocation assessments. 

4.12. Conclusion  

In summary, there was no strong association between peak skin microvascular vasodilatory in 

response to provocations testing and V̇O2 peak.  Interestingly, there was a significant weak-to-

moderate relationship between CRF and peak skin microvascular vasodilatory responses in 

middle aged and older adults, although this was reduced when examined independently in IHD 

and HO groups. Overall, the findings from the current study do not support the primary 

hypothesis of a strong association between peak microvascular vasodilatory capacity and 

V̇O2peak.  
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5. Chapter 5: The Effect of 12 Weeks of Aerobic Exercise Training on 

Skin Microvascular Function in Adults with Ischemic Heart Disease 

5.1. Introduction 

The cardiovascular response to dynamic exercise is tightly regulated so that cardiac output 

increases and is redistributed away from less metabolically active tissues toward active skeletal 

muscle and coronary circulation in order to meet the metabolic demands of the exercise (22). 

The microcirculation has a central role within the cardiovascular system as a mechanism that 

controls tissue perfusion while also facilitating  the delivery of O2 and removal of CO2 (197, 

198). 

Measurement of blood flow in the microcirculation of skeletal and cardiac muscle is 

technically difficult; however, the skin microcirculation is accessible and easily interrogated 

by non-invasive and minimally invasive methodologies. Holowatz et al., (61) suggested that 

the regulatory mechanisms controlling skin microcirculatory blood flow could provide insight 

into the microcirculatory blood flow control of other tissue beds such as the coronary 

circulation in health and disease. Thus, the skin microcirculation could provide an avenue to 

evaluate systemic microcirculatory regulation and evaluate the impact of exercise training on 

microvascular health.   

Among healthy adults, endurance trained athletes who possess a higher V̇O2 peak also exhibit 

greater vasodilatroy capacity of the skin microvasculature in comparison to similar age-

matched sedentary adults (33, 34, 36, 38). Additionally, a limited number of studies show that 

aerobic exercise training interventions as short as eight-weeks may improve certain aspects of 

skin microvascular function, including endothelial-mediated vasodilation in sedentary healthy 

adults (42, 58, 59). However, previous studies conducted in patients with type 2 diabetes 

mellitus (43, 44) and hypertension (41) have produced conflicting results concerning the effect 
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of exercise training on skin microvascular reactivity. Furthermore, a recent systematic review 

and meta-analysis by Lanting et al.,(47) highted the lack of well controlled studies evaluating 

the effect of exercise training on skin microvascular function in pathological conditions 

associated with the development of microvascular dysfunction such as IHD. Therefore, 

although there is some evidence that exercise training improves both V̇O2 peak and skin 

microvascular reactivity, it is unclear if and by what magnitude skin microvascular function 

can be improved with exercise training in chronically ill adults. 

We previously showed in Chapter 4 that V̇O2 peak and skin microvascular reactivity is 

significantly lower in patients with IHD compared to age-matched healthy adults. We also 

found that microvascular skin reactivity is moderately correlated to an individual’s CRF level; 

however, when disease status (e.g., healthy versus IHD) is taken into consideration, 

microvascular reactivity was unrelated to CRF in HO adults but remained weakly correlated to 

CRF in patients with IHD. To further identify and characterise any relationship between skin 

microvascular reactivity and V̇O2 peak or CRF, the current study aims to elicit an aerobic 

exercise training response in patients with IHD to determine if an improvement in V̇O2 peak 

or CRF is correlated with proportional improvement in skin microvascular reactivity. It was 

hypothesised that 12-weeks of exercise training would result in a proportionate improvement 

in V̇O2 peak, CRF and peak SkBF variables measured in response to provocation testing. 

5.2. Methods 

5.2.1. Study Design and population 

This study employed a quasi-experimental pre-test, post-test design to evaluate the effects of a 

12-week aerobic exercise training programme on V̇O2 peak and skin microvascular function in 

adults with IHD. Twenty-nine male participants (47 – 73 years) with diagnosed but medically 

stable IHD volunteered to participate in the study. Participants were excluded in accordance to 

the criteria outlined in Chapter 3, Section 3.2 (pg., 34). 
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Participants completed three data collection sessions within a two-week timeframe before and 

after 12 weeks of aerobic exercise training.  Each session was separated by at least 24 hours. 

In session one, participants completed a maximal CPX test to measure V̇O2 peak. In session 

two and three, LDF was used to measure SkBF in conjunction with common provocation 

assessments to assess skin microvascular function. Medications were not withheld, and 

participants were instructed to take their prescribed medication at the usual time. Pre- and post-

intervention testing sessions were consistent with respect to meal and medication ingestion 

times.   

5.3. Pre and Post Assessments  

5.3.1. Maximal Cardiopulmonary Exercise Test 

For the assessment of V̇O2 peak, participants completed a CPX test on an upright cycle 

ergometer following the methodology and protocol outlined in Chapter 3, Section 3.5 -3.5.1 

(pg., 36-37). 

5.4. Evaluation of Microvascular Reactivity 

LDF in conjunction with the iontophoresis of ACh and SNP, local surface heating, and post 

PORH were used to measure changes in SkBF and evaluate skin microvascular function. All 

assessments of microvascular function were conducted according to the methodology outlined 

in Chapter 3, Section 3.6 (pg., 38-39). To ensure similar skin sites were investigated pre – and 

post training clear anatomical landmarks (described in Chapter 3, Section 3.6) were used to 

ensure the LDF probe placement remained consistent and the same tester performed the pre-

and-post assessment sessions.    

5.4.1. Acetylcholine and Sodium Nitroprusside   

Iontophoresis of ACh and SNP were used to assess endothelium-dependent and independent 

dilation of the skin microvasculature, respectively according to the protocols outlined in 
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Chapter 3, Section 3.7-3.7.2 (pg., 39-40). The iontophoresis protocol utilised for the delivery 

of ACh and SNP were consistent pre-and-post training. 

5.4.2.  Local Heating and Post Occlusive Reactive Hyperaemia 

Before and after 12-weeks of exercise training SkBF was assessed in response to local surface 

heating (42 ºC) and arterial occlusion of the forearm as previously outlined in Chapter 3, 

Section 3.8-3.81 (pg., 42-43) and Section 3.9 – 3.9.1 (pg., 44-45) respectively. Local surface 

heating was assessed on the forearm contralateral to the one used during PORH.  

5.5. Exercise Intervention 

Following baseline assessments, participants were enrolled in the 12-week exercise training 

intervention. Participants were invited to attend three, 60-minute supervised exercise sessions 

per week, for 12 weeks at the University of Auckland. Exercise training programmes were 

individualised by deriving each participant’s training intensity from the CPX test. The exercise 

sessions began using an intensity equivalent to the first ventilatory threshold (199) and lasted 

for  30 minutes. The exercise programme (Figure 5.1) consisted of a combination of both 

moderate-vigorous continuous training (MCT; 55-80% V̇O2 reserve) and high intensity interval 

training (HIIT) sessions using multi-modal aerobic exercise, including treadmill 

walking/running, stationary cycling, rowing, or elliptical exercise. The HIIT sessions were 

prescribed using 2-minute work intervals, followed by 2-minute recovery bouts. Exercise 

duration and intensity were progressively increased over the 12-weeks by 2-5% every 1-2 

weeks. A clinical exercise physiologist supervised all exercise sessions and during each 

exercise session participants wore a polar heart rate monitor (FT2, Polar Electro, NSW, 

Australia) to ensure the prescribed HR targets were obtained. Training Impulse (TRIMP) was 

calculated for each exercise session to quantify exercise volume and training load across the 

12-weeks.  TRIMP was calculated using the method outlined by Banister et al., (200).  This 

method multiplies the duration of the exercise session by the average HR during the session. 
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HR was indexed as a fraction of HR reserve and was multiplied by an exponential scaling factor 

to account for exercise intensity. 

TRIMP =   𝑒𝑥𝑒𝑟𝑐𝑖𝑠𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 × [(𝐻𝑅𝑎𝑣𝑔 − 𝐻𝑅𝑟𝑒𝑠𝑡)/(𝐻𝑅𝑚𝑎𝑥 − 𝐻𝑅𝑟𝑒𝑠𝑡)]  

×  0.64𝑒𝑥𝑝[(𝐻𝑅𝑎𝑣𝑔 − 𝐻𝑅𝑟𝑒𝑠𝑡)/(𝐻𝑅𝑚𝑎𝑥 − 𝐻𝑅𝑟𝑒𝑠𝑡)  ×  1.92] 
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Figure 5.1: Schematic of the aerobic exercise training programme implemented across the 12-week exercise intervention. MCT; Moderate continuous training, 

VT1; ventilatory threshold 1, VO2R; VO2 reserve, PPO; peak power output, HIIT; high intensity interval training. 



88 

 

5.6. Data Analysis SkBF 

All SkBF data were recorded, stored, and analysed using the Perisoft software (ver. 2.1; 

Perimed, Sweden).  All analyses were performed on data expressed as arbitrary PUs.  Analysed 

data were expressed as PU or as cutaneous vascular conductance (CVC) by dividing PU by 

mean arterial pressure ((diastolic x 2) + (systolic)/3)). CVC was used to account for variations 

in blood pressure between individuals and between testing sessions and to reflect the influence 

of resistance on changes in SkBF. 

 

5.7. Statistical Analysis 

Data were analysed and graphed using GraphPad Prism version 8 (GraphPad Software, La Jolla 

California, USA). All data were expressed as mean ±SD and p-values <0.05 were considered 

statistically significant. Pearson’s correlation coefficients were used to identify the strength of 

the association between V̇O2 peak and peak forearm SkBF or CVC in response to each 

provocation assessment. The strength of correlation was defined by the following rank order: 

r = 0.0-0.19 “very weak”, 0.20-0.39 “weak”, 0.40-0.59 “moderate”, 0.60-.79 “strong”, and 

0.80-1.0 “very strong” (169). Linear regression was used to further characterise the 

relationships. Differences in the relationship between peak CVC and V̇O2 peak before and after 

training were identified by comparing the slopes calculated for the pre- and post-training 

regression analyses. Paired Student’s t-tests were used to compare pre-and post-training 

differences in participant characteristics, and all cardiopulmonary exercise variables except 

RPE. A Wilcoxon matched-pairs signed ranks test was used to assess differences in RPE before 

and after training. Two-way repeated measures ANOVA with Bonferroni post hoc analysis 

were used to determine the effect of exercise training on SkBF parameters, where pre- and 

post-training was the between group factor and the SkBF parameters measured at rest and 

during provocation testing were the repeated measures (condition). 
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5.8. Results 

5.8.1. Participant characteristics 

Participant characteristics and prescribed medications are outlined in Table 5.1. Three 

participants did not complete the 12-week exercise training intervention as outlined in Figure 

5.2 and were therefore excluded from the analysis.  Of the 26 participants included in the study, 

73% had undergone coronary artery revascularisation with PCI, 19% had undergone CABG 

surgery, and 8% received no surgical intervention. The time from medical event (i.e., 

myocardial infarction or coronary revascularisation) was at least 7 weeks and averaged 6 ± 8 

months.  

All participants were male, with a mean age of 61.5 ± 7.2 years and a BMI of 28.0 ± 3.7 kg/m2 

which classified them as overweight. After 12 weeks of exercise training there were significant 

reductions in both resting systolic and diastolic blood pressures (7 ± 8 mmHg and 4 ± 7 mmHg 

respectively). No significant change in weight or BMI were observed after training (Table 5.1). 
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Figure 5.2: Schematic of participant recruitment 
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5.8.2. Exercise Training 

Overall, there was excellent adherence to the exercise training intervention with 97 ± 1% of 

the scheduled exercise sessions completed. Average exercise duration in the first two weeks 

was 37 ± 6 minutes and this increased to 43 ± 10 minutes over the final 2 weeks. Exercise 

intensity increased from 56% of HR reserve to 75% of HR reserve over the 12-week training 

programme. In addition, monthly TRIMP increased from 717 in the first month to 1131 in the 

second and remained elevated at 1053 for the final month of training. The exercise prescription 

was well tolerated; however, five participants were unable to complete the HIIT sessions due 

to one of the following: 1) a rate pressure product limit, 2) moderate angina, or 3) poor blood 

pressure control. These five participants completed MCT for the duration of the 12-week 

exercise programme.    

Table 5.1: Participant Characteristics    

 
PRE POST 

Post – Pre Difference 

(Mean ± SD; 95% CI 
p-value 

Age (yr) 61.5 ± 7.2 61.8 ± 7.2 0.3 ± 0.5 (0.1, 0.4) - 

Weight (kg) 86.7 ± 11.7 86.0 ± 11.4 -0.7 ± 1.9 (-1.5, 0.0) 0.074 

Height (cm) 176.0 ± 6.0 176.1 ± 6.3 0.1 ± 0.5 (-0.2, 0.3) 0.737 

BMI (kg/m2) 28.0 ± 3.7 27.8 ± 3.7 -0.2 ± 0.7 (-0.5, 0.1) 0.101 

Resting SBP (mmHg) 125 ± 14 17 ± 14 -7 ± 8 (-10, -4) <0.001 

Resting DBP (mmHg) 80 ± 8 76 ± 8 -4 ± 7 (-7, -1) 0.014 

           

Primary Intervention Count        

PCI 19        

CABG 5        

Medical management  2        

Primary Medication         

Anti-platelet  26        

Beta-blocker  11        

ACE Inhibitor  14        

Statin  26        

ARB  4        

CCB  4        

Values are mean ± SD. BMI: body mass index, HR: heart rate, SBP: systolic blood pressure, DPB: 

diastolic blood pressure. PCI: percutaneous coronary intervention, CABG: coronary artery bypass 

graft. ACE; angiotensin-converting enzyme, ARB; angiotensin receptor blocker, CCB; calcium 

channel blocker (n = 26). 
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5.8.3. The effect of exercise training on peak aerobic capacity  

The key variables from the CPX exercise tests before and after 12-weeks of exercise training 

are presented in Table 5.2. All participants met the criteria for the attainment of V̇O2 peak 

outlined in Chapter 3, Section 3.5.1 for both the pre and post CPX tests. Peak RER was >1.14 

with no significant difference in peak RER between pre-and post-training (p = 0.560). Peak 

HR achieved for both tests was > 92% of APMHR and there was no significant difference in 

HR between tests (≈3 bpm p= 0.299). Lastly, peak RPE remained unchanged after training. 

Overall, these results align with secondary criteria used to verify that the measured V̇O2 peak 

likely reflects the participant’s maximal oxygen consumption rate (170) and importantly 

reflects a similar effort across both tests. 

After training, peak power output increased by 34W (p < 0.001) and the absolute (L·min-1) and 

relative (mL·kg-1·min-1) V̇O2 peak increased by 14% or 0.3 L·min-1 and by 16% or 4 ml·kg-

1·min-1 respectively (Table 5.2). Furthermore, the percentage of the participant's age and sex 

predicted V̇O2 peak achieved during testing increased from 92 ± 20 % to 106 ± 23 % after 

exercise training. 
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Table 5.2: Select Peak Exercise CPX Variables 

 
PRE 

(Mean ± SD) 

POST 

(Mean ± SD) 

Post – Pre-Difference 

Mean ± SD (95%CI) 
p-value 

V̇O2 (mL·kg-1·min-1) 25.5 ± 6.7 29.5 ± 7.4 4.0 ± 1.5 (3.4, 4.6) <0.001 

V̇O2 (L·min-1) 2.2 ± 0.5 2.5 ± 0.5 0.3 ± 0.1 (0.3, 0.4) <0.001 

V̇O2 predicted (%) 92 ± 20 106 ± 23 15 ± 6 (13, 17) <0.001 

Power Output (W) 163 ± 44 198 ± 47 34 ± 14 (29, 40) <0.001 

V̇E (L·min-1) 97 ± 23 109 ± 25 12 ± 12 (7, 17) <0.001 

RER 1.15 ± 0.05 1.14 ± 0.04 -0.01 ± 0.05 (-0.02, 0.02) 0.560 

HR (beats·min-1) 151 ± 21 154 ± 21 3 ± 14 (-3, 9) 0.299 

APMHR (%) 92 ± 13 94 ± 12 2 ± 8.5 (-2, 5) 0.271 

O2-pulse (mL·beat-1) 14.5 ± 2.6 16.6 ± 2.8 2.1 ± 1.0 (1.7, 2.5) <0.001 

RPE 8. 9, 101 9, 9, 101 0 (0.2, 0.5)2 0.380 

Values are mean ± SD (n= 26). V̇O2; oxygen uptake, V̇E; expired ventilation rate, RER; respiratory 

exchange ratio, APMHR; age-predicted maximum heart rate, RPE; rating of perceived exertion. Note1: 

values are the 25th percentile, median and 75th percentile. Note2: values are the median difference and the 95th 

percentile. 

 

5.8.4. SkBF and CVC in response to ACh and SNP 

Baseline and peak increases in SkBF and CVC during the iontophoresis of ACh and SNP before 

and after 12-weeks of aerobic exercise training is presented in Table 5.3. There were no 

significant differences in baseline SkBF or CVC after the 12-week exercise intervention at 

either ACh or SNP measurement sites (Table 5.3). Peak CVC in response to ACh iontophoresis 

increased by 51% from 0.53 ± 0.22 PU·mmHg-1 to 0.80 ± 0.31 PU·mmHg-1 after training. On 

the other hand, SkBF and CVC in response to SNP iontophoresis remained unchanged after 

12-weeks of exercise training (0.77 ± 0.32 PU·mmHg-1 versus 0.85 ± 0.38 PU·mmHg-1, p = 

0.116). Before and after training the increase in SkBF and CVC in response to SNP 

iontophoresis were larger compared to ACh and the ratio of ACh to SNP mediated-vasodilation 

increased from 70% to 95% after exercise training. 
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5.8.5. SkBF and CVC in response to local heating and PORH 

Table 5.4 outlines the primary SkBF and CVC variables measured in response to local skin 

surface heating to 42 °C before and after training. There were no significant differences in 

baseline SkBF or CVC after training at either PORH or local-heating measurement sites (Table 

5.4). Figure 5.3 illustrates the effect of exercise training on CVC in response to local surface 

heating. Local surface heating produced a biphasic increase in SkBF and CVC. The initial-peak 

increase in CVC was 23% higher (i.e., 1.04 ± 0.42 PU·mmHg-1 to 1.28 ± 0.57 PU·mmHg-1) 

post-training (Figure 5.3. & Table 5.4; p = 0.056). While, the secondary plateau-phase in CVC 

increased by 32% from 1.47 ± 0.63 PU·mmHg-1 to 1.94 ± 0.92 PU·mmHg-1 after training 

(Figure. 5.3 & Table 5.4; p <0.001). Lastly, the rate of change in CVC from the onset of the 

heat stimulus to the initial-peak was unchanged by 12-weeks of exercise training (Table 5.4). 

Table 5.3: SkBF Parameters: ACh and SNP iontophoresis 

 PRE 

(Mean ± SD) 

POST 

(Mean ± SD) 

Post – Pre Difference 

(Mean ± SD; 95%CI) 

p - 

value 

Iontophoresis Ach 

Baseline SkBF (PU) 8.2 ± 3.0 10.1 ± 4.8 1.9 ± 4.3 (-6.8, 10.5) >0.999 

Maximal ACh  (PU) 50.1 ± 20.5 71.8 ± 29.2 21.7 ± 21.6 (12.9, 30.4) <0.001 

Baseline SkBF (CVC) 0.09 ± 0.03 0.11 ± 0.05 0.02 ± 0.04 (-0.07, 0.12) >0.999 

Maximal ACh  (CVC) 0.53 ± 0.22 0.80 ± 0.31 0.27 ± 0.28 (0.17, 0.36) <0.001 

Iontophoresis SNP 

Baseline SkBF (PU) 8.9 ± 5.5 9.3 ± 3.6 0.4 ± 6.8 (-8.1, 8.8) >0.999 

Maximal SNP  (PU) 72.1 ± 29.2 75.0 ± 27.8 2.9 ± 26.7(-5.6, 11.3) 0.866 

Baseline SkBF (CVC) 0.09 ± 0.06 0.10 ± 0.05 0.01 ± 0.08 (-0.09, 0.11) >0.999 

Maximal SNP  (CVC) 0.77 ± 0.32 0.85 ± 0.38 0.08 ± 0.33(-0.01, 0.18) 0.116 

Values are mean ± SD. ACh; Acetylcholine, SNP; Sodium nitroprusside, SkBF; Skin blood flow, PU; 

Perfusion unit, CVC; cutaneous vascular conductance. (n= 26) 
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Figure 5.3: Data displayed as mean ± SD. Cutaneous vascular conductance (CVC) changes in the forearm 

during 30 minutes of local skin heating in adults with IHD (n = 25) before and after 12-weeks of exercise 

training. CVC at rest (black bars), during the initial-peak (grey bars) and plateau-phase (stippled bars) are 

shown. An asterisk (*) identifies significant differences (p <0.05) in CVC before and after exercise 

training. 
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Table 5.4 SkBF Parameters: Local heating and PORH 

 PRE 

(Mean ± SD) 

POST 

(Mean ± SD) 

Post – Pre Difference 

Mean ± SD (95%CI) 

p-value 

Local heating (42°C)           

Baseline SkBF (PU) 13.9 ± 5.0 14.4 ± 4.7 0.4 ±  6.0 (-22.9, 23.8) >0.999 

Initial heat maximum (PU) 98.0 ± 37.8 115.5 ± 55.0 17.5 ±  57.9 (-5.9, 40.8) 0.208 

Baseline SkBF (CVC) 0.15 ± 0.05 0.16 ± 0.05 0.01 ±  0.06 (-0.23, 0.26) >0.999 

Initial heat maximum (CVC) 1.04 ± 0.42 1.28 ± 0.57 0.24 ±  0.62 (-0.01, 0.49) 0.056 

Time to initial heat maximum (minutes) 2.2 ± 0.4 2.1 ± 0.4 -0.1 ±  0.6 (-0.4, 0.2) 0.393 

Slope from heat marker to start of initial 

heat maximum (units/min) 

43.3 ± 23 53.5 ± 26.2 10.2 ± 61.3 (-2.7, 23.1) 0.117 

Heat plateau (PU) 139.0 ± 57.2 175.0 ± 89.9 36.1 ±  89.9 (12.7, 59.4) 0.001 

Heat plateau (CVC) 1.47 ± 0.63 1.94 ± 0.92 0.47 ±  0.95 (0.22, 0.72) <0.001 

Post occlusive reactive hyperaemia  

Baseline SkBF (PU) 17.2 ± 6.3 20.1 ± 10.3 2.84 ±  10.3 (-28.6, 34.3) >0.999 

Biological Zero (PU) 3.4 ± 1.4 3.3 ± 1.4 -0.0 ± 1.9 (-0.8,0.7) 0.954 

Maximal SkBF (PU) 109.2 ± 50.1 134.0 ± 78.0 24.7 ±  96.3 (-6.7, 56.2) 0.144 

Baseline SkBF (CVC) 0.18 ± 0.07 0.22 ± 0.12 0.04 ± 0.11 (-0.29, 0.37) >0.999 

Maximal SkBF (CVC) 1.15 ± 0.56 1.48 ± 0.82 0.33 ±  1.02 (0.01, 0.66) 0.055 

AUC (PU x s) 28343 ± 26692 41215 ± 40866 12872 ± 1036 (-8513, 3425) 0.226 

Time to peak SkBF (s) 71.9 ± 38.1 66.6 ± 36.4 -5.3 ± 47.7 (-25.0, 14.4) 0.582 

Values are mean ± SD. SkBF; Skin blood flow, PU; Perfusion unit, CVC; cutaneous vascular conductance, AUC; area under the curve. 

(n = 25)  
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The primary variables assessed in response to PORH are displayed in Table 5.4. The PORH 

response can be seen in Figure 5.4. Baseline SkBF and CVC prior to occlusion remained 

unchanged after 12-weeks of exercise training (Figure. 5.4 & Table 5.4). Exercise training 

resulted in a ≈23 and ≈28 % increase in peak SkBF and CVC following 5-minutes of forearm 

arterial occlusion respectively but did not reach conventional levels of statistical significance 

(Table 5.4). Similarly, the total AUC increased after training but did not reach conventional 

levels of statistical significance (p = 0.226). Lastly, the time required to reach peak SkBF 

immediately following cuff deflation remained unchanged after 12-weeks of exercise training 

(71.9 ± 38s versus 66.6 ± 36.4s). Overall, 12-weeks of exercise training resulted in a small but 

non-significant upward shift in CVC following release of occlusive pressure (Figure 5.4). 

 

Figure 5.4: Schematic of the reperfusion response following 5-minutes of forearm arterial occlusion 

in adults with IHD before (open circles) and after (filled squares) 12-weeks of exercise training. 

Values are mean ± SD (n = 25) 
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5.9. The Effect of 12-weeks of Exercise Training on the Relationship Between 

Peak CVC and CRF 

The relationship between CRF and peak CVC in response to the four provocation tests before 

and after 12-weeks of exercise training are displayed in Figure 5.5. Similar to findings reported 

in Chapter 4 in adults with IHD, peak SkBF and CVC following provocation testing were very-

weakly to weakly (r = 0.1 – 0.31) associated with CRF prior to exercise training in response to 

ACh iontophoresis (Figure 5.5A), PORH (Figure 5.5C), initial-heat peak (Figure 5.5D) and 

plateau-heat peak (Figure 5.5E). Conversely, there was a moderate correlation (r = 0.50) 

between peak CVC in response to SNP iontophoresis and CRF. 

Twelve-weeks of exercise training did not significantly alter the strength of the linear 

relationships between peak CRF and peak CVC following ACh iontophoresis (Figure 5.5A), 

SNP iontophoresis (Figure 5.5B) and PORH (Figure 5.5C). The strength of the relationship 

between peak CVC in response to local surface heating (Figure 5.5 D&E) and CRF increased 

slightly from a weak association (initial-heat peak r = 0.22, plateau-peak r = 0.31) to a moderate 

association (r = 0.41) after 12 weeks of exercise training; however, the difference between the 

slope of the lines before and after exercise training did not reach statistical significance (p = 

0.37, p = 0.48 respectively). Overall, these findings indicate that 12-weeks of aerobic exercise 

training does not greatly impact the relationship between the skin’s vasodilatory responses to 

provocation testing and CRF.
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Figure 5.5: The relationship between cardiorespiratory fitness (CRF; defined as the V̇O2 peak expressed as a percentage of the age and-sex predicted 

value) and peak cutaneous vascular conductance (CVC) in response to iontophoresis of acetylcholine (A), sodium nitroprusside (B), post occlusive 

reactive hyperemia (C), Initial (D) and plateau phase (E) of local heating to 42 °C on the forearm in adults with IHD before (open circles) and after (filled 

circles) 12-weeks of exercise training (n = 26) 
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5.10. Are Training-induced Improvements in CRF Dependent on Improvements 

in SkBF Microvascular Reactivity? 

Twelve-weeks of exercise training increased CRF and peak CVC in response to provocation 

assessments; however, the changes were not proportional to each other (Figure 5.6). For all 

four provocation assessments examined, there were non-significant, weak to very weak 

relationships (range r = 0.03 to -0.21) between the amount of improvement in CRF and the 

amount of improvement in peak CVC in response to provocation testing. This implies that less 

than 1% of the increase in CRF following exercise training is explained by changes in skin 

microvascular reactivity (Figure 5.6).  Training-induced increases in CVC following 

provocation testing also were associated with weak to very weak relationships to V̇O2 peak 

when expressed in litre per minute or when scaled relative to total body mass (data not shown).     

 

5.11. Were the Improvements in V̇O2 peak and Peak CVC Related to Training 

Load/Volume? 

To determine whether there was a dose-response effect for V̇O2 peak and peak CVC in response 

to provocation testing, the change in V̇O2 peak and peak CVC was plotted against total 

cumulative TRIMP over the 12-week exercise training programme. The relationship between 

total cumulative TRIMP and the change in V̇O2 peak and peak CVC is illustrated in Figure 5.7. 

A significant moderate correlation was observed between the change in V̇O2 peak and total 

TRIMP with a Pearson correlation coefficient of r = 0.48; p = 0.016. The Pearson correlation 

coefficients for the change in peak CVC in response to ACh (r = 0.04; Figure 5.7B), SNP (r = 

0.09, Figure 5.7C), and in response to local heating (initial-peak r = 0.07, plateau-peak r = 0.07, 

Figure 5.7E &F) showed non-significant and very weak positive correlations. Finally, a weak 

non-significant negative association was found between the change in peak CVC during PORH 

(r = -0.26, Figure 5.7C) and total cumulative TRIMP.  
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Figure 5.6: The relationship between the change (∆) in cardiorespiratory fitness (CRF; defined as the V̇O2 peak expressed as a percentage of the age 

and-sex predicted value) and the change (∆) in peak cutaneous vascular conductance (CVC) in response to iontophoresis of acetylcholine (A), sodium 

nitroprusside (B), post occlusive reactive hyperaemia (C), and the initial (D), and plateau phase (E) of local heating to 42 °C on the forearm after 12 

weeks of  exercise training in adults with IHD (n = 26). 
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Figure 5.7: (A) The relationship between cumulative training impulse (TRIMP) and the change (∆) in peak aerobic capacity (V̇O2 peak). The relationship 

between cumulative TRIMP and the change (∆) in peak cutaneous vascular conductance (CVC) in response to iontophoresis of acetylcholine (B), sodium 

nitroprusside (C), post occlusive reactive hyperemia (D), and the initial (E) and plateau phase (F) of local heating to 42°C on the forearm after 12-weeks of 

aerobic exercise training in adults with IHD (n = 25). 
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5.12. Discussion  

The current study aim was two-fold; first, the aim was to determine if aerobic exercise training 

results in an improvement in skin microvascular vasodilatory capacity in response to 

provocation testing in adults with IHD. Second, the study aimed to determine if there was a 

dependent association between CRF improvement following exercise training and the 

improvement in skin microvascular reactivity in response to provocation testing. It was 

hypothesised that exercise training would result in an improvement in V̇O2 peak and CRF, and 

that there would be a proportionate increase in skin microvascular vasodilatory capacity (i.e., 

increase peak SkBF and CVC) in response to provocation testing. Three principle findings 

were made: 1) twelve-weeks of exercise training is sufficient to improve V̇O2 peak and CRF in 

middle aged and older adults with IHD, 2) peak CVC in response to ACh iontophoresis and 

local surface heating improved following 12-weeks of exercise training, however, peak CVC 

in response to SNP iontophoresis and PORH remained unchanged, and 3) despite an 

improvement in V̇O2 peak and CRF there was no compelling evidence to suggest that the 

improvement in CRF or V̇O2 peak was directly explained by, or associated with an 

improvement in peak CVC. 

5.12.1. Effect of Exercise Training on V̇O2 peak and CRF 

The current findings demonstrate that 12-weeks of exercise training elicited a significant 

improvement in V̇O2 peak in middle aged and older adults with IHD. There are several pieces 

of evidence which supports the contention that the improvement in V̇O2 peak in the current 

study is reflective of a physiological training adaptation and not simply an effort-dependent 

improvement during the post training CPX test. Both the pre and post CPX tests were 

terminated due to volitional fatigue and all participants satisfied the secondary criteria for the 

attainment of V̇O2 peak outlined for older adults (170). Furthermore, there were no significant 

differences in peak RER (0.01), peak HR (3 bpm) or peak RPE (0) between pre-and post-
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assessments (Table 5.2). These findings suggest a similar effort was performed between both 

pre and post-tests. On average, peak power increased post-training by 34W and V̇O2 peak 

increased by 4 mL·kg-1·min-1 (16%) or 326 mL·min-1 yielding an appropriate ΔV̇O2/ΔW 

relationship of 9.6 mL·watt-1 (193). 

The exercise duration and intensities utilised in the current study are consistent with the recent 

guidelines for cardiac rehabilitation (153) and the reported improvement in V̇O2 peak of 4 

mL·kg-1·min-1 (16%; Table 5.2) is comparable with previous studies in patients with CAD (17, 

201-206). A recent systematic review by Pattyn et al., (17) reported a 2.61 mL·kg-1·min-1 (13%) 

and 4.26 mL·kg-1·min-1 (20%) improvement in V̇O2 peak following MCT training and HIIT 

respectively, in patients with CAD over a similar exercise training duration. Additionally, 

Conraads et al., (205) reported a 20% to 23% (4.4 – 5.1 mL·kg-1·min-1) improvement in V̇O2 

peak in patients (n = 200, 58.4 ± 9.1 years) with IHD after 12-weeks of either MCT training or 

HIIT, respectively. Therefore, the magnitude of improvement in V̇O2 peak in the current study 

is comparable to previous exercise programmes of similar duration and intensity within a 

similar population.  

5.12.2. Effect of exercise training on resting SkBF and CVC 

Average baseline SkBF before and after exercise training ranged from ≈8-20 PU, which is 

consistent with previous studies that have assessed SkBF on the volar surface of the forearm 

using similar methodological techniques (34, 94). Baseline SkBF and CVC were unchanged 

after 12-weeks of exercise training (Table 5.3 & 5.4). This finding is supported by Hodges et 

al., (59) who reported no change in resting CVC after 48 weeks of aerobic exercise training in 

20 post-menopausal women. Similarly, no change in baseline CVC was reported following 24 

weeks of aerobic exercise training in healthy older sedentary adults (58). The similarity in 

baseline SkBF and CVC before and after exercise training illustrates consistency in 

experimental preparation and probe placement between different testing days. 
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5.12.3. The Effect of Exercise Training on ACh and SNP-mediated Vasodilation 

The observation that 12-weeks of aerobic exercise training improved ACh-mediated 

vasodilation after exercise training is consistent with the prior studies in healthy adults (42, 58, 

59). ACh acts on the endothelium to promote vasodilation primarily through the release of NO 

and other endothelial-derived vasodilating factors including, cyclooxygenase (COX), 

prostaglandin, and EDHF (176, 207-210). It is well established that endothelial function and 

NO bioavailability are enhanced in larger conduit arteries after exercise training in patients 

with CVD (211-214); however, the effect of exercise training on skin endothelial function is 

limited, with conflicting results between healthy and patient populations (42-44, 58, 59). 

Hodges et al., (59) reported a significant and comparable improvement (56%) in peak SkBF in 

response to ACh iontophoresis in healthy post-menopausal women (n = 20, 59 ± 1 years) after 

24-weeks of exercise training but not at 12 weeks. The lack of improvement in ACh-mediated 

vasodilation in the initial 12-weeks of exercise training may be explained by a lower initial 

exercise stimulus (3x weekly, 30 minutes, 30% HR reserve) in comparison to the current study 

(3x weekly, ≈45 minutes, 55% - 80% V̇O2 reserve). Shorter exercise training programmes (i.e., 

8-weeks) have reported improvements in skin microvascular ACh-mediated vasodilation (42). 

Wang (42) demonstrated that 8-weeks of moderate aerobic exercise training (5x weekly, 30 

minutes, 50% V̇O2 max) in healthy young men (21.6 ± 0.2 years) increased SkBF in response 

to ACh iontophoresis by ≈126%. The substantially greater increase in ACh-mediated 

vasodilation reported by Wang (42) in comparison to the current study findings (≈51%) and 

those of Hodges and colleagues (59) may be explained by the younger population studied and 

that the participants were all healthy. However, some caution should be made with respect to 

the findings of Wang (42) as they reported an improvement in V̇O2 peak of 10.6 mL·kg-1·min-

1 after 8-weeks of exercise training which is considerably more than expected in response to a 

conservative exercise training stimulus. 
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In contrast to findings in healthy adults, vasodilatory responses to ACh in the skin 

microcirculation are not always improved with exercise training in patients with chronic 

disease conditions. In contrast to our findings, Borges et al., (215) recently demonstrated that 

6-months of moderate aerobic exercise training for more than two sessions per week did not 

significantly improve peak CVC in response to ACh iontophoresis in a group of patients with 

CAD. Despite, the primary diagnosis of CAD, a significant proportion (≈50%) of their sample 

also had diagnosed diabetes mellitus.  In addition, to the marked differences in patient co-

morbidities, this earlier research reported substantially lower improvements in V̇O2 peak (0.99 

± 3.54 mL·kg-1·min-1) despite a longer training intervention than the current study. Thus, it is 

possible that the exercise stimulus was insufficient or less effective to invoke any physiological 

adaptations when multiple comorbid chronic conditions are presented.  

Unlike responses to ACh, the increase in SkBF and peak CVC in response to SNP in the current 

study remained largely unchanged after 12-weeks of exercise training (Table 5.3). This finding 

is consistent with most previous reports showing very modest effects of exercise training on 

smooth muscle vascular function in healthy adults (42, 58) and other patient populations (44, 

216). Hodges et al., (59) reported significant improvements in SkBF in response to SNP 

iontophoresis after 36-weeks of moderate intensity exercise training suggesting that vascular 

smooth muscle adaptations can occur after prolonged (≥ 36 weeks) but not short-duration 

exercise training. Therefore, this may explain why no improvement in SNP mediated 

vasodilation was observed in the current study. Overall, regular aerobic exercise training 

appears to improve endothelial-mediated vasodilation, while smooth muscle cell sensitivity to 

NO remains largely unchanged.  

5.12.4. Effect of exercise training on SkBF and CVC in response to local heating  

While the current study showed no significant improvement in the initial peak in SkBF or CVC 

in response to local heating, the plateau-phase of the response was improved by ≈32% (Table 
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5.4) after 12-weeks of exercise training. In contrast to previous cross-sectional studies in 

healthy adults (34, 179, 194) the initial-heat peak was not significantly improved after exercise 

training. Tew et al., (34, 179, 194) have consistently shown a higher initial-heat peak SkBF 

response in older endurance trained adults compared to sedentary age-similar controls using a 

cross-sectional analysis approach; however, the direct effect of an exercise training 

intervention has not been extensively investigated. Our findings suggest that exercise training 

does not significantly alter the axon-mediated reflex response to surface heating in the skin 

microvasculature in patients with IHD.  

The plateau-phase of the local heating response was improved by ≈32% after 12-weeks of 

exercise training and this is consistent with prior studies in healthy sedentary older adults. 

Similar to the current findings, Hodges et al., (59) reported a 52% increase in SkBF in response 

to prolonged local heating in postmenopausal women (n = 20, 59 ± 1 years) after 24-weeks of 

aerobic exercise training. Black et al., (58) also reported an improvement in peak SkBF during 

the plateau-phase of local heating in older sedentary healthy adults (n = 8, 60 ± 1 years) largely 

due to enhanced NO-mediated vasodilation after 12-weeks of aerobic exercise training (58). 

Given the secondary rise and plateau-phase of the SkBF response is largely mediated by 

endothelial production of NO (111, 113), our results suggest that microvascular endothelial 

function is improved after 12-weeks of exercise training in adults with IHD. This effect is likely 

mediated by greater synthesis and availability of NO to initiate vascular smooth muscle 

relaxation; however, it should be noted that other endothelial vasoactive compounds such as 

prostaglandins and EDHF factors may also contribute to the ACh and or heat plateau response 

(90, 92, 208). Nonetheless, the current findings indicate that skin microvascular endothelial 

function is improved after 12-weeks of exercise training in adults with IHD.    

The mechanism(s) responsible for exercise training-induced improvement in microvascular 

endothelial function are not yet conclusively identified but might include repeated application 
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of shear stress on the microvascular endothelium that in turn increases NO synthase and NO 

bioavailability. Green et al., (217) investigated the effect of shear stress on microvascular 

endothelial function in response to local heating. In a small sample of healthy males (21.9 ± 

1.7 years) bilateral forearm immersion in warm water (42 °C) was performed for three, 30-

minute sessions per week, for 8-weeks. During the immersion sessions, shear stress was 

modulated by inflating a blood pressure cuff around one forearm to attenuate the hyperaemia 

response and reduce shear stress, while the other forearm remained uncuffed. Following the 8-

week intervention, SkBF and CVC significantly improved in the uncuffed arm whereas no 

changes were observed in the cuffed arm. This finding suggests that exposure to repeat bouts 

of shear stress can increase endothelial NO production in the skin microvasculature. Thus, 

during exercise, repeated increases in perfusion pressure and blood flow could provide an 

appropriate shear stress stimulus leading to improved microvascular vasodilatory function. 

5.12.5. The Effect of Exercise Training on SkBF and CVC in Response to Local Forearm 

Arterial Occlusion 

In the current study, 12-weeks of exercise training did not improve peak SkBF or peak CVC 

following reperfusion. Furthermore, the hyperaemia AUC remained unchanged. Few studies 

have evaluated the impact of exercise training on skin microvascular PORH in patient 

populations. Previous cross-sectional studies in healthy adults have yielded equivocal results, 

with some demonstrating a greater increase in peak SkBF and/or AUC following reperfusion 

in endurance trained adults compared to sedentary controls (34, 36, 38). Other studies, have 

shown no significant influence of training status on post occlusive peak SkBF or the 

hyperaemic AUC (46, 218).  

The capacity for exercise training to affect the skin microvascular PORH response has been 

understudied, especially in patients with IHD. Consistent with the current study, Pasqualini et 

al., (41) found that peak SkBF did not change after 8-weeks of moderate-vigorous intensity 
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exercise training in 24 patients with hypertension (44 ± 6 years); however, in contrast to the 

current findings they did report a significantly greater AUC following exercise training. 

Similarly, Tew et al., (219) reported a significantly greater increase in the AUC and peak CVC 

in response to 5-minutes of forearm arterial occlusion after 24 weeks of low-moderate intensity 

aerobic exercise (45% HR reserve) performed, three-to-five times weekly in postmenopausal 

women, but no difference in peak CVC in the initial 12-weeks of the exercise intervention. 

The discrepancies between the current and previous studies may be due to several factors, 

including large variations in exercise training intensities and duration of the training 

programme. Furthermore, previous studies used varying durations of arterial occlusion ranging 

from 3–8 minutes that directly influences the magnitude of the hyperaemic response. Despite 

an improvement in peak CVC in response to ACh and the peak-plateau phase in response to 

local heating no significant improvement in peak SkBF or CVC following arterial occlusion 

was observed in the current study. These findings suggest that PORH likely depends on 

different microvascular regulatory pathways compared to ACh and local heating, and that these 

pathways are potentially less influenced by exercise training or require a longer exercise 

duration or training stimulus to observe notable adaptations.  

5.12.6. The Relationship Between V̇O2 peak, CRF and peak CVC After Exercise Training 

Prior studies have shown that improvements in endothelial function in large conduit arteries 

are associated with improvements in V̇O2 peak in healthy and patient populations (211, 220, 

221). Thus, the improvement in V̇O2 peak after exercise training may in part be explained by 

greater endothelial-mediated vasodilation leading to greater muscle blood flow and oxygen 

delivery during exercise. Given that the blood-tissue and thus, tissue-oxygen interface is within 

the microvasculature, it seems likely that improvement in microvascular vasodilatory capacity 

would correlate proportionally to changes in V̇O2 peak and CRF.  
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Despite significant improvement in V̇O2 peak, CRF and peak CVC in response to ACh 

iontophoresis and the plateau-phase of the local heat response, the association between these 

variables were largely unchanged after exercise training (Figure 5.5). Furthermore, the changes 

in peak CVC after 12-weeks of exercise training were not strongly associated with 

improvements in CRF or V̇O2 peak (Figure 5.6). This supports the cross-sectional findings 

outlined in Chapter 4 that highlighted very-weak to weak relationships between peak CVC in 

response to provocation testing and V̇O2 peak and CRF. Extending this finding is the 

observation that although exercise training improved most measures of endothelial-mediated 

vasodilation, the improvement was not proportionally related to the exercise training dose (i.e., 

cumulative TRIMP). The fact that the improvement in V̇O2 peak was proportional to training 

dose while peak CVC responses to provocation testing were not suggests that although both 

V̇O2 peak and peak CVC respond to exercise training, any training-induced improvement in 

V̇O2 peak is independent of skin microvascular regulation as measured by provocation testing. 

Overall, these findings are in contrast to the hypothesis and suggest that the training induced 

improvements in V̇O2 peak, CRF and peak CVC measured in the skin occur largely 

independent of each other. 

These findings may be explained by several factors. First, the maximal vascular conductance 

of active skeletal muscle in the arms and legs far outweigh the pumping capacity of the heart. 

Therefore, even during maximal exercise the muscular and skin vasodilatory responses are 

restricted in order to enable effective distribution of blood flow to metabolically active skeletal 

muscle, while, maintaining mean arterial pressure (222). Consequently, the peak skin 

vasodilatory response measured at rest in response to provocation testing are unlikely to 

appropriately reflect the regulation of the skin vascular conductance during maximal exercise 

and thus, may explain the weak to very weak correlation between changes in peak CVC and 

V̇O2 peak and CRF. Second, the relationship between microvascular vasodilation and V̇O2 peak 
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may only be critical or proportional up to a certain threshold. Once the threshold level of 

vasodilation has been achieved, it no longer limits oxygen uptake and other factors such as 

cardiac output, mitochondrial function and oxidative enzymes become more important. This 

raises the intriguing possibility of a threshold effect for training on endothelial function that 

may be determined or influenced by CRF.  

5.13. Strengths and Limitations  

The current study was among the first to evaluate the effect of an aerobic exercise training 

intervention on skin microvascular reactivity in patients with IHD. Previous studies were 

conducted in healthy adults using cross-sectional research designs limiting the understanding 

of exercise training effects on skin microvascular function; particularly in populations known 

to have microvascular dysfunction such as IHD. A strength of the current study is the utilisation 

of multiple provocation tests, which allows for greater understanding of the impact of exercise 

training on different regulatory pathways that control microvascular blood flow.  

The current study did not utilise a control group who underwent all testing sessions but did not 

participate in the exercise intervention. This was predominately due to logistical reasons 

including, participant recruitment and ethical considerations. Given that participants recruited 

into the study experienced a recent cardiac event, many were unwilling to undergo the testing 

sessions without receiving the benefit of the exercise intervention in return. The lack of a 

control group limits the ability to draw conclusions on the potential effect further 

cardiovascular deconditioning may have had on V̇O2 peak and microvascular dysfunction 

within a 12-week frame. Also, participants included in the current study had a wide range of 

disease severity (e.g., no surgical intervention vs. CABG), it cannot be concluded whether 

disease severity or duration had any effect on the variability of improvement in V̇O2 peak or 

peak CVC because the sample size was insufficient for this type of analysis. The current study 

did not directly evaluate the mechanisms by which exercise training improves microvascular 
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function therefore, the mechanisms by which exercise training induces improvements in 

microvascular reactivity in the skin microcirculation can only be speculated on based on the 

mechanisms that are presumed to be involved in each provocation test response.  

5.14. Conclusion 

In summary, 12-weeks of moderate-vigorous exercise training improves V̇O2 peak, CRF, and 

skin microvascular vasodilation in responses to some forms of provocation testing among 

middle aged and older adults with IHD. Peak CVC was improved in response to ACh 

iontophoresis and local heating but not SNP iontophoresis or PORH. These results strongly 

suggest that exercise training enhanced endothelial responsiveness to Ach without influencing 

smooth muscle cell responsiveness to NO implying that training improved the capacity of the 

endothelium to produce and release endothelial vasodilatory mediators. Twelve-weeks of 

exercise training did not significantly alter any relationship between peak CVC in response to 

provocation testing and peak CRF, which remained weak-moderate at best. Furthermore, the 

changes in peak CVC in response to provocation testing were not positively correlated with the 

change in V̇O2 peak or CRF after training suggesting that the training induced improvement in 

V̇O2 peak, CRF, and peak CVC occur largely independent of each other. Overall, the findings 

demonstrate the important benefits of aerobic exercise training for improving V̇O2 peak, CRF 

and microvascular function in adults with IHD even though these physiological variables are 

independent of one another
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6. Chapter 6: The Relationship Between SkBF Regulation During 

Graded Exercise and Peak Aerobic Capacity in Middle Aged and 

Older Adults With and Without Ischemic Heart Disease 

6.1. Introduction 

The provocation assessments utilised in Chapter 4 and 5 are widely employed to evaluate 

microvascular regulation in the skin and to a lesser extent how exercise training may impact 

microvascular function in healthy adults and certain patient population. A central limitation of 

these provocation tests is that they assess ‘peak’ microvascular vasodilatory responses under 

resting ‘static’ conditions and thus, may not reflect the regulatory functions within the skin 

which control blood flow during exercise. In a thermoneutral environment at rest, SkBF does 

not vary widely and averages 250–500 mL·min-1or 5% of cardiac output (63, 64). During 

severe heat stress SkBF can increase up to ≈8 L·min-1 which represents ≈60% of cardiac output, 

in order to dissipate heat to the environment (156). A key aspect of this response that is often 

not considered is that the skin microvascular vasodilation during exercise is submaximal, even 

under severe heat stress SkBF during exercise plateaus at ≈50-60% of the maximal blood flow 

obtained under resting heat-stress conditions (1, 158-160, 223). Thus, peak vasodilation 

measured using traditional resting state provocation assessments (i.e., ACh iontophoresis) may 

not reflect vascular tone changes occurring during vigorous exercise and therefore, its 

relationship to V̇O2 peak. 

During dynamic exercise, there is a competing need for cardiac output to be redistributed to 

the skin circulation for thermoregulation and to active skeletal muscle. In non-glabrous skin, a 

complex interaction of thermoregulatory and non-thermoregulatory mechanisms control 

vascular tone (vasodilation and vasoconstriction) and SkBF during thermal stress and exercise 

(70, 224). During the onset of acute exercise, microvascular vasoconstriction redistributes 
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blood flow away from the skin circulation (and other inactive tissues such as renal and 

splanchnic tissues) so that cardiac output can be distributed to metabolically active skeletal 

muscle (1, 70, 225-227). During dynamic exercise which engages a large percentage of muscle 

mass (50%), cellular metabolism increases heat production, and in turn increases core 

temperature and SkBF (1, 64). The initial rise in SkBF during the early stages of exercise is 

mediated by an increase in perfusion pressure and the withdrawal of vasoconstrictor tone, but 

as core temperature increases the threshold for active vasodilation is reached and microvascular 

resistance is further reduced. This allows, SkBF to increase linearly with increasing core 

temperature up to 38 ºC (160, 228). Beyond a core temperature of ≈38°C, SkBF plateaus at 

approximately 50-60% of maximal capacity induced by local heating under resting conditions 

despite further increases in core temperature (160, 223). The plateau in SkBF observed during 

dynamic exercise suggests that there is an upper limit that SkBF can increase to during exercise. 

This is likely a consequence of competing needs for cardiac output distribution to active 

skeletal muscle and maintenance of mean arterial blood pressure (64, 159).  

The findings from chapter 4 and 5 indicated that microvascular reactivity measured by 

provocation testing at rest is weakly correlated to CRF in patients with IHD and there was 

virtually no correlation between the variables in healthy adults. Yet it was observed in Chapter 

5 that endothelial-mediated vasodilation was improved after 12-weeks of moderate-vigorous 

aerobic exercise training even though the magnitude of the training-induced changes in 

endothelial-mediated vasodilation were not strongly correlated with training-induced 

improvement in V̇O2 peak or CRF. The findings suggest that the skin microvasculature is 

sensitive to aerobic exercise training, but it is not known how the improved function within the 

microvascular is related to exercise or the oxygen consumption rate during exercise. Further, 

it is unknown if the increase in SkBF during exercise is influenced by the presence of IHD or 

altered by aerobic exercise training. Thus, the aim of this study was to measure SkBF during 
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graded exercise before and after 12-weeks of aerobic exercise training in order to investigate 

the possibility that increases in SkBF and CVC during dynamic exercise are correlated to V̇O2 

peak or CRF in adults with and without IHD.   

6.2. Methods 

6.2.1. Study Design and Population 

The current study utilised a cross-sectional design to evaluate the relationship between V̇O2 

peak and forearm SkBF and CVC during graded moderate-vigorous exercise across a wide 

range of aerobic capacities in middle aged and older adults. Secondly, a quasi-experimental 

pre-test post-test design was utilised to examine the effect of 12-weeks of aerobic exercise 

training on V̇O2 peak and forearm SkBF and CVC during moderate-vigorous exercise in middle 

aged and older adults with IHD. Twenty healthy adults, and 29 similarly-aged adults (48 – 72 

years) with IHD participated in the study. All participants met the inclusion criteria outlined in 

Chapter 3, section 3.2. 

6.2.2. Testing Procedures 

Participants enrolled in the cross-sectional study attended one single testing session, lasting ≈2 

hours, while participants who elected to take part in the 12-week exercise intervention repeated 

the same testing procedures following 12-weeks of exercise training. In all cases, participants 

were asked to refrain from caffeine and vigorous exercise for at least 12 hrs prior and to limit 

food intake to a light meal 3 hours prior to attendance. Medications were not withheld from 

patients with IHD and they were instructed to take their prescribed medication as standard. For 

female participants (n =10) menopausal status was recorded and they were subsequently 

categorised as either premenopausal, perimenopausal (n =1) or postmenopausal (n =9).  
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6.2.3. Cardiopulmonary Exercise Test 

For the assessment of V̇O2 peak, participants completed a CPX test on an upright cycle 

ergometer following the methodology and protocol outlined in Chapter 3, Section 3.5 -3.5.1 

(pg., 36-37). 

6.2.4. SkBF and CVC during exercise 

SkBF during graded exercise was measured following the methodology and protocol outlined 

in Chapter 3, Section 3.10.1 (pg., 46). 

6.2.5. Post-exercise SNP Protocol 

Following the cessation of the CPX test, participants transitioned from the cycle ergometer to 

a chair with supportive armrests. SNP iontophoresis was used to assess peak vasodilatory 

capacity of the skin site under investigation and allowed for SkBF to be normalised as a 

percentage of an individual’s peak SNP response. The SNP protocol utilised was previously 

described in detail in Chapter 3, Section 3.7.2 (pg., 40).  

6.2.6. Twelve- week Exercise Training Programme 

Twenty-four participants with IHD underwent a 12-week exercise training intervention, after 

which they repeated the testing session outlined above. A detailed description of the exercise 

training programme (Chapter 5; Section 5.5; pg., 85) and schematic overview of the exercise 

programme is outlined in Chapter 5, Figure 5.1 (pg., 87). 

6.3. Data Analysis  

All SkBF data were recorded and analysed using the Perisoft software (version. 2.1; Perimed, 

Sweden) SkBF data were analysed and expressed in arbitrary PU’s and subsequently used to 

calculate CVC. CVC was calculated by dividing PU by mean arterial pressure ((diastolic x 2) 

+ (systolic)/3)). A schematic of a individuals SkBF recording during exercise is illustrated in 

Figure 6.1. A 3-minute average of SkBF data during the 10-minute rest period prior to exercise 

was used to represent baseline SkBF. To evaluate changes in SkBF during exercise relative 

workloads equivalent to 60, 75 and 85% of V̇O2 peak were retrospectively calculated using the 
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following formula: Target V̇O2 = V̇O2 peak x % intensity desired. An average of 30-seconds of 

artefact-free SkBF data was then measured during the time interval that the participant 

exercised at these intensities. Corresponding BP’s at each given exercise intensity (i.e., ~60, 

75 and 85% V̇O2 peak) were utilised to calculate CVC. Lastly, the highest one-minute average 

of SkBF during SNP iontophoresis performed after recovery from exercise was used to 

represent peak SkBF.   

6.4. Statistical Analysis  

All data were analysed and graphed using Prism version 8 (GraphPad Software, La Jolla 

California, USA). Pearson’s correlation coefficients were used to identify the strength of the 

relationship between V̇O2 peak, CRF and forearm SkBF and CVC at 60, 75 and 85% V̇O2 peak. 

A linear regression analysis was used to characterise the relationships at each exercise intensity. 

The strength of correlation was defined by the following rank order: r = 0.0-0.19 “very weak”, 

0.20-0.39 “weak”, 0.40-0.59 “moderate”, 0.60-.79 “strong”, and 0.80-1.0 “very strong” (169). 

Group and training-induced differences in the relationships between forearm SkBF and CVC 

during exercise and V̇O2 peak were identified by comparing the slopes calculated from the 

regression analysis. Group differences (HO vs IHD) in participant characteristics and CPX 

testing variables were compared with unpaired t-tests and Mann-Whitney rank sum test where 

appropriate. Paired Student’s t-tests and Mann-Whitney rank sum tests were used to compare 

pre-and-post differences in participant characteristics and CPX testing variables. Differences 

in SkBF and CVC across different exercise intensities (i.e., ~60, 75 and 85% V̇O2 peak) were 

assessed using one-way ANOVA. Two-way repeated measures ANOVA were used to 

determine main and interaction effects for SkBF, CVC, MAP, and temperature variables across 

exercise conditions (i.e., baseline, 60, 75 and 85% V̇O2peak) and between groups (i.e., IHD vs 

HO and pre-and-post-training). Aprori pairwise comparisons were performed with Bonferoni 

adjustments made to reduce the incidence of encountering type 2 errors.  All data were 
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expressed as mean ± SD unless stated otherwise and p-values <0.05 were considered 

statistically significant.
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Figure 6.1: (A) Schematic trace of an individual’s LDF SkBF response during seated upright rest on the cycle ergometer, followed by incremental graded 

exercise. (B) Magnified example of the LDF signal quality during cycling exercise at ~85% VO2peak.   
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6.5. Results 

6.5.1. Participant characteristics – Cross-sectional study 

Forty-nine participants were enrolled in the cross-sectional study and four of these participant 

records were excluded from final analysis due technical errors with the LDF signal during 

exercise. From this sample, 27 participants had diagnosed IHD and 18 participants were 

classified as healthy. Of the participants with IHD, 19 (70%) had a prior PCI, five (19%) had 

CABG surgery and three (11%) had no surgical intervention. All participants with IHD were 

receiving anti-platelet and statin therapy while the majority (96%) of participants were 

prescribed at least one class of anti-hypertensive medication (e.g., beta-blocker or ACE 

inhibitor).  

Participant characteristics are displayed in Table 6.1. Mean age of the total sample was 60.7 ± 

6.5 years with a BMI of 25.9 ± 3.8 kg/m2 classifying them as overweight. There were no 

significant differences in age, resting HR, or blood pressure between IHD and HO participants. 

Total body mass and BMI were 21% and 17% higher respectively, in participants with IHD 

compared to the HO group. 

6.5.2. Cardiopulmonary Exercise Test Outcomes: All participants  

Peak CPX test variables are reported in Table 6.1. All participants satisfied the criteria for the 

attainment of V̇O2 peak outlined in Section 3.5.1. On average participants achieved a peak HR 

of 158 ± 19 bpm (95 ± 11% of APMHR), a peak RER of 1.15 ± 0.05 and a peak RPE 9/10. 

Average peak power obtained was 179 ± 62 W with an absolute and relative V̇O2 peak of 2.3 

± 0.7 L·min-1 (range 1.3 – 3.9 L·min-1) and 29.9 ± 9.4 mL·kg-1·min-1 respectively.  As a group, 

participants achieved 110% of their age and sex predicted V̇O2 peak. Overall, these findings 

reflect maximal effort exercise and are consistent with the secondary criteria for attainment of 

V̇O2 peak in older adults (170). 
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Table 6.1: Participant Characteristics and Selected peak CPX Exercise Variables  

 All (n = 45) 

(mean ± SD) 

IHD (n = 27) 

(mean ± SD) 

HO (n = 18) 

(mean ± SD) 

IHD – HO Difference 

(Mean ± SEM (95% CI) 
p - value 

Age (yr) 60.7 ± 6.5 61.0 ± 7 60.3 ± 5.4 0.7 ± 2.0 (-4.8, 3.3) 0.708 

Female/Male 10/35 0/27 10/8  -   

Weight (kg) 79.5 ± 14.1 85.5 ± 11.9 70.4 ± 12.5 15.2 ± 3.7 (-22.7, 7.8) <0.001 

Height (m) 174.7 ± 8.3 176.1 ± 6.2 172.6 ± 10.5 3.6 ±  2.5 (-8.6, 1.5) 0.160 

BMI (kg/m2) 25.9 ± 3.8 27.6 ± 3.7 23.5 ± 2.4 4.1 ± 0.9 (-4.1, -2.1) <0.001 

Resting HR (bpm) 62 ± 8 63 ± 8 61 ± 8 2 ± 2 (-7, 3) 0.329 

Resting SBP (mmHg) 126 ± 17 126 ± 18 125 ± 16 1 ± 5 (-12, 9) 0.823 

Resting DBP (mmHg) 84 ± 11 85 ± 9 83 ± 14 3 ± 3 (-9, 4.0) 0.420 

Peak CPX exercise variables           

V̇O2 (L·min-1) 2.3  0.71 2.2 ± 0.5 2.6 ± 0.9 0.4 ± 0.2 (-0.1, 0.8) 0.067 

V̇O2 (mL·kg-1·min-1) 29.9  9.4 25.9 ± 7.1 35.9 ± 9.2 10.0 ± 2.4 (5.2, 14.9) <0.001 

V̇O2 predicted (%) 110  32 92 ± 18 139 ± 29 47 ± 7 (33, 61) <0.001 

Power Output (W) 179  62 164 ± 47 203 ± 78 38 ± 18 (1, 75) 0.042 

V̇E (L·min-1) 98  32 97 ± 25 102 ± 41 5 ± 10 (-15, 25) 0.618 

RER peak 1.15  0.05 1.15 ± 0.05 1.14 ± 0.05 0.01 ± 0.01 (-0.01, 0.02) 0.660 

HR (beats·min-1) 158  19 153 ± 21 165 ± 13 12 ± 6 (0, 23) 0.044 

APMHR (%) 95  11 93 ± 12 99 ± 8 7 ± 3 (0, 13) 0.037 

O2-pulse (mL·beat-1) 14.9  4.2 14.4 ± 2.9 15.7 ± 5.6 1.3 ± 1.2 (-1.2, 3.9) 0.291 

RPE 9,9,10 9,9,101 9,10,101  1  (0, 1)2 0.600 

All; all study participants, IHD; participants with ischemic heart disease, HO; healthy older adult participants. BMI; body mass index, HR; 

heart rate, SBP; systolic blood pressure, DPB; diastolic blood pressure, V̇O2; oxygen uptake, V̇E; expired ventilation rate, RER; respiratory 

exchange ratio, APMHR; age-predicted maximum heart rate, RPE; rating of perceived exertion.  Note1: values are the 25th percentile, 

median and 75th percentile. Note2: values are the median difference and the 95th percentile. p-value, probability result from a Student’s t-test 

comparing IHD to HO 
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6.5.3. SkBF and CVC Regulation During Graded Exercise: All participants 

Table 6.2 details the exercise response for selected hemodynamic and temperature variables. 

At rest and during exercise at 60 ± 3%, 75 ± 3% and 86 ± 4% V̇O2 peak, the power output was 

0W, 88 ± 38W, 120 ± 46W and 145 ± 53W, respectively. MAP increased from 98 ± 12 mmHg 

at rest to 114 ± 16 mmHg, 123 ± 16 mmHg and 127± 16 mmHg at 60 ± 3%, 75 ± 3% and 86 ± 

4% of V̇O2 peak respectively (p = 0.001). Tympanic temperature increased by 0.13 ± 0.1 ˚C 

from rest to 86% V̇O2 peak (p = 0.002). Similarly, skin temperature increased from 29.52 ± 

0.66 ˚C at rest to 30.04 ± 0.58 ˚C at an exercise intensity of 86% V̇O2 peak (p< 0.001).   

SkBF and CVC measured on the forearm increased significantly from rest and in response to 

increasing exercise intensity (Figure 6.2). As a group CVC at rest averaged 0.09 ± 

0.07 PU·mmHg-1 and increased progressively to a peak of 0.17± 0.1 PU·mmHg-1 at the highest 

exercise intensity (i.e., 86% V̇O2 peak; p < 0.001). SkBF increased to 92 ±10 PU in response 

to SNP iontophoresis following exercise. The average SkBF response during exercise 

expressed as a percentage of peak SNP-mediated vasodilation is presented in Figure 6.2C. At 

the highest workload SkBF reached 31± 17% of peak SNP-mediated vasodilation.
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Figure 6.2: Values are mean ± SD. The response in SkBF (A), cutaneous vascular conductance 

(CVC) (B), and SkBF as a percentage of peak SNP-mediated vasodilation (C) measured on the 

forearm at rest and during exercise at 65 ± 3 %, 75 ± 3% and 86 ± 4% VO2peak for all participants. 

An asterisk (*) identifies significant differences (p <0.05) compared with resting, A dagger (†) 

identifies significant difference (p <0.05) compared to previous exercise intensity. (n = 45) 



124 

 

6.5.4.  Relationship Between CVC During Graded Exercise and Submaximal V̇O2, V̇O2 

peak and CRF: All participants 

Figure 6.3 shows the relationship between CVC and V̇O2 during exercise at the three different 

workloads corresponding to 60 ± 3%, 75 ± 3% and 86 ± 4% of the participant’s V̇O2 peak. In 

Figure 6.3A CVC is plotted against the absolute V̇O2 measured during submaximal exercise, 

in Figure 6.3B CVC is plotted against V̇O2 peak and in Figure 6.3C CVC is plotted against 

CRF. When examined as the entire sample (Figure 6.3 panels A-C), there was a significant, 

and positive strong association between CVC during exercise at 60 ± 3%, 75 ± 3% and 86 ± 

4% (r = 0.60; Figure 6.3A) and the measured V̇O2 at the corresponding exercise intensity. 

Similarly, CVC during submaximal exercise was moderately correlated to V̇O2 peak (r = 0.57; 

Figure. 6.3B) and weakly correlated to CRF (r = 0.37; Figure. 6.3C). Overall, these findings 

indicate that CVC measured during moderate to vigorous exercise is strongly correlated to the 

exercising V̇O2, moderately correlated to V̇O2 peak, and weakly correlated to CRF. 
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Table 6.2: Cardiovascular and Temperature Variables During Exercise  

 All (n = 45) 

(Mean ± SD) 

IHD (n = 27) 

(Mean ± SD) 

HO (n = 18) 

(Mean ± SD) 

IHD – HO Difference 

(Mean ± SEM (95% CI) 

Rest 

 MAP (mmHg) 98 ± 12 99 ± 10 97 ± 14 2 ± 4 (-8, 12) 

 Skin Temperature (˚C) 29.52 ± 0.66 29.38 ± 0.68 29.73 ± 0.57 0.35 ± 0.19 (-0.85, 0.14) 

 Tympanic temperature(˚C) 35.95 ± 0.54 35.98 ± 0.45 35.90 ± 0.68 0.08 ± 0.18 (-0.42, 0.58) 

60 ± 3% V̇O2peak (range 55 – 65%) 
 V̇O2 (L·min-1) 1.39 ± 0.43 1.29 ± 0.32 1.54 ± 0.50 0.25 ± 0.14 (-0.11,0.60) 

 V̇O2 (mL·kg-1·min-1) 17.9 ± 5.8 15.4 ± 4.4 21.6 ± 17.9† 6.2 ± 1.6 (2.2, 10.25) 

 Power Output (W) 88 ± 38 78 ± 28 104 ± 88 27 ± 12 (-4, 57) 

 MAP (mmHg) 114 ± 16 114 ± 14 116 ± 19 2 ± 5 (-12, 16) 

 Skin Temperature (˚C) 29.95 ± 0.47 29.90 ± 0.52 30.01 ± 0.39 0.11 ± 0.13 (-0.46, 0.24) 

 Tympanic temperature(˚C) 35.85 ± 0.55 36.00 ± 0.45 35.94 ± 0.67 0.06 ± 0.18 (-0.43, 0.56) 

75 ± 3% V̇O2peak (range 69 – 80%)    

 V̇O2 (L·min-1) 1.75 ± 0.53 1.63 ± 0.39 1.92 ± 0.67 0.29 ± 0.17 (-0.15, 0.74) 

 V̇O2 (mL·kg-1·min-1) 22.4 ± 6.9 19.4 ± 5.3 26.9 ± 6.9† 7.5 ± 1.9 (2.7, 12.4) 

 Power Output (W) 120 ± 46 108 ± 35 139 ± 55 31 ± 15 (-6, 68) 

 MAP (mmHg) 123 ± 16 123 ± 17 124 ± 15 1 ± 5 (-12, 14) 

 Skin Temperature (˚C) 29.99 ± 0.54 29.95 ± 0.59 30.06 ± 0.46 0.11 ± 0.15 (-0.52, 0.29) 

 Tympanic temperature (˚C) 36.02 ± 0.54 36.04 ± 0.45 35.98 ± 0.67 0.02 ± 0.18 (-0.44, 0.54) 

86 ± 4% V̇O2peak (range 80 – 94%)    

 V̇O2 (L·min-1) 2.02 ± 0.63 1.88 ± 0.45 2.23 ± 0.79 0.35 ± 0.20 (-0.18, 0.88) 

 V̇O2 (mL·kg-1·min-1) 25.9 ± 8.2 22.4 ± 6.2 31.2 ± 8.3† 8.8 ± 2.3 (3.0, 14.6) 

 Power Output (W) 145 ± 53 131 ± 38 167 ± 64 36 ± 17 (-7, 79) 

 MAP (mmHg) 127 ± 16 126 ± 16 128 ± 16 2 ± 5 (-12, 14) 

 Skin Temperature (˚C) 30.04 ± 0.58 29.98 ± 0.63 30.11 ± 0.52 0.13 ± 0.17 (-0.58, 0.31) 

 Tympanic temperature (˚C) 36.08 ± 0.52 36.10 ± 0.41 36.04 ± 0.67 0.03 ± 0.18 (-0.43, 0.54) 

All; all study participants, IHD; participants with ischemic heart disease, HO; healthy older adult participants V̇O2; oxygen uptake, 

MAP; mean arterial pressure. Dagger (†) identifies significant difference (p <0.05) between IHD versus HO. 
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Figure 6.3: The relationship between cutaneous vascular conductance (CVC) measured on the forearm during exercise at 

65% VO2peak (orange circles), 75% V̇O
2
peak (black squares) and 85% V̇O

2
peak (blue triangle) and V̇O

2
 measured at the 

corresponding submaximal workload (A), V̇O
2 
peak (B), and cardiorespiratory fitness (CRF; defined as the V̇O2 peak 

expressed as a percentage of the age and-sex predicted value) (C) in adults with ischemic heart disease (IHD; filled 

shapes; n = 27) and healthy adults (HO; open shapes; n =18). 
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6.6. The Effect of IHD on V̇O2 peak and CVC Responses During Graded 

Exercise 

6.6.1. Cardiopulmonary Exercise Test Outcomes: IHD versus HO  

IHD participants achieved a significantly lower peak power output in comparison to HO group 

(164 ± 47 versus 203 ± 76W). Absolute and relative V̇O2 peak were 17% and 32% lower 

respectively, in IHD compared to HO group (Table 6.1). As a group, IHD participants achieved 

92 ± 17% of their age and sex-predicted V̇O2 peak, which was substantially lower when 

compared to the HO group who achieved 139 ± 29% (p < 0.001). Peak HR was ≈12bpm higher 

in the HO group, but both groups achieved a peak HR > 90% of APMHR. No significant 

difference in V̇E, O2 pulse, RER or RPE were observed between groups. 

 

6.6.2. SkBF and CVC Regulation During Graded Exercise: IHD versus HO 

Selected hemodynamic and temperature variables during exercise at 60 ± 3, 75 ± 3 and 86 ± 

4% V̇O2 peak are displayed in Table 6.2. Exercise workloads at 60 ± 3%, 75 ± 3% and 86 ± 

4% were lower in adults with IHD compared to HO (78 ± 28W versus 104 ± 88W, 108 ± 35W 

versus 139± 55W, and 131 ± 38W versus 167 ± 64W, respectively, Table 6.1). Overall, MAP 

increased significantly from rest to exercise in both groups (main effect: p <0.001), but no 

significant difference was observed between groups at rest or during exercise (interaction p = 

0.608, group p= 0.915). At baseline tympanic temperature increased from 35.98 ± 0.45 ˚C to 

36.10 ± 0.41 ˚C at 86% V̇O2 peak in the IHD group and from 35.90 ± 0.68 ˚C to 36.04 ± 0.67 

˚C in the HO group; no significant interaction (p = 0.299) or group effect was observed (p = 

0.698). Similarly, skin temperature increased overall in both groups in response to graded 

exercise (p< 0.001), but the change in skin temperature during exercise was not significantly 

different between groups (interaction p = 0.299, group p= 0.698). 
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6.6.3. Relationship Between CVC and submaximal V̇O2, V̇O2 peak and CRF: IHD versus 

HO  

A significant positive strong association between CVC and the absolute V̇O2 measured during 

submaximal exercise (r = 0.67; Figure. 6.3D), and V̇O2 peak (r = 0.67; Figure 6.3B) was 

observed in the IHD group. In contrast, the HO group demonstrated a positive but moderate 

association between CVC during exercise and submaximal V̇O2 (r = 0.50; Figure 6.3D), and 

V̇O2 peak (r = 0.41; Figure. 6.3E).  Interestingly, there was a significant and positive moderate 

association between CRF and CVC during incremental exercise (r = 0.47; Figure 6.3F) in the 

IHD group that was not observed in the HO group (r = 0.14 Figure 6.3F). Further, comparisons 

of the regression line slopes between IHD and HO yielded significant differences in the 

relationship between CVC during exercise and submaximal V̇O2 (Figure 6.3D p = 0.015), V̇O2 

peak (Figure 6.3E p = 0.001) and CRF (Figure 6.3F p = 0.009). Overall, the data shows that 

for a given increase in V̇O2, V̇O2 peak or CRF, CVC increases greater in patients with IHD 

compared to HO adults.   

6.6.4. The Effect of 12-weeks of Exercise Training on Hemodynamic Variables, Body 

Composition and V̇O2 peak  

Twenty- four male participants (61.1 ±7.2 years) completed the 12-week aerobic exercise 

training intervention. Session attendance and adherence to the training programme was high 

with over 97% of sessions completed. Participant characteristic and peak cardiopulmonary 

exercise variables before and after training are outlined in Table 6.3. In general, 12-weeks of 

exercise training improved body composition and resting hemodynamic measures (Table 6.3). 

Peak cardiopulmonary exercise variables before and after exercise training are reported in 

Table 6.3. Attainment of V̇O2 peak as outlined in Chapter 3, Section 3.5.1 was observed for 

both pre-and post-training CPX tests. After training there were no significant differences in 

peak RER, peak RPE, or peak HR (all >p 0.20) indicating that the increase in V̇O2 peak after 

training likely represents a true training response and does not simply reflect greater effort 
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during the post-training test. After exercise training, absolute and relative V̇O2 peak increased 

by 0.34 L·min-1 (16%) and 4.1 mL·kg-1·min-1 (16%) respectively. Peak power output increased 

by 35 ± 15W and the achieved percentage of age and sex-predicted V̇O2 peak increased from 

90 ± 18% to 105 ± 20%. Lastly peak V̇E and O2-pulse were greater after exercise training (p 

<0.001).  
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Table 6.3: Participant Characteristics and Selected Peak CPX Variables  

 
PRE POST 

Post – Pre Difference 

(Mean ± SD; 95% CI 
p - value 

Age (yr) 61.1 ± 7.2 61.4 ± 7.1 0.3 ± 0.4 (-0.1, 0.4) 0.010 

Weight (kg) 86.7 ± 11.9 86.2 ± 11.6 -0.5 ± 2.0 (-1.3, 0.3) 0.229 

Height (cm) 176.3 ± 6.2 176.4 ± 6.4 0.1 ± 0.5 (-0.1, 0.3) 0.379 

BMI (kg/m2) 27.9 ± 3.7 27.7 ± 3.7 -0.2 ± 0.7 (-0.5, 0.01) 0.163 

Resting SBP (mmHg) 126 ± 19 123 ± 14 -3 ± 19 (-11, 5) 0.434 

Resting DBP (mmHg) 85 ± 9 81 ± 8 -4 ± 10 (-8, -1) 0.027 

Peak CPX exercise variables          

V̇O2 (mL·kg-1·min-1) 25.3 ± 6.9 29.4 ± 7.5 4.1 ± 1.6 (3.4,4.8) <0.001 

V̇O2 (L·min-1) 2.15 ± 0.5 2.49 ± 0.5 0.34 ± 0.1 (0.28, 0.39) <0.001 

V̇O2 predicted (%) 90 ± 18 105 ± 20 15.0 ± 6 (12, 17) <0.001 

Power Output (W) 163 ± 45 198 ± 49 35 ± 15 (29, 41) <0.001 

V̇E (L·min-1) 95 ± 22 108 ± 25 13 ± 12 (8, 18) <0.001 

RER 1.14 ± 0.05 1.14 ± 0.05 0.01 ± 0.04 (-0.02, 0.01) 0.842 

HR (beats·min-1) 152 ± 22 155 ± 21 3 ± 15 (3, 10) 0.255 

APMHR (%) 92 ± 12 94 ± 12 2 ± 9 (-1, 6) 0.229 

O2-pulse (mL·beat-1) 14.4 ± 2.6 16.5 ± 2.9 2.1 ± 1.1 (1.7, 2.6) <0.001 

RPE 9,9,101 9,9,101  0 0 (0,1)2 0.383 

Values are mean ± SD (n = 24). BMI; body mass index, HR; heart rate, SBP; systolic blood pressure, DPB; diastolic blood 

pressure,V̇O2; oxygen uptake, V̇E; expired ventilation rate, RER; respiratory exchange ratio, APMHR; age-predicted 

maximum heart rate, RPE; rating of perceived exertion.  Note1: values are the 25th percentile, median and 75th percentile. 

Note2: values are the median difference and the 95th percentile.  
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6.6.5. The Effect of 12-weeks of Exercise Training on Hemodynamic and Temperature 

Regulation During Graded Exercise  

Selected physiological variables during exercise at the same relative (i.e., 60, 75 and 86% V̇O2 

peak) and absolute exercise intensity (i.e., at the same initial pre-training workload) are 

presented in Table 6.4. On average, 12-weeks of exercise training significantly lowered MAP 

at rest (5 ± 11 mmHg) and during exercise at the same absolute exercise intensity (76W; 8 ± 

16 mmHg, 106W; 14 ± 11 mmHg, and 129W; 13 ± 15 mmHg; pre vs. post; p= 0.0009, 

interaction; p= 0.0006). Resting HR was on average 2 ± 8 bpm lower after training; however, 

this did not reach statistical significance (p = 0.055). During exercise, HR at the same absolute 

exercise intensity (i.e., 76 ± 28 W, 106 ± 32 W 129 ± 35 W) was significantly lower by 9 ± 8 

bpm, 12 ± 9 bpm and 14 ± 8 bpm respectively, compared to pre-training values (p <0.001). No 

significant differences in skin (pre vs. post; p = 0.4321, interaction; p = 0.067) or tympanic 

temperature (pre vs. post; p = 0.062, interaction; p= 0.311) were observed after training at the 

same absolute workload.  

After training, power output at the same relative exercise intensity of 60 ± 3%, 75 ± 3% and 86 

± 4% increased by 24 ± 9 W, 29 ± 17 W and 30 ± 19 W respectively (p <0.001). MAP was 

significantly lower by an average of 5–8 mmHg at the same relative exercise intensity post 

training (all; p <0.001). Lastly, exercise training did not affect skin temperature (pre vs. post; 

p = 0.396, interaction; p = 0.0544) or tympanic temperature at rest or during exercise at the 

same relative intensity post training (Table 6.4; pre vs. post; p = 0.054, interaction; p = 0.4227). 

6.6.6. The Effect of Exercise Training on SkBF and CVC During Exercise 

Figure 6.4 illustrates forearm SkBF and CVC at rest and during exercise at the same absolute 

and relative workloads before and after the 12-week exercise training programme. SkBF and 

CVC at rest remained unchanged after training (Figure 6.4). At the same absolute workload 

SkBF (Figure 6.4A) was lower post training (p = <0.05), while CVC was not significantly  



132 

 

altered (Figure 6.4B). After training, SkBF and CVC were significantly higher at the highest  

exercise workload when compared at the same pre/post relative exercise intensity (i.e., 86 ± 4%  

V̇O2 peak; Figure 6.4A & B). 

Table 6.4:  Cardiovascular and Temperature Variables During Exercise Before and After 

12-Weeks of Exercise Training 

 Pre Post 

Rest  Absolute Relative 

  MAP (mmHg) 99 ± 10   94 ± 7* 

  HR (bpm) 76 ± 13   74 ± 15 

  Skin Temperature (˚C) 29.28 ± 0.65   29.01 ± 0.66 

  Tympanic temperature (˚C) 36.01 ± 0.47   36.10 ± 0.64 

60 ± 3% V̇O2peak (range 55 – 65%) 
  V̇O2 (L·min-1) 1.28 ± 0.31 1.27 ± 0.32 1.49 ± 0.3* 

  V̇O2 (mL·kg-1·min-1) 15.1 ± 4.4 15.0 ± 4.5 17.6 ± 4.6* 

  Power Output (W) 76 ± 28 76 ± 28 100 ± 29* 

  MAP (mmHg) 112 ± 14 104 ± 13† 107 ± 11* 

  HR (bpm) 109 ± 18 100 ± 18† 110 ± 19 

  Skin Temperature (˚C) 29.80 ± 0.44 29.77 ± 0.60 29.83 ± 0.59 

  Tympanic temperature (˚C) 36.04 ± 0.45 36.12 ± 0.64 36.14 ± 0.64 

75 ± 3% V̇O2peak (range 69 – 81%) 

  V̇O2 (L·min-1) 1.61 ± 0.37 1.60 ± 0.38 1.87 ± 0.39* 

  V̇O2 (mL·kg-1·min-1) 18.9 ± 5.2 18.9 ± 5.3 22.1 ± 5.7* 

  Power Output (W) 106 ± 32 106 ± 32 135 ± 35* 

  MAP (mmHg) 122 ± 17 108 ± 12† 114 ± 14* 

  HR (bpm) 125 ± 20 113 ± 20† 126 ± 20 

  Skin Temperature (˚C) 29.83 ± 0.47 29.84 ± 0.70 29.85 ± 0.71 

  Tympanic temperature (˚C) 36.07 ± 0.45 36.16 ± 0.64 36.20 ± 0.65 

86 ± 4% V̇O2peak (range 82 – 93%) 
  V̇O2 (L·min-1) 1.86 ± 0.41 1.84 ± 0.42 2.13 ± 0.43* 

  V̇O2 (mL·kg-1·min-1) 21.9 ± 6.0 21.9 ± 6.07 25.2 ± 6.5* 

  Power Output (W) 129 ± 35 129 ± 35 159 ± 38* 

  MAP (mmHg) 126 ± 17 113 ± 13† 120 ± 13* 

  HR (bpm) 137 ± 23 123 ± 22† 137 ± 21 

  Skin Temperature (˚C) 29.85 ± 0.49 29.84 ± 0.70 29.86 ± 0.76 

  Tympanic temperature (˚C) 36.12 ± 0.43 36.20 ± 0.64 36.23 ± 0.64 

Values are mean ± SD.  V̇O2; oxygen uptake, HR; heart rate, MAP; mean arterial pressure.  

Dagger (†) identifies significant difference (p <0.05) before versus after training at the same 

absolute pre-training workload. Asterisk (*) identifies significant difference (p <0.05 after training 

at the same pre/post relative exercise intensity in adults with IHD (n = 24). 
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Figure 6.4: Data displayed as mean ± SD. SkBF; skin blood flow (A) and CVC; cutaneous 

vascular conductance (B) at rest (i.e., 0W) and during graded exercise before and after 12-

weeks of exercise training in adults with IHD (n = 24). Closed bars (pre-training), at the same 

absolute workload post training (open bars) and at the same relative exercise intensity pre/post-

training (stippled bars) An asterisk (*) identifies significant difference (p <0.05) before vs after 

training.  
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6.7. Does Exercise Training Effect the Relationship Between CVC during 

graded exercise and submaximal V̇O2, V̇O2 peak and CRF? 

Figure 6.5 shows the relationship between forearm CVC and the absolute V̇O2 during 

submaximal exercise (Figure 6.5A), while Figure 6.5B and Figure 6.5C shows CVC measured 

during submaximal exercise plotted against the participant’s V̇O2 peak and CRF respectively. 

Exercise training did not significantly alter the relationship between CVC and the absolute V̇O2 

during submaximal exercise (Figure 6.5A; r = 0.60 versus r = 0.55; slope comparison p = 0.655) 

or V̇O2 peak (Figure 6.5B; r = 0.57 versus r = 0.44; slope comparison p = 0.830) whereas the 

relationship between CVC during exercise plotted against CRF was slightly reduced after 

exercise training (Figure 6.5C r = 0.45 vs r = 0.28; slope comparison p = 0.495).   

 

The relationship between the change in CVC during vigorous exercise (i.e., 86 ± 4% V̇O2 peak) 

and the change in V̇O2 peak and CRF after 12 weeks of exercise training is displayed in Figure 

6.6. There were non-significant very-weak to weak negative correlations between the change 

in CVC and V̇O2 peak (r = -0.10) and CRF (r =-0.19) following exercise training. Overall, these 

findings indicate that 12-weeks of aerobic exercise training does not significantly alter the 

relationship between peak CVC and V̇O2 peak and CRF. Furthermore, training-induced 

improvements in V̇O2 peak and CRF appear to be independent of changes in CVC during 

submaximal exercise. 
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Figure 6.5: The relationship between cutaneous vascular conductance (CVC) measured on the forearm 

during exercise at 60 ± 3% V̇O2 peak (orange circles), 75 ± 3% V̇O2 peak (black squares) and 86 ± 4% 

V̇O2 peak (blue triangle) and V̇O2 measured at the corresponding submaximal workload (A), V̇O2 peak 

(B), and cardiorespiratory fitness (CRF; defined as the V̇O2 peak expressed as a percentage of the age 

and-sex predicted value) (C) in adults with IHD before (open shapes) and after (filled shapes) 12 weeks 

of exercise training (n = 24). 
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Figure 6.6: The relationship between the change (∆) in cutaneous vascular conductance (CVC) 

measured on the forearm during exercise at 86 ± 4% V̇O2 peak and the change (∆) in (A) peak 

aerobic capacity (V̇O2 peak) and (B) cardiorespiratory fitness (CRF; defined as the V̇O2 peak 

expressed as a percentage of the age and-sex predicted value) after 12 weeks of exercise 

training (n = 24). 
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6.8. Discussion 

The primary purpose of the current study was twofold. First, the study aimed to characterise 

how forearm SkBF and CVC change in response to acute graded moderate to vigorous cycling 

exercise in normothermic conditions. Second, the study aimed to examine if a short-duration 

12-week aerobic exercise training programme could alter this relationship in adults with 

reduced V̇O2 peak due to IHD. It was hypothesised that there would be a positive linear 

relationship between forearm CVC and oxygen uptake for progressively increasing cycle 

workloads. In agreement with this hypothesis, CVC increased and was strongly associated with 

the absolute V̇O2 required to perform the exercise.  Not surprisingly, CVC was also moderately 

correlated to V̇O2 peak given that those with a higher V̇O2 peak cycled against greater 

resistances at 60, 75 and 86% of their V̇O2 peak.  Interestingly, during dynamic exercise, the 

change in CVC was only weakly associated with CRF. This contrasts earlier findings that 

showed maximal CVC following SkBF provocation testing at rest was associated with CRF 

more than it was with V̇O2 peak (see Chapter 4 & 5). Unexpectedly, it was found that the 

relationships between CVC during exercise and submaximal V̇O2, V̇O2 peak and CRF were 

weaker among HO compared to adults with IHD.  

Twelve-weeks of exercise training improved V̇O2 peak and increased SkBF and CVC at the 

same pre/post relative exercise intensity in adults with IHD; however, the slope of the CVC 

versus V̇O2 during submaximal exercise, V̇O2 peak and CRF relationships were not different 

post-training.  There is no compelling evidence in the present study to suggest that any increase 

in SkBF or CVC post-training were proportional to the improvement in V̇O2 peak or CRF. 

Thus, although SkBF and CVC vary in proportion to oxygen uptake during acute normothermic 

exercise, there does not appear to be a dependency between SkBF or CVC and V̇O2 peak. The 

improvement in V̇O2 peak and CRF in response to training appears to be independent of a 

change in skin CVC even though both are improved independently with exercise training.    
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6.9. SkBF and CVC Regulation During Exercise 

LDF was used to measure forearm SkBF during graded exercise on a cycle ergometer. LDF 

has been previously and successfully utilised to evaluate changes in SkBF during dynamic 

exercise in healthy adults across varying exercise intensities (50 – 90% V̇O2 peak) (229-231). 

In the current study, every effort was made to minimise movement artefact, which may affect 

the LDF signal quality at rest and during moderate- vigorous exercise. Figure 6.1 shows that 

clear, individual pulsatile waves forms can be recorded during sub-maximal vigorous exercise.  

The method is limited however, in that the LDF signal near-maximal exercise (>85% V̇O2 

peak) becomes increasingly contaminated with movement artefact.  For this reason, we limited 

our analysis of SkBF to exercise performed at intensities of ≈85% of the V̇O2 peak and lower.    

Figure 6.1 shows a representation of a participant’s SkBF trace during graded exercise. At the 

onset of exercise, there was relatively little change in SkBF up to and including the completion 

of the warm-up workload. Thereafter, SkBF increased proportionally to the incremental 

increases in workload as expected (229, 230). It was expected that with the onset of exercise a 

reflex mediated vasoconstrictor response within the skin vasculature would limit the increase 

in SkBF as a means to redistribute blood flow from the skin to metabolically active skeletal 

muscle (70, 227, 232). As exercise progresses and core temperature increases active 

vasodilation begins to override the vasoconstrictor response leading to an increase in SkBF. 

Thus, the SkBF response at any given exercise intensity represents a balance between active 

vasodilation and vasoconstriction.  The magnitude of vasoconstriction observed at the onset of 

exercise is more pronounced and sustained if higher external workloads are used (233-235) and 

this may explain why a notable reduction in SkBF at the onset of exercise was not clearly 

observed in the current study. At 86% V̇O2 peak, SkBF had increased to 31% of the peak SkBF 

induced by SNP iontophoresis under resting conditions. This value is lower, but comparable to 

previous studies that report increases in SkBF during exercise that are approximately 50-60% 
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of maximal vasodilation induced by heat-stress under resting conditions (1, 158-160). The 

small discrepancy in the magnitude of increase in SkBF from previous studies may be 

explained by the relatively small increase in tympanic temperature during exercise (∆ 0.13 °C), 

use of a short exercise duration (≈15-20 minutes) or the normothermic environmental 

conditions used during testing (19-21 °C).   

At the onset of exercise, small reductions in SkBF are observed and thought to be due to an 

increase in sympathetic outflow which redirects blood flow away from inactive tissue beds 

such as the skin, splanchnic, and renal circulations to metabolically active skeletal muscle(64, 

70, 235, 236). As exercise duration and/or intensity increases, skin vasodilation increases as 

core temperature begins to increase. The initial increase in SkBF is likely due to a withdrawal 

of cutaneous vasoconstrictor tone and thereafter once a core temperature threshold is reached 

the active cholinergic vasodilator nerves is primarily responsible for the increase in SkBF 

(235). In the current study, relatively small increases in tympanic (0.13 ˚C) and skin 

temperature (0.20 ºC) were observed from rest to 86% V̇O2 peak.  The small increase in 

tympanic temperature may suggest that core temperature remained relatively stable during 

exercise. Although a strong association between tympanic and core temperature has been 

reported previously (237), tympanic temperature has also been reported to underestimate 

changes in core temperature during exercise (238, 239). A meta-analysis reported a mean 

difference between core body temperature assessed via rectal thermometry and tympanic 

temperature of 0.96 °C (95% CI; 0.84 °C, 1.08 °C) during exercise (239). Therefore, the 

relatively small change in tympanic temperature in the current study may underestimate 

changes in core temperature especially, towards higher exercise intensities and higher external 

workloads.   
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6.10. Relationship Between CVC During Graded Exercise and V̇O2 peak  

SkBF during exercise has been extensively examined to understand its role in 

thermoregulation, with the majority of these experiments examining the SkBF response to 

passive or whole-body heating or to prolonged exercise duration as these experimental 

conditions elicit large increases in core temperature. Few if any studies have examined the 

SkBF response to short-duration acute graded exercise intensity.  

SkBF during exercise under thermoneutral (23-24 ºC) conditions at the same relative exercise 

intensity (i.e., 50, 60 and 90% V̇O2peak) is reported to be higher in aerobically trained healthy 

young men compared to recreationally active men (229). Similarly, Trankersley et al., (240) 

reported a non-significant trend for greater increases in SkBF in older ‘highly fit’ men 

compared to ‘normally fit’ men during exercise at 67.5% V̇O2 max in a warm environment 

(30°C). These studies suggest that those with a higher V̇O2 peak have a greater capacity to 

increase SkBF and CVC during exercise. In agreement with the study hypothesis, CVC 

increased with graded exercise and was strongly associated with the absolute levels of oxygen 

uptake required to perform the exercise.  Thus, those participants possessing a higher V̇O2 peak 

exercised at workloads requiring a higher rate of oxygen consumption and had correspondingly 

higher CVC values. Not surprisingly, CVC was also moderately correlated to V̇O2 peak given 

that those with a higher V̇O2 peak values performed greater amounts of mechanical work at 

each relative exercise intensity compared to those with lower V̇O2 peak values. Since 

individuals with a higher V̇O2 peak would be exercising at a higher external workload during 

submaximal exercise, it is plausible that a greater cardiac output allowed for greater skin 

vasodilation and a higher CVC. Gagnon et al., (241) examined the effect of rapid saline infusion 

on cardiac output, forearm, and skin vascular conductance in older adults during whole-body 

passive heating. Rapid saline infusion increased cardiac output and resulted in greater forearm 

and skin vascular conductance. Despite these observations during passive heating, a direct link 
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between cardiac output and skin vasodilation has not been well established and thus, further 

research is warranted to understand the mechanisms associated with this relationship.   

Not only is cardiac output one potential mechanism explaining the strong association between 

V̇O2 peak and CVC, but also other thermoregulatory factors likely influence this relationship. 

Since individuals with a higher V̇O2 peak would be exercising at a higher external workload, 

they would also have a greater increase in metabolic heat production and inevitably require a 

greater rate of total heat loss (242, 243). Therefore, this may also explain the strong association 

between CVC during submaximal graded exercise and absolute V̇O2 and V̇O2 peak.  

6.11. Relationship Between CVC During Graded Exercise and CRF  

Interestingly, during dynamic graded exercise the increase in CVC was only weakly associated 

with CRF (Figure 6.3C). During exercise at any given exercise intensity, CVC appeared to be 

proportional to the absolute oxygen cost but not CRF. This is illustrated when comparing 

Figure 6.3A and Figure 6.3C. In Figure 6.3C, individuals with a V̇O2 peak ranging from 100-

110% of age and-sex-predicted maximum values had a large range in CVC between 0.05 - 0.5 

PU·mmHg-1 that likely reflects the fact that the participants were exercising at different 

absolute oxygen uptakes in spite of it being a similar relative exercise intensity. Therefore, this 

may explain why the relationship between CVC is weakened when scaled to CRF. 

6.12. Relationship Between CVC During Graded Exercise and V̇O2 peak in IHD 

versus HO adults 

To date, there is limited information on the regulation of SkBF and CVC during moderate to 

vigorous exercise in individuals with IHD and thus, it makes it difficult to compare the current 

study findings to a larger body of work. At rest, SkBF and CVC were similar between groups, 

which agrees with most prior studies (124) (173). The increases in tympanic (IHD; 0.12 ± 0.09 

ºC vs. HO; 0.14 ±0.12 ºC) and skin temperature (IHD; 0.60 ± 0.06 ºC versus HO; 0.38 ±0.7 ºC) 

during exercise were small and comparable between groups.  



142 

 

In patients with IHD SkBF and CVC are attenuated in response to local heating, whole-body 

heating, and ACh-mediated vasodilation under resting conditions (29, 123, 124, 173, 244). 

Therefore, it was expected that patients with IHD would have an attenuated increase in CVC 

in response to graded exercise in comparison to HO adults as a result of over activation of the 

sympathetic nervous system and/or impaired neural control of SkBF coupled with endothelial 

dysfunction and reductions in NO-mediated vasodilation. Unexpectedly, it was found that the 

relationships between CVC during exercise and submaximal V̇O2, V̇O2 peak and CRF were 

stronger among adults with IHD compared HO adults (Figure 6.3D-F). These findings suggest 

that adults with IHD had a greater increase in CVC for a given increase in V̇O2 or V̇O2 peak 

compared to HO adults. The explanation for a greater change in CVC during graded exercise 

in patients with IHD is unclear, and in contrast to heat-related studies in CHF patients. Balmain 

et al., (245) showed that patients with CHF had a blunted rise in CVC during prolonged (60 

minutes) constant-load submaximal cycling exercise in a warm environment (30°) in contrast 

to healthy controls. While it is unclear why the current study’s findings conflict with findings 

in patients with CHF, several possibilities exist.  First, the underlying pathophysiology and 

cardiovascular dysfunction in patients with CHF is significantly more severe in comparison to 

IHD.  Therefore, in this sample of patients with IHD the severity of microvascular dysfunction 

present may not be severe enough to impair SkBF during submaximal graded exercise. Second, 

the experimental conditions utilised in the current study (normothermic, short duration graded 

exercise) differ significantly from those performed in studies examining CHF patients. Most 

studies showing an attenuation of SkBF and CVC have been conducted under severe heat-

stress which places a greater cardiovascular and thermoregulatory strain on cardiac output 

redistribution. Thus, the current experimental conditions utilised may not have been 

sufficiently taxing to unmask significant limitations in SkBF and CVC in patients with IHD. 

Alternatively, it is possible that the greater rate of change in CVC in patients with IHD 
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represents a negative physiological adaptation and may suggest that patients with IHD have a 

decreased ability to vasoconstrict blood flow to the skin circulation during short-duration 

dynamic exercise. The decrease capacity to restrict skin blood flow may comprise cardiac 

output redistribution to active skeletal muscle during exercise. However, given the cholinergic 

active vasodilator system is primarily responsible (80-90%) for the increase in SkBF during 

dynamic exercise this explanation is somewhat unlikely (65).   

6.13. The Effect of 12-weeks of Exercise Training on V̇O2 peak and submaximal 

hemodynamic variables 

As expected, 12-weeks of exercise training resulted in a 4.0 mL·kg-1·min-1 or 16% 

improvement in V̇O2 peak in patients with IHD. Prior exercise-based cardiac rehabilitation 

programmes have reported improvements in V̇O2 peak ranging from an average of 2.6 - 5.1 

mL·kg-1·min-1 (17, 201-206, 246). Therefore, the magnitude of improvement in V̇O2 peak in 

the current study is comparable to previous exercise-based cardiac rehabilitation programmes 

of similar duration, intensity, and frequency. Training-induced adaptations at submaximal 

exercise were also observed with HR and MAP at the same absolute workload being on average 

9 -14 bpm and 8-14 mmHg lower after training respectively (Table 6.4). No change in 

submaximal V̇O2, tympanic temperature or skin temperature were observed at the same 

absolute workload. Post-training at the same relative exercise intensity, power output, and V̇O2 

during exercise were on average 23-32% and 15-16% higher respectively. Despite a higher 

absolute workload and oxygen cost there were no differences in HR, tympanic temperature, or 

skin temperature at the same relative exercise intensity post-training (Table 6.4).  

6.14. The Effect of 12-weeks of Exercise Training on SkBF and CVC During 

Graded Exercise 

To the best of our knowledge, this is the first study to examine the effect of exercise training 

on skin microvascular regulation during dynamic graded exercise in a normothermic 
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environment before and after 12-weeks of exercise training in patients with IHD. Our findings 

show that 12-weeks of aerobic exercise training does not significantly change CVC during 

exercise when exercising at the same pre-training (absolute) workload (Figure 6.4B). However, 

CVC and SkBF during exercise at the same relative exercise intensity (i.e., elicits the same 

relative 86% V̇O2 peak but requires greater external work rate to do so) is higher after 12-weeks 

of exercise training compared to pre-training levels (Figure 6.4B). 

The hypothesis that exercise training improves the thermoregulatory control of SkBF and CVC 

particularly when exercise is performed in a warm environment or prolonged duration has 

received considerable investigation in the context of endurance trained athletes and healthy 

ageing. Exercise training enhances thermoregulatory function as evidenced by a leftward shift 

in the core temperature threshold for vasodilation and local sweating (247-249). In contrast, 

others suggest that training induces a greater increase in SkBF for a given change in core 

temperature (slope of the relationship) (250). A limitation of previous studies that have 

evaluated the effect of exercise training or CRF on SkBF has been the experimental design. In 

previous studies utilising a pre-post experimental design, post-exercise training sessions are 

performed at the same relative exercise intensity (%V̇O2 peak). However, given the absolute 

increase in V̇O2 peak after training, the post-exercise session is now performed at a higher 

absolute workload, which influences cardiac output and metabolic heat production. Therefore, 

it is unclear if the change in SkBF and CVC after training are a consequence of exercise training 

per se or other factors such as larger cardiac output, or metabolic heat production during the 

post-training exercise session that require greater SkBF at the higher exercise workloads. 

To overcome some of these factors in the current study, CVC was evaluated at the same 

absolute pre-training workload and the same pre/post relative exercise intensity (i.e., 60, 75 

and 86% V̇O2 peak) after training.  Our findings suggest that short-term exercise training does 

not change CVC when compared at the same absolute exercise intensity (Figure 6.4B) after 
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training which is consistent with findings obtained in healthy adults under environmental heat-

stress conditions. Stapelton et al., (251) reported no differences in SkBF during prolonged 

exercise (60 minutes) in a warm environment (30 ºC) after 8-weeks of exercise training in 

previously sedentary individuals when the same absolute workload was used. Similarly, in a 

cross-sectional study by Fritzsche et al., (229) no significant difference in SkBF was reported 

between young endurance trained and untrained individuals when compared at the same 

absolute workload. However, when they were compared at the same relative exercise intensity, 

SkBF was significantly higher in endurance-trained individuals. Ho et al., (250) evaluated the 

effect of a short duration 4-week aerobic exercise training programme on the redistribution of 

cardiac output and SkBF (measured via venous occlusion plethysmography) in a sample of 

sedentary older adults (65 ± 1 years). Exercise training enhanced cardiac output and SkBF 

during exercise when measured at 60% of the post-training exercise intensity but not when 

measured at the pre-training absolute workload. The authors proposed that the increased 

cardiac output after training at the higher absolute workload was responsible for the higher 

SkBF after training as no change in renal or splanchnic blood flow was observed. Overall, our 

findings suggest that skin microvascular function is unchanged after 12-weeks of exercise 

training when compared at the same absolute exercise intensity in patients with IHD, but it 

appears to be increased when compared at the post-training relative V̇O2 peak. This likely 

reflects a greater external workload, cardiac output and/or metabolic heat production post-

training; however, this is purely speculative and the mechanisms pertaining to these findings 

require further investigation. 
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6.15. Relationship Between the Change in V̇O2 peak and Change in CVC after 

Exercise Training 

Despite an improvement in V̇O2 peak and attaining a higher CVC during exercise at the post-

training relative intensity, there was no change in the relationships (i.e., slope of the regression 

line) between CVC during exercise and absolute V̇O2, V̇O2 peak or CRF (Figure 6.5). The slope 

of the relationships remained unchanged albeit shifted to the right due to the higher absolute 

V̇O2 post-training and higher CVC. Furthermore, there was no significant association between 

the change in CVC at 86% of V̇O2 peak and the change in V̇O2 peak or CRF after 12 weeks of 

exercise training (Figure 6.6). Overall, these findings confirm that 12-weeks of exercise 

training does not significantly alter the relationship between CVC during submaximal exercise 

and absolute V̇O2, V̇O2 peak or CRF. 

6.16. Limitations 

The experimental design was developed to evaluate the relationship between CVC measured 

during short-duration dynamic graded exercise and V̇O2 peak. Laboratory temperature was 

maintained between 19-21°C to reflect a normothermic environment and to limit 

thermoregulatory strain during exercise.  In the current study, core temperature was not directly 

measured, although a strong association between tympanic temperature and core temperature 

has been previously established (237). Our findings demonstrate that there was a relatively 

small increase in tympanic temperature from rest to 86% V̇O2 peak which may suggest core 

temperature remained relatively stable. Our findings show a small increase in tympanic 

temperature from rest to 86% V̇O2 peak that could indicate core temperature was stable during 

the exercise test. Unfortunately, tympanic temperature has been reported to underestimate 

changes in core temperature (238, 239) thus, the increase in CVC observed during exercise 

may have been influenced by thermoregulation. Utilising more invasive measures of core 

temperature such as rectal or oesophageal measurements in future studies may provide greater 
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accuracy and precision in detecting small changes in core temperature and allow for 

quantification of the contribution of thermoregulatory and non-thermoregulatory mechanisms 

responsible for the exercise induced changes in CVC. 

A key aim of the current study was to characterise the relationship between exercise SkBF, 

CVC and V̇O2 peak. The mechanism(s) pertaining or influencing this relationship were not 

directly assessed during the current study and thus, can only be speculated upon. The 

assessment of cardiac output during exercise may provide additional insight into the role an 

expanded cardiac output after training may have on SkBF and CVC regulation during graded 

exercise. Therefore, the findings from the current study provide important avenues for future 

research.  

6.17. Conclusion 

In conclusion, CVC during exercise was strongly associated with the absolute V̇O2 required to 

perform the exercise, and moderately associated with V̇O2 peak in middle aged and older adults. 

Unexpectedly, this relationship appeared to be stronger in adults with IHD compared to HO 

adults. A 12-week exercise training programme increased V̇O2 peak in adults with IHD and 

increased CVC during graded maximal exercise when compared at the same pre/post-training 

relative exercise intensity but not when compared at the same absolute pre-training workload. 

Despite, an increase in V̇O2 peak and CVC there was no evidence to suggest that the 

improvement in V̇O2 peak was dependent on a change in CVC in patients with IHD.
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7. Chapter 7: General Discussion 

This thesis set out to answer two fundamental and novel research questions 1) What is the 

relationship between V̇O2 peak and the ability of the skin microvasculature to vasodilate or 

vasoconstrict in response to provocation; and 2) is the capacity within the skin 

microvasculature to respond to provocation a trainable property? 

First, the thesis set out to examine and characterise the relationship between V̇O2 peak and peak 

SkBF in response to provocation testing older-middle aged adults. Second, to determine if 

exercise training which improves V̇O2 peak results in a corresponding improvement in 

microvascular reactivity and/or alters any relationship between V̇O2 peak and peak SkBF 

following provocation assessments. Additionally, the possible influence of IHD was also 

evaluated.    

The experiments reported in this thesis used LDF in conjunction with static a) ACh and SNP 

iontophoresis b) local skin heating c) 5-minutes of forearm arterial occlusion and d) dynamic 

(during graded incremental exercise) provocation assessments to evaluate skin microvascular 

regulation in healthy middle aged and older adults and adults with IHD. A 12-week supervised 

exercise intervention was utilised to determine if the skin microvasculature adapts to exercise 

training in adults with IHD and, if the change in microvascular reactivity was proportional to 

the change in V̇O2 peak. A summary of the principle findings are discussed in the subsequent 

sections below.  

7.1. Summary of Main Findings 

7.1.1. Relationship Between V̇O2 peak and Peak SkBF in Response to Both Static and 

Dynamic Provocation Assessments 

Chapter four and chapter six addressed one of the central research questions of the thesis which 

was to examine the relationship between V̇O2 peak and the ability of the skin microvasculature 

to vasodilate in response to provocation assessments. To specifically answer this question, the 
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relationship between V̇O2 peak and peak microvascular vasodilatory in response to commonly 

used microvascular provocation assessments (ACh and SNP iontophoresis, PORH and local 

heating) were evaluated in middle aged and older adults with and without IHD. Previous studies 

reported that endurance trained young and older healthy adults have greater skin microvascular 

vasodilatory capacity in response to ACh iontophoresis, PORH and local heating in comparison 

to similarly-aged sedentary adults in most (33-35, 38) but not all (46) studies. Therefore, it was 

hypothesised that there would be a strong positive linear relationship between V̇O2 peak and 

peak vasodilatory capacity of the skin microcirculation (i.e., participants that have the larger 

V̇O2 peak would also have the greatest increase in SkBF and CVC). In contrast to the primary 

hypothesis, there were non-significant and very-weak positive correlations between peak CVC 

in the skin following resting provocation assessments and V̇O2 peak (Chapter 4). 

Further analysis revealed that when V̇O2 peak was scaled to age-sex predicted V̇O2 peak to 

reflect CRF, there were significant and moderate positive correlations between CRF and peak 

CVC in response to ACh iontophoresis and the initial-heat peak, whilst, significant but weak 

correlations between CRF and peak CVC in response to SNP iontophoresis, PORH and 

plateau-phase of the heat response were observed. These findings suggest that some aspects of 

skin microvascular vasodilation are associated with higher levels of CRF and that this 

relationship may relate to the effects of regular physical activity and aerobic exercise on 

microvascular endothelial function. Given that the strength of the associations between CRF 

and peak CVC varied between microvascular provocations assessments, it is likely that 

different physiological mechanisms and regulatory pathways within the microvascular 

circulation are influenced by aerobic exercise training. Lastly, given that the strength of the 

relationship between peak CVC and CRF were moderate at best, it is clear other factors in 

addition to microvascular vasodilatory capacity influence CRF.  
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When the IHD and HO groups were examined independently, adults with IHD consistently had 

lower V̇O2 peak values compared to similarly aged HO adults and this was a principle 

consideration for the inclusion of patients with IHD. Adding IHD patients with lower V̇O2 peak 

values extended the data range available to model the relationships between the skin 

microcirculatory responses and V̇O2 peak. Furthermore, adults with IHD had significantly 

lower peak SkBF and CVC responses to each resting provocation assessment in comparison to 

similar-aged HO adults The lower peak skin vasodilatory response in adults with IHD was 

expected and is consistent with previous findings in similar patient population such as CAD, 

hypertension and type 2 diabetes mellitus (29, 123, 124, 173, 177) and overall suggests a 

generalised impairment in microvascular function. The significant weak-to-moderate 

relationships between peak CVC in response to provocation testing and CRF observed in the 

pooled group analysis were no longer evident when IHD and HO groups were examined 

independently (Chapter 4). This could have been caused by the reduction in sample size and or 

the reduced range in CRF levels within each group when analysed independently. Collectively, 

the findings from Chapter 4 do not support the central hypothesis that a strong positive 

relationship exists between peak SkBF and V̇O2 peak in middle aged and older adults with and 

without IHD.    

The provocation assessments utilised in Chapter 4 have a well-established history of use in the 

literature and have been used to evaluate microvascular function in both health and disease 

(89). These assessments aim to assess ‘peak’ vasodilatory capacity under resting static 

conditions. However, unlike at rest, the extent to which SkBF increases is limited (i.e., 

restricted) during exercise and reaches an upper limit of approximately of 50-60% of maximal 

capacity at a core temperature of ≈38 ˚C despite any additional increases in core temperature 

(158-161). Therefore, during exercise the skin microvasculature is not maximally vasodilated 

and thus, the provocation assessments performed at rest may not be an appropriate reflection 
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of microvascular regulation during exercise. This may explain the very weak to weak 

relationship observed between V̇O2 peak and peak CVC.  

To the best of our knowledge, few if any studies have examined SkBF and CVC during short-

duration graded exercise in older adults with and without IHD. Chapter 6 contributes new and 

novel information on the regulation of SkBF and CVC during acute graded dynamic exercise 

in normothermic conditions in this patient group. In contrast to the findings in Chapter 4, 

Chapter 6 highlights that CVC measured during dynamic graded exercise was positively and 

strongly correlated to submaximal V̇O2, and moderately correlated to V̇O2 peak in middle aged 

and older adults with and without IHD. Similarly, when V̇O2 peak was scaled to a percentage 

of the individual’s age and sex- predicted V̇O2 peak to reflect CRF, the relationship remained 

significant, however, the strength of the association was reduced.  

Unexpectedly it was found that the relationship between CVC during exercise and the 

submaximal V̇O2, V̇O2 peak and CRF were stronger among adults with IHD compared to HO 

adults. Therefore, suggesting that adults with IHD have a greater increase in CVC for a given 

increase in V̇O2 or V̇O2 peak. A greater increase in CVC for a given increase in V̇O2 or V̇O2 

peak in adults with IHD is difficult to explain and the mechanism(s) and clinical significance 

of this finding remains to be elucidated and warrants further investigation.    

Overall, the findings provide evidence of a strong positive association between V̇O2 peak and 

CVC during dynamic graded submaximal exercise that is in contrast to the CVC changes that 

occur in response to commonly utilised provocation assessments (ACh, SNP, local heating and 

PORH) conducted under resting conditions. 

7.1.2. The Effect of Exercise Training on Peak Skin Microvascular Reactivity in 

Response to Resting Provocation Assessments 

Chapter 5 and 6 examined the effect a short-duration 12-week exercise training programme on 

V̇O2 peak, CRF and skin microvascular reactivity in response to static (ACh and SNP 
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iontophoresis, local skin heating and PORH;) and dynamic (during graded incremental 

exercise) provocation assessments in patients with IHD. This section of the thesis contributes 

new and novel information on the effect of exercise training on skin microvascular function in 

adults with IHD. As expected, exercise training resulted in a significant improvement in V̇O2 

peak (16%) which is comparable to the results of other studies using exercise programmes of 

similar duration and exercise intensity within a similar population (17, 201-206). The modest 

improvement in V̇O2 peak of 1.14 METs is clinically significant in that every 1 MET increase 

in V̇O2 peak is associated with a 10-20% reduction in all-cause and cardiovascular disease 

mortality (13, 15, 252-254).  

Twelve-weeks of exercise training resulted in a significant improvement in peak CVC in 

response to ACh iontophoresis and local surface heating, while, peak CVC remained 

unchanged in response to SNP iontophoresis and PORH suggesting that endothelial-mediated 

vasodilation and not vascular smooth muscle relaxation was improved by exercise training. 

The findings from Chapter 5 extends what is known about improvements in skin microvascular 

function after aerobic exercise training in healthy adults (42, 58, 59) and some patient 

populations (39, 41). The current thesis did not directly examine the mechanisms by which 

microvascular function is improved with exercise training; however, the use of multiple 

provocation tests that cause vasodilation via different mechanisms helps inform future 

mechanistic studies. For example, the concurrent improvement in ACh and the plateau phase 

of the local heat response strongly suggest that exercise training has a positive effect on 

endothelial-cell function given that both provocation assessments are mediated by the release 

of NO from the endothelium and possibly other endothelial derived signalling molecules such 

as EDHF and prostaglandins (90, 92, 111, 113, 208, 209). The lack of a significant 

improvement in peak SkBF and CVC in response to PORH after 12-weeks of exercise training 
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may suggest that different pathways are involved in the PORH response and this warrants 

further investigation.  

The shift to a greater peak microvascular vasodilatory response after training in patients with 

IHD suggest a positive adaptation towards a ‘healthier’ microvasculature. Following 12-weeks 

of exercise training there was no longer a significant difference between peak vasodilatory 

response to SNP iontophoresis, PORH and both the initial and plateau-phase of the local heat 

response when compared to similarly-aged healthy adults (Figure 7.1). This finding provides 

preliminary evidence that exercise training may be an appropriate intervention to reverse or 

attenuate microvascular dysfunction in patients with IHD. Further, the skin microvasculature 

could provide an ideal site to monitor the progression and reversal of microvascular 

dysfunction. Despite the improvement in ACh-mediated vasodilation following training, this 

was still significantly reduced in comparison to HO after exercise training. This finding may 

suggest that not all aspects of microvascular dysfunction are normalised in response to 12-

weeks of exercise training and a longer or more intensive exercise programme may be required. 

Certainly, more research is required to better understand this outcome.
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Figure 7.1: Data displayed as mean ± SD. Cutaneous vascular conductance (CVC) at baseline and in response to acetylcholine (A) and sodium 

nitroprusside (B), PORH (C) and local heating to 42ºC (D) on the forearm in healthy adults (HO) (open bar, n = 21) and adults with ischemic 

heart disease (IHD) after the completion of 12-weeks of exercise training (filled bars, n = 26). Asterisk (*) identifies between significant 

difference (p <0.05) between IHD and HO adults. 
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7.1.3. The Effect of Exercise Training on Skin Microvascular Regulation During 

Graded Exercise 

To date, the effect of an exercise training intervention on SkBF and CVC during dynamic 

aerobic exercise in patients with IHD has not been investigated and thus, the current findings 

provide new and valuable information on the impact of exercise training on the regulation of 

SkBF and CVC during exercise. CVC during moderate-vigorous cycling exercise was 

compared at the same absolute intensity (i.e., pre-training exercise workload) and at the same 

relative exercise intensity before and after training (e.g., 60% V̇O2 peak.  Following 12-weeks 

of exercise training there was no significant difference in forearm CVC at the same absolute 

pre-training exercise intensity. However, when compared at the same relative exercise intensity 

CVC during vigorous exercise (i.e., 86% V̇O2 peak) was significantly higher after 12-weeks of 

exercise training despite, no significant difference in skin or tympanic temperature while 

exercising at a higher absolute workload post-training. The mechanism(s) responsible for the 

greater increase in CVC during exercise at the same pre/post relative exercise intensity after 

training in patients with IHD are yet to be identified. It is likely that after exercise training the 

additional increase in CVC at a similar relative exercise intensity is associated with a higher 

cardiac output (250) and metabolic heat production (229, 251) given the higher absolute 

external workload obtained post-training. However, this is purely speculative, the 

mechanism(s) and the clinical significance of an improvement in CVC after training in patients 

with IHD warrants further investigation. Furthermore, exercise training did not significantly 

alter the relationship between CVC measured during exercise and submaximal V̇O2, V̇O2 peak 

or CRF. 

Despite an improvement in V̇O2 peak, CRF and microvascular vasodilatory response to both 

resting provocation assessments (ACh iontophoresis, local heating) and during dynamic 

exercise there was no compelling evidence to suggest that the improvement in CRF or V̇O2 
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peak was directly associated with the improvement in peak CVC after training. Overall, aerobic 

exercise training improved V̇O2 peak, CRF and skin microvascular function in patients with 

IHD; however, the change in V̇O2 peak was not proportional or dependent upon a change in 

CVC and suggests that the improvement in V̇O2 peak and peak CVC occur independently (i.e., 

an increase in V̇O2 peak after training is not dependent upon an increase in peak CVC).  

7.2. Functional Implications of an Improvement in Peak Skin Vasodilatory 

Response 

Overall, the findings from this thesis provide new insight into the ‘functional’ relevance of an 

improvement in local skin vascular adaptations in response to exercise training. A key question 

within this field of research is whether or not an improvement in local skin vasodilatory 

response following exercise training translates to an improvement in SkBF and CVC during 

exercise. Our findings indicate that despite exercise training improving peak CVC in response 

to local heating and ACh iontophoresis (Chapter 5) CVC during dynamic submaximal graded 

exercise when examined at the same absolute exercise intensity remained unchanged after 

exercise training. Furthermore, exercise training did not change the relationship between CVC 

during exercise and V̇O2 peak and CRF (Chapter 6). Several possibilities exist to explain these 

findings. To date, there is a limited number of studies which have investigated the mechanisms 

of cutaneous vasodilation during dynamic exercise (255). Therefore, it is unclear if the 

mechanisms regulating skin vasodilation during dynamic exercise are the same as those 

observed under resting conditions (i.e., passive whole-body or local heating). It is possible that 

the underlying mechanisms that are responsible for the regulation of SkBF during exercise 

differ to those examined in response to resting provocation assessments (i.e., local heating). 

Thus, peak microvascular vasodilatory function measured under resting conditions may not 

appropriately reflect the regulation of skin microvascular function under dynamic exercise 

conditions.  
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7.3. Significance of Findings 

It is well established that regular aerobic exercise training reduces mortality and morbidity rates 

in patients with IHD (256-258). Previous studies have shown that exercise-based rehabilitation 

programmes improve V̇O2 peak, cardio-metabolic risk factors, and endothelial cell and vascular 

function in large conduit arteries (220, 259-264). Improvements in endothelial cell function in 

large conduit arteries are thought to explain, in part, the beneficial effect of exercise on V̇O2 

peak and cardiovascular outcomes (259). Despite our increased understanding of the effect 

exercise training on vascular function and health in larger conduit arteries the effect exercise 

training has on microvascular health and endothelial cell function is understudied. Assessment 

of microvascular function is increasingly important to gaining greater understanding of the 

effect ageing, CRF, and chronic disease conditions has on microvascular function. The skin 

microcirculation is considered to be a representative and accessible vascular bed for evaluating 

and understanding the mechanisms of microvascular function and dysfunction as it has been 

proposed to mirror generalized systemic microvascular dysfunction in other vascular beds (61). 

The findings from Chapter 5 indicate that exercise training improves skin microvascular 

endothelial-mediated vasodilation in patients with IHD, which may extend beyond the skin 

circulation. Given endothelial dysfunction is an associated marker for the development and 

progression of CVD (265) the improvement in skin endothelial function observed in the current 

study may be reflective of an improvement in systemic endothelial cell function and overall 

improvement in vascular health.  

7.4. Future Direction 

The provocation assessments (i.e., ACh iontophoresis, PORH, and local surface heating) used 

in this thesis are often used to evaluate the impact aerobic fitness, ageing, and chronic disease 

conditions have on microvascular function. It is well accepted that the mechanisms underlying 

these common provocation assessments are complex and involve multiple regulatory 
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pathways. There is no doubt our understanding of the mechanisms mediating these responses 

has significantly improved in recent years, however, it is also clear within the literature the 

overarching mechanisms and pathways involved in some responses such as the PORH response 

warrant further investigation. Further investigation into the complex mechanisms underlying 

these provocation tests will allow for a greater understanding of the pathways that may be up 

or downregulated in response to an intervention such as exercise training.  Iontophoresis of 

pharmacological blockades or vasoactive substances may be on avenue to assist in elucidating 

the mechanisms contributing to the PORH response.  

Despite the wide utilisation of the provocation assessments within the literature to evaluate 

microvascular function there is a large variation in methodological procedures, which may 

explain some of the conflicting results between studies and overall limits the ability to compare 

results between studies. For example, the arterial occlusion time utilised for the PORH 

provocation assessment varies between studies, ranging from 3 – 8 minutes. It is well 

established that arterial occlusion time has a significant effect on the magnitude of increase in 

peak SkBF and AUC, which are the commonly reported outcome variables. Furthermore, large 

variations in the concentrations of ACh and SNP utilised during iontophoresis as well the 

iontophoresis electrical current protocols exist and are likely responsible for the large range of 

reported values found across different studies. Finally, in addition to varying methodological 

procedures there is a lack of standardisation and consensus of data expression. For example, 

data are expressed in arbitrary PU, CVC and % of ‘maximal’ or baseline CVC which makes 

the comparison of findings between studies difficult to examine. Addressing and standardizing 

some of these fundamental methodological procedures should lead to greater clarity within the 

field of microvascular research. 
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Although exercise training improved peak endothelial-mediated vasodilation in response to 

ACh iontophoresis and local heating the mechanistic basis underlying theses vascular changes 

remains largely unexplored and require further investigation.  

Exercise training did not change CVC at the same absolute workload after training; however, 

a greater increase in CVC during vigorous exercise at the same relative exercise intensity was 

observed. In future studies, the additional measurements of cardiac output during exercise in 

conjunction with SkBF would provide valuable information on the potential mechanisms, 

which lead to an increase in CVC and SkBF after exercise training in patients with IHD.   

Finally, it is currently unclear what exercise intensity, type and volume is required to elicit the 

greatest improvement in microvascular reactivity in patients with IHD and thus further research 

is warranted. There is some emerging evidence in healthy adults that HIIT may elicit greater 

improvements in skin microvascular function in comparison to moderate continuous training. 

However, this is currently not well established and has not been investigated in patients with 

established microvascular dysfunction. 

7.5. Summary Statement 

 In conclusion, the primary findings are that skin microvascular function assessed by resting 

provocation assessments (i.e., iontophoresis, local heating and PORH) is not strongly 

associated with V̇O2 peak but is strongly-moderately correlated to absolute VO2 during 

submaximal exercise and V̇O2 peak. When healthy older-middle aged adults are compared to 

adults with IHD, V̇O2 peak and skin microvascular reactivity in response to resting provocation 

assessments are significantly reduced. As hypothesised 12-weeks of aerobic exercise training 

improved both V̇O2 peak and peak skin microvascular endothelial-mediated vasodilation in 

response to resting provocation assessments. Despite an improvement in peak CVC in response 

to resting provocation assessments, exercise training had no significant effect on CVC during 

dynamic exercise when compared at the same pre-training absolute workload.  Moreover, the 
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increase in V̇O2 peak after exercise training was not proportional or dependent upon a change 

in CVC and suggests that the improvement in V̇O2 peak and CVC occur independently which 

was in contrast to the study hypothesis. Although both skin microvascular function and V̇O2 

peak can be improved with exercise training, more work is required to elucidate how the two 

physiologic processes interact and to determine how well changes in skin microvascular 

regulation reflect microvascular function in other tissues.   
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8. Chapter 8:  Appendices 

8.1. Appendix A – Participant information sheet for IHD adults 
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8.2. Appendix B – Participant information sheet for healthy adults  



166 

 

 



167 

 

  

 



168 

 



169 

 

8.3. Appendix C – Participant Consent Form  

 



170 

 

 



171 

 

8.4. Appendix D – Physical Activity Readiness Questionnaire  
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8.5. Appendix E: Contraindications for terminating a cardiopulmonary 

exercise test 

Absolute and Relative Contraindications to Terminating a CPX test (153) 

Absolute Relative 

Drop in systolic blood pressure (SBP) of ≥10 

mm Hg with an increase in work rate, when 

accompanied by other evidence of ischemia 

Marked ST displacement (horizontal or 

downsloping of >2 mm, measured 60-80ms after 

the J point in a patient with suspected ischemia) 

Moderate to severe angina (defined as 3 on 4 

point scale) 

Drop in SBP >10 mmHg (persistently below 

baseline) despite an increase in workload, in the 

absence of other evidence of ischemia 

Central nervous system symptoms (e.g., 

ataxia, dizziness, or near syncope) 

Increasing chest pain 

Signs of poor perfusion (cyanosis or pallor) Fatigue, shortness of breath, wheezing, leg 

cramps, or claudication 

Technical difficulties monitoring the ECG or 

SBP 

Arrhythmias other than sustained ventricular 

tachycardia, including multifocal ectopy, 

ventricular triplets, supraventricular tachycardia, 

and bradyarrhythmias that have the potential to 

become more complex or to interfere with 

hemodynamic stability.  

Participants desire to stop Exaggerated hypertensive response (SBP >250 

mmHg or diastolic blood pressure >115 mmHg) 

Sustained ventricular tachycardia or other 

arrhythmia, including second-or third-degree 

AV block that interferes with normal 

maintenance of cardiac output during 

exercise.  

Development of bundle branch block that cannot 

be distinguished from ventricular tachycardia 

ST elevation (>1.0 mm) in leads without 

diagnostic (preexisting) Q waves because of 

prior MI (other than V1 or aVR or aVL) 

SpO2 ≤80% 

Drop in systolic BP of ≥10 mm Hg with an 

increase in work rate, when accompanied by 

other evidence of ischemia 

Marked ST displacement (horizontal or 

downsloping of >2 mm, measured 60-80 ms 

after the J point in a patient with suspected 

ischemia) 
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8.6. Appendix F: Repeatability of SkBF Measurements 

Repeatability of LDF measurement 

A previous experiment within our lab was conducted to evaluate the repeatability of SkBF 

measured using LDF at rest and in response to local heating and PORH. A total of 26 healthy 

participants (n =18 Female, n =11 male) aged 19-46 years old completed two testing session 

separated by 24 - 48 hours. The testing sessions were conducted at a similar time of the day 

and participants were asked to refrain from food for 3 hours and vigorous physical activity for 

at least 24 hours prior to each testing session. The testing sessions were conducted in line with 

the procedures outlined in Chapter 3.  

Statistical analysis 

The intraclass correlation coefficient were calculated for 1) Resting SkBF, 2) peak PORH 

SkBF and 3) peak SkBF in response to local heating. ICC’s were calculated using SPSS 

statistical package version 26 (SPSS Inc, Chicago, IL) based on a two-way mixed effects 

model, single measurement, and absolute agreement. The following formula below was used 

to calculate ICC along with 95% confidence intervals. Interpretation of the ICC was as follows: 

<0.05, poor, between 0.50 and 0.75 fair, 0.75-0.9 good and >0.90 excellent reproducibility 

(266). 

MSr-MSe

MSr+(k-1)𝑀𝑆𝑒 +
k
n

(MSc-MSe)
 

 

Results 

(1) Resting SkBF: The ICC test-retest reliability was between fair and excellent being 0.81 

(CI; 0.61 to 0.91) 

(2) Peak Heat SkBF: The ICC test-retest reliability was between fair and good being 0.73 (CI; 

0.50 to 0.87) 
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(3) Peak PORH SkBF: The ICC test-retest reliability was between fair and good being 0.76 

(CI; 0.53 to 0.89).
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