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Chapter 1  1 

1 Arterial Stiffening in the Peripheral and Cerebral 2 

Circulation 3 

In this chapter, an introduction to arterial system mechanics is presented, focusing on 4 

arterial physiology, arterial stiffness measurements, and pathophysiological mechanisms. 5 

The purpose of this chapter is to provide a background of the current literature as well as 6 

present a rationale and studies within the thesis.  7 

1.1 The Arterial System 8 

1.1.1 Anatomy and Physiology of the Peripheral Arterial System 9 

The main function of the cardiovascular system is to distribute oxygen and nutrient-rich 10 

blood to tissues. To do this in an effective manner, oxygenated blood is pumped from the 11 

left ventricle at a high pressure. The arterial system is then tasked with taking these high 12 

amplitude pressure waves and translating them to near steady-state flow in the capillaries 13 

to enable the extraction of nutrients from the blood. This elegant pump, conduit, and 14 

distribution system is complicated by branching of the arteries into smaller segments, 15 

which creates wave reflections that propagate back toward the heart (Weber et al., 2004).  16 

The structure of the vascular wall provides the fundamental basis for their pressure-17 

damping function. Arterial structure consists of three layers i) tunica intima, ii) tunica 18 

media, and iii) tunica adventitia (Figure 1.1; (Gasser, Ogden, & Holzapfel, 2006). The 19 

tunica intima is the innermost layer and is formed by an endothelial cell layer, 20 

subendothelial connective tissue, basement membrane made primarily of type IV 21 

collagen, and internal elastic lamina. The tunica media consists mainly of lamellar units, 22 
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which include elastin and smooth muscle fibrils within a collagen fiber network 23 

(O’Connell et al., 2008). The tunica adventitia is comprised mainly of fibroblasts and the 24 

collagen-derived (types I and III) extracellular matrix. These three layers can vary in 25 

regional density and composition, which have implications for the resistance properties of 26 

the cardiovascular system (Sawabe, 2010). 27 

 28 

Figure 1.1. Structure of arterial layers. 29 

Arteries are composed of three layers: intima (I), media (M), adventitia (A). I is the 30 

innermost layer consisting of a single layer of endothelial cells, a thin basal 31 

membrane and a subendothelial layer. M is composed of smooth muscle cells, a 32 

network of elastic and collagen fibrils and elastic laminae. A is the outermost layer 33 

surrounded by loose connective tissue. Reproduced with permission from Gasser et 34 

al., 2006. 35 

The local mechanical properties of the arteries are influenced by all constituent layers. 36 

Vascular tone refers to the degree of constriction in a blood vessel relative to the 37 

maximally dilated state. The endothelium can release vasodilation (e.g. nitric oxide, 38 

prostaglandins, endothelium-derived hyperpolarizing factor) and vasoconstriction (e.g. 39 

thromboxane, endothelin) factors which can acutely influence vasomotor tone of the 40 
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vessel (Sandoo, Veldhuijzen van Zanten, Metsios, Carroll, & Kitas, 2015). The tunica 41 

media is the major load-bearing tissue at physiological pressures due to local elastin 42 

deformation to absorb the pressure pulse while smooth muscle contractile state maintains 43 

vascular tone (Michael F. O’Rourke & Hashimoto, 2007). Finally, the structural nature of 44 

the collagen in adventitia allows it to bear over half of the load at abnormal (high and 45 

low) pressures (Beenakker, Ashcroft, Lindeman, & Oosterkamp, 2012). 46 

After ejection from the heart, the large elastic arteries distend to accommodate the 47 

dramatic increase in pressure, thereby acting as a cushioning reservoir, to store blood in 48 

systole and eject it to the tissue in diastole (Nichols, O’Rourke, Vlachopoulos, Hoeks, & 49 

Reneman, 2011). As the system moves away from the heart, the large muscular arteries 50 

act primarily as a conduit with some control via smooth muscle contraction and 51 

relaxation. Regionally, the distal tunica media contains more smooth muscle and less 52 

elastin than the central arteries. The arterioles are chiefly responsible for a large increase 53 

in resistance, which enables steady blood flow into the capillary network where nutrient 54 

exchange can occur (Nichols et al., 2011).  55 

1.1.2 Anatomy and Physiology of Cerebral Arteries 56 

The brain accounts for about 20% of oxygen consumption. Additionally, transient 57 

restriction of blood and oxygen supply to the brain results in unconsciousness, suggesting 58 

blood flow regulation is an important part of human survival (Clarke & Sokoloff, 1999). 59 

The brain receives blood predominantly via two pairs of arteries, anteriorly from bilateral 60 

internal carotid arteries, and posteriorly from bilateral vertebral arteries. These 61 

distributions anastomose at the Circle of Willis, where they divide into three predominant 62 

arteries, the anterior, middle, and posterior cerebral arteries (Figure 1.2).  63 
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 64 

Figure 1.2. Arterial supply of the brain. 65 

Reproduction of a lithograph plate from Gray’s Anatomy from the 20th U.S. edition 66 

of Gray’s Anatomy of the Human Body, originally published in 1918, public 67 

domain. 68 

The anterior, middle, and posterior cerebral arteries branch into the pial arteries that 69 

continue to run along the surface of the brain until they penetrate the brain tissue and to 70 

become penetrating arterioles in the Virchow-Robin space (Cipolla, 2016). The 71 

penetrating arterioles become parenchymal arterioles when they are surrounded by glial 72 

cells. At the parenchymal level, the brain tissue is supplied with oxygen and nutrients. 73 

Unlike the pial arteries, which have collateral circulation, the long branched nature of the 74 

penetrating and parenchymal arterioles makes them susceptible to ischemic damage when 75 

obstructed (N. Nishimura, Schaffer, Friedman, Lyden, & Kleinfeld, 2007).  76 

There are several distinct features of the cerebrovascular system. Unlike the peripheral 77 

vasculature, where the large arteries are primarily a conduit without resistive control, the 78 
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cerebrovascular large arteries have distinct resistive properties (F. M. Faraci & Heistad, 79 

1990). Dilation of large cerebral arteries changes the microvascular gradient between the 80 

arterial and venous capillaries, suggesting that large arteries in the brain play a role in 81 

oxygen and nutrient extraction in the cerebrum (Cipolla, 2016). Additionally, 82 

autoregulation of the cerebral vessels can compensate for vasoactive stimuli, thereby 83 

maintaining blood flow to the brain over a large range of pressures (Lassen, 1959). The 84 

blood-brain-barrier (BBB) is another feature unique to the cerebral vessels. The BBB is 85 

characterized by tight and adherens junctions between cerebrovascular endothelial cells 86 

which allow closely-controlled regulation of substances into the brain (Zlokovic, 2008). 87 

This unique cerebrovascular endothelial layer can also alter the effect of humoral, neural, 88 

and metabolic stimuli (Frank M. Faraci & Heistad, 2017). 89 

Aside from the internal characteristics that are unique to the cerebral vessels, the 90 

pressurized environment of the skull can also influence behaviour of the 91 

cerebrovasculature. In comparative modeling of the cerebral and peripheral vascular 92 

beds, the extravascular cerebral environment is suggested to minimize the ability of the 93 

cerebral vessels to express their elasticity (Zamir, Moir, Klassen, Balestrini, & 94 

Shoemaker, 2018). Additionally, increases in intracranial pressure (ICP) can cause brain 95 

tissue to stiffen when measured with MR elastography (Arani et al., 2018), which are 96 

known to change cerebrovascular pulsatile properties (Kim et al., 2015). Clinically, the 97 

stiff intracranial environment can result in faster pulse wave transmission with greater 98 

pulsatile energy moving into the cerebral microvessels, increasing the cerebral 99 

vulnerability to structural impairment (Michael F. O’Rourke & Safar, 2005). 100 

 101 
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1.1.3 Mechanical Properties of Arterial Dilation 102 

Under conditions of maximal smooth muscle relaxation, the arterial wall becomes less 103 

compliant as it is dilated (Nichols et al., 2011). As dilation occurs in this state, the arterial 104 

wall tension increases and the load bearing tissue changes from elastin to collagen, which 105 

increases the stiffness of the artery. However, the physiological balance of 106 

vasoconstrictor and vasodilator influences creates a complex interaction that can alter the 107 

effective elastic properties of the artery. Therefore, the mechanisms by which vascular 108 

tone is altered can directly affect the elastic properties of the vessel. This thesis will 109 

discuss two common techniques to promote vasodilatory responses in humans, nitric 110 

oxide-mediated, and hypercapnia-mediated dilation. 111 

1.1.4 Effect of Nitroglycerin on Arterial Dilation 112 

Nitroglycerin (NTG) and other nitro-vasodilators produce nitric oxide (NO) after 113 

bioactivation in the body. The NO molecule acts on smooth muscle cells by activating 114 

soluble gyanylyl cyclase which induces the formation of cyclic guanosine 115 

monophosphate (cGMP) (Arnold, Mittal, Katsuki, & Murad, 1977). The cGMP binds to 116 

cGMP-gated ion channels and protein kinase G receptors, which promotes the reuptake 117 

of calcium from the cytosol to the sarcoplasmic reticulum, thereby relaxing the smooth 118 

muscle (R. C. Webb, 2003). Although dilation is the primary acute response of NO, it 119 

also plays a role in angiogenesis (Fukumura et al., 2001) and has anti-platelet properties 120 

(Pigazzi et al., 1999).  121 

Exogenous forms of NTG can be administered in tablet, infusion, subdermal or 122 

sublingual form. In sublingual form, sodium NTG has an onset of 1-3 minutes and a half-123 

life of about 2.5 minutes (Kirsten, Nelson, Kirsten, & Heintz, 1998). Additionally, NTG 124 
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can pass through the BBB, making it an ideal candidate for studying smooth muscle 125 

vasodilation responses in both the periphery and the cerebral circulation. Vasodilation 126 

associated with NTG in the brachial artery is shown to increase arterial elasticity and 127 

decrease brachial pulse wave velocity (PWV) (Bank & Kaiser, 1998). This contrasts the 128 

mechanistic thought that smooth muscle dilation reduces arterial elasticity (Peterson, 129 

Jensen, & Parnell, 1960). Arteries exhibit inherent basal dilatory states. Therefore, 130 

regional variations in basal vasomotor state could influence the elasticity responses to 131 

external stimuli like NTG (Nichols et al., 2011). The thought that NTG elicits dilation of 132 

the cerebral large arteries (Dahl, Russell, Nyberg-Hansen, & Rootwelt, 1989) was 133 

supported recently in studies of vascular diameter using 7-Tesla MRI (Schulz, Al-134 

Khazraji, & Shoemaker, 2018). However, the effect of smooth muscle vasodilation on the 135 

dynamic pulsatile properties of the cerebral vessels have yet to be explored.  136 

1.1.5 Effect of CO2 on Arterial Dilation 137 

The mechanisms of CO2-mediated vasodilation are complex, involving extravascular pH 138 

(Kontos, Raper, & Patterson, 1977), neuronal (Jordan et al., 2000), and endothelial 139 

(Frank M. Faraci & Heistad, 2017) contributions. What adds to their complexity is the 140 

longstanding notion that CO2 preferentially effects the cerebral vessels (Lennox & Gibbs, 141 

1932). To highlight this, when comparing arterial response over various respiratory end-142 

tidal CO2 levels, vascular reactivity was 8-fold greater in the cerebral circulation than the 143 

femoral circulation (Ainslie, Ashmead, Ide, Morgan, & Poulin, 2005).  144 

The mechanistic role of CO2 on the cerebral vessels is multifaceted. In the pH-model, 145 

ATP-sensitive K+ and voltage-gated K+ channels on vascular smooth muscle become 146 

activated with when pH is reduced (Berger, Vandier, Bonnet, Jackson, & Rusch, 1998; H. 147 
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Xu et al., 2001). An endothelial cell-mediated opening of K+ channel in smooth muscle 148 

causes hyperpolarization and subsequent relaxation (Brayden, 1990; Nelson & Quayle, 149 

1995). Evidence of neuronal contribution was suggested when sympathetic activation 150 

was shown to attenuate the cerebral blood flow increase during hypercapnia, suggesting a 151 

neural protective effect via innervation of the arterioles (Jordan et al., 2000). Neural 152 

regulation is also known to affect cerebral autoregulation (Zhang et al., 2002), suggesting 153 

CO2 changes may elicit both large artery and downstream effects on cerebral blood flow. 154 

Attenuation of the vasodilatory response to hypercapnia in the presence of L-NNA also 155 

suggests NO-mediated endothelial contributions in CO2-mediated dilation (Frank M. 156 

Faraci, Breese, & Heistad, 1994). Overall, the effect of inhaled CO2 is complex in nature, 157 

likely containing multiple redundant mechanisms to maintain cerebral homeostasis.  158 

1.2 Arteries in Aging and Disease 159 

In the young, healthy cardiovascular system, the arterial system operates seamlessly to 160 

minimize pulsations from left ventricular ejections, enabling the distribution of blood at a 161 

steady rate to bodily tissues. However, the inevitability of aging results in substantial 162 

pulsations over years of life, which can cause mechanical degradation of the arterial 163 

walls. These structural changes affect wave travel and reflection beginning as early as the 164 

age of 30 and are progressive until death (Nichols et al., 2011). The main areas of arterial 165 

aging occur in the tunica intima and media, where cellular processes lead to structural 166 

remodeling over the course of life.  167 

With age, progressive thickening occurs in the tunica intima, (Movat, More, & Haust, 168 

1958), which is associated with development of atherosclerotic plaque. The thickening of 169 

atherosclerotic plaque is multifaceted in nature and derives from LDL cholesterol 170 
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oxidation (Navab et al., 1996), adhesion molecule signaling for monocyte recruitment 171 

(Collins et al., 2000), cholesterol-filled macrophage accumulation (Yamada, Doi, 172 

Hamakubo, & Kodama, 1998), and infiltration of medial smooth muscle cells to the 173 

intima (Ross, 1999). As this chronic inflammatory process continues, the vessel gradually 174 

dilates to compensate for the reductions in flow. However, this has consequences for the 175 

proteinaceous structure of the arterial wall. 176 

The main proteins that are associated with vascular wall mechanics are collagen and 177 

elastin. The majority of collagen proteins in arteries are type I and III, and contribute to 178 

the tensile strength of the vessel (Mayne, 1986). In aging, the absolute number of elastin 179 

is maintained, but thinning of the laminae and reduction in relative elastin content has 180 

been observed (Spina, Garbisa, Hinnie, Hunter, & Serafini-Fracassini, 1983). While 181 

fragmentation continues, the collagen to elastin ratio increases, correlating with the 182 

progressive strain of the aorta (Newman & Lallemand, 1978). Additionally, recent 183 

evidence has shown a role for tunica media vascular smooth muscle as a contributor to 184 

age-related vascular stiffening (Mozafari, Zhou, & Gu, 2019). 185 

Matrix metalloproteinases (MMPs) are collagenolytic and elastinolytic proteins that play 186 

a large role in the remodeling of the extracellular matrix, which occurs in arterial aging. 187 

Collagenolytic MMPs in the vessel are MMP-1 (endothelium), MMP-2 (vascular cells), 188 

and MMP-9 (inducible in vascular cells). Elastinolytic MMPs are MMP-7, MMP-12, 189 

stromelysins, and membrane type metalloproteinases (MT-MMPs) (Jacob, 2003). The 190 

regulation of MMPs is by i) production; gene expression and protein secretion, ii) 191 

activation; zymogen precursor to active form, and iii) inhibition; tissue inhibitors of 192 

MMPs (TIMPs). In a rat model, active MMP-2 and MT1-MMP increase with age, while 193 
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the associated TIMPs either remain the same or decrease, elevating the total ratio of the 194 

active proteinase (M. Wang & Lakatta, 2002). This change could be due to factors like 195 

cytokine signaling (Li, Cheng, Lederer, Froehlich, & Lakatta, 1997) or oxidative stress 196 

(Okamoto et al., 1997). 197 

The importance of the endothelium in the dilatory response was first discovered using 198 

acetylcholine (ACh) in 1980 (Furchgott & Zawadzki, 1980). Later, nitric oxide (NO) was 199 

found to be responsible for initiating the endothelial dilatory response (Ignarro, Buga, 200 

Wood, Byrns, & Chaudhuri, 1987). Additionally, the idea that NO is an important 201 

determinant of basal vascular contractile state was confirmed when inhibition of NO 202 

resulted in constriction and consequent reduction in basal blood flow (Vallance, Collier, 203 

& Moncada, 1989). In the aging artery, impairment of NO-mediated vasodilation is seen 204 

as the endothelium is damaged. Using L-NG-monomethyl arginine (L-NMMA), a non-205 

selective NO synthase inhibitor, reductions in forearm blood flow were diminished in 206 

older participants, suggesting the bioavailability of NO decreases with age (Lyons, Roy, 207 

Patel, Benjamin, & Swift, 1997). Also, age-associated increases in reactive oxygen 208 

species (ROS) can deactivate NO, which may contribute to the impaired vascular 209 

response (Donato et al., 2007). The oxidative stress in the endothelium is in part due to a 210 

NADPH oxidase upregulation that may occur via inflammatory (Csiszar et al., 2007), 211 

mitochondrial (Gioscia-Ryan et al., 2014), or renin-angiotensin (Flavahan, Chang, & 212 

Flavahan, 2016) mechanisms.  213 

Energy and nutrient sensing pathways also may play a role in age-related endothelial 214 

dysfunction. These processes include the mechanistic target of rapamycin signaling 215 

(mTOR), sirtuins, and AMP-activated protein kinase (AMPK) pathways. The mTOR 216 
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pathway plays a large role in anabolic and aging processes throughout the body (Sabatini, 217 

2017). In the arteries, over activation of the mTOR pathway causes endothelial cell 218 

senescence and endothelial NO synthase (eNOS) uncoupling in cell culture (Rajapakse et 219 

al., 2011). Inhibition of mTOR via rapamycin has also shown promise by restoring 220 

endothelial function to areas with vascular damage (Cheng et al., 2008; Lesniewski et al., 221 

2017). Functionally, the use of mTOR inhibition on cerebrovascular outcomes like 222 

Alzheimer’s disease has suggested utility in improving blood flow and cognitive 223 

outcomes in rodent models (Lin et al., 2013). Sirtuins (SIRT) and AMPK are metabolic 224 

energy sensors and are regulated by nicotinamide adenine dinucleotide (NAD+) and the 225 

adenosine monophosphate to triphosphate ratio (AMP:ATP), respectively. In humans, the 226 

endothelial-dependent dilatory response to ACh correlates with SIRT-1 protein 227 

expression levels, which were reduced in older adults (Donato et al., 2011). Further, 228 

reductions of SIRT-1 in mice caused acetylation and deactivation of eNOS, leading to 229 

endothelial dysfunction (Donato et al., 2011). The AMPK pathway may also influence 230 

endothelial function in aging. In a rat model, AMPK was reduced with age, however, the 231 

endothelial-dependent vasodilation was restored when infused with AMPK activator 232 

aminoimidazole carboxamide ribonucleotide without increasing the bioavailability of 233 

NO, suggesting age-related decreases in endothelial-dependent vasodilation are at least in 234 

part due to the downregulation of AMPK with age (Lesniewski, Zigler, Durrant, Donato, 235 

& Seals, 2012).  236 

Overall, these age-related factors lead to the degradation of arterial integrity, endothelial 237 

dysfunction, and concomitant stiffening. However, they can be accelerated by the 238 

presence of cardiovascular factors. While there is support for independent contributions 239 
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of metabolic syndrome (Scuteri et al., 2004), arterial degradation is largely a mechanical 240 

issue. This notion is supported by studies that show age and blood pressure are the 241 

primary determinants of arterial stiffness (Cecelja & Chowienczyk, 2009; McEniery et 242 

al., 2010). Nonetheless, hypertension is one of the main risk factors for cardiovascular 243 

disease. Arterial stiffness and hypertension are subject to a feedback loop combining both 244 

local mechanics and global hemodynamics (Humphrey, Harrison, Figueroa, Lacolley, & 245 

Laurent, 2016). Longitudinal evidence suggests arterial stiffness is an independent risk 246 

factor for hypertension (Kaess et al., 2012). However, hypertension and elevated mean 247 

arterial blood pressure elicit structural changes in the vascular smooth muscle and 248 

extracellular matrix that cause arterial stiffening (Lacolley, Regnault, Segers, & Laurent, 249 

2017). Regardless, in arterial stiffening and hypertension, there is preferential regional 250 

stiffening in the central elastic arteries that elevates PWV and vascular impedance. 251 

Impedance, the resistance to flow through a pulsatile system, is greater in the periphery in 252 

young healthy individuals, this mismatch in impedance between the peripheral and 253 

central arteries elicits a protective effect on the microvasculature (London & Pannier, 254 

2010). The greater the mismatch in impedance along successive segments of the arterial 255 

tree, the greater the reflection of a partial wave toward the heart. Thus, the forward wave 256 

carries reduced pulsatile energy, which minimizes the stress on the microvascular 257 

network. The consequential increase in central artery impedance with age reduces the 258 

mismatch to the muscular arteries and may lead to propagation of damaging high 259 

amplitude pulse waves deeper into the vascular tree (Figure 1.8; Safar et al., 2018). This 260 

places low resistance organs like the brain at risk and gives support to the notion that 261 
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arterial stiffness is a shared risk factor for cardiovascular and cerebrovascular damage 262 

(Mattace-Raso et al., 2006).  263 

 264 

Figure 1.3. Effect of arterial stiffening on pulse wave in microvasculature. 265 

Effect of arterial stiffness and hypertension on impedance and pressure wave 266 

through the arterial tree. Reductions in the impedance mismatch between the 267 

central and muscular arteries translates to greater pulsatile energy moving into the 268 

microvasculature. Reproduced with permission from Safar et al., 2018. 269 

 270 
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1.3 Cerebrovascular Outcomes of Arterial Stiffening 271 

1.3.1 White Matter in Health and Disease 272 

White matter plays an integral role in the transmission of electrical information through 273 

various tracts in the cerebrum. The white matter makes up 40-50% of the total brain, and 274 

is comprised of axons wrapped concentrically with myelin (Filley, 2005). Myelin wraps 275 

the axons in such a way that small unwrapped sections, Nodes of Ranvier, can permit 276 

saltatory conduction, enabling high-speed propagation of the electric signal. These 277 

connections have critical roles in cognitive development in terms of attention, executive 278 

function, and general processing speed (Filley, 1998). The high fat content of myelin 279 

enables white matter images to be readily accessed via T2-weighted and FLAIR images. 280 

Another method of white matter imaging, diffusion tensor imaging (Le Bihan et al., 281 

1986) also provides measures of organizational alignment and axonal integrity (Beaulieu, 282 

2002). The white matter is highly vascularized, as such, vascular abnormalities can 283 

influence the structural integrity of white matter. For the purpose of this thesis, white 284 

matter integrity will be discussed using volumetric imaging correlates. 285 

The first pathological correlates of white matter disease were discovered on computed 286 

tomography scans (Hachinski, Potter, & Merskey, 1987). More recently, researchers are 287 

using T2-weighted and FLAIR images as abnormal white matter displays with a 288 

hyperintense signal, giving rise to the term white matter hyperintensities (WMH) 289 

(Wardlaw, Valdés Hernández, & Muñoz-Maniega, 2015). The WMHs appear on T2-290 

weighted and FLAIR images due to abnormal increases in water content and represents 291 

mixed pathology. In aging, WMHs increase progressively (De Leeuw et al., 2001) and by 292 

the 9th decade of life, over 90% of the population has a detectable amount of WMHs on 293 
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MRI scans (Zhuang, Chen, He, & Cai, 2018). Thus, in the past WMHs were typically 294 

dismissed as a part of normal aging. However, researchers discovered that WMHs are 295 

highly variable and are known to be modulated based on a variety of vascular parameters 296 

independent of age (Wardlaw et al., 2015). Vascular risk factors like hypertension 297 

(Dufouil et al., 2001; Verhaaren et al., 2013), carotid lumen diameter (Brisset et al., 298 

2013), pulse pressure (Aribisala et al., 2014), smoking (Gons et al., 2011), and diabetes 299 

(Ferguson et al., 2003) are all associated with greater amounts of WMHs. Additionally, 300 

genetic factors may play a role in the development of WMHs (Atwood et al., 2004). 301 

1.3.2 Pathology of White Matter Hyperintensities 302 

The study of WMH pathological characteristics has shown large heterogeneity amongst 303 

cerebral small vessel diseases (Gouw et al., 2011). Findings include demyelination, 304 

astrogliosis, dilatation of perivascular spaces, fibrosis of vessels, and macrophage 305 

activation (Gouw et al., 2011). There are several possible mechanisms that may play a 306 

role in these outcomes. The white matter is intrinsically susceptible to insufficient blood 307 

flow due to deep anatomical positioning in watershed areas of several major cerebral 308 

arteries (Y. Wang et al., 2016). Specifically, paraventricular portions of white matter are 309 

supplied by the distal arterioles from the MCA and anterior cerebral artery. Due to the 310 

length and diameter of the penetrating arterioles, perfusion pressure is reduced, making 311 

these areas vulnerable to ischemia (Momjian-Mayor & Baron, 2005). Moreover, hypoxia 312 

may contribute to WMH pathology as hyperintense areas have reduced vessel density and 313 

greater levels of endothelial-derived hypoxic factors (Fernando et al., 2006; Moody et al., 314 

2004). Other pathological studies have implicated BBB dysfunction, as extravasation of 315 

serum proteins like fibrinogen have been reported in glial cells tracking with WMH 316 
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severity (Tomimoto et al., 1996). More recently, greater BBB permeability was found in 317 

patients with subcortical ischemic vascular disease, as assessed by albumin index and 318 

enhanced contrast MRI (Taheri et al., 2011). Another mechanism for development of 319 

WMHs is inflammation. Microglial cells are activated in areas of white matter lesions 320 

(Simpson et al., 2007). Additionally, inhibition of microglial activation in a mouse model 321 

has shown improvement of white matter integrity (Fowler et al., 2018), suggesting glial 322 

cells as a possible therapeutic target (Ahmed, Gull, Khuroo, Aqil, & Sultana, 2017). 323 

While vascular white matter disease is at least in-part mediated by the arterial system, a 324 

venous hypothesis has also emerged. The deposition of collagen in the paraventricular 325 

venules correlates with white matter disease, the collagen accumulates in the ventricular 326 

horns, where paraventricular WMH are typically found (Moody, Brown, Challa, & 327 

Anderson, 1995). As collagen forms and the venules dilate, vascular resistance and 328 

vasogenic edema increases, which may dilate the perivascular space and be visible as 329 

paraventricular WMHs (Black, Gao, & Bilbao, 2009).  330 

1.3.3 Arterial Stiffness and Cerebral Small Vessel Disease 331 

Clinically, there is a strong association between aortic PWV with WMH severity 332 

(Coutinho, Turner, & Kullo, 2011; Henskens et al., 2008; King et al., 2013; Mitchell et 333 

al., 2011). The vascular resistance of the brain, the ratio of pressure to flow of an artery, 334 

is similar to peripheral arteries when they are vasodilated (O’Rourke, 1982). This allows 335 

cerebral tissue to be continuously perfused through the cardiac cycle (O’Rourke & Safar, 336 

2005). However, this also increases the susceptibility to damage of the cerebral 337 

microvessels when pulse waves are propagated faster (Poels et al., 2012) and/or with 338 

greater amplitudes (Kidwell et al., 2001; A. J. S. Webb et al., 2012). When the pulse in a 339 
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conduit artery reaches a point of greater impedance (i.e. bifurcation), a reflected wave is 340 

transmitted toward the heart. Stiffer arteries will return the reflected wave faster, leading 341 

to greater amplitude of the pulse wave, and an increase in blood flow pulsatility (T. Y. 342 

Xu et al., 2012). This increase in pulse amplitude is then propagated into the cerebrum, 343 

where it may be linked to microvascular angiopathy including dilation of the perivascular 344 

space and reductions in cerebrovascular compliance (Thomas, Cain, Nasralla, & Jackson, 345 

2019).  346 

1.3.4 Arterial Stiffness and Cognitive Function 347 

When white matter is damaged, the associative network of fibers can no longer transmit 348 

electric impulses at full capacity. The resultant WMHs are associated with cognitive 349 

deficiencies in multiple domains (Debette & Markus, 2010; Filley & Fields, 2016; Prins 350 

& Scheltens, 2015). Specifically, the progression of WMHs is associated with reductions 351 

in general intelligence, attention, and executive functioning (Kloppenborg, Nederkoorn, 352 

Geerlings, & Van Den Berg, 2014). Executive functioning is an umbrella term for 353 

particularly useful high-order cognitive abilities such as working memory, cognitive 354 

flexibility, planning, reasoning, and problem solving (Cristofori, Cohen-Zimerman, & 355 

Grafman, 2019). Clinically, executive function can be assessed quickly using the 356 

Montreal cognitive assessment (Nasreddine et al., 2005) and trail making tasks (Army 357 

Individual Test Battery, 1944). However, evidence for the independent connection 358 

between arterial stiffness and cognition remains largely equivocal. Some studies suggest 359 

a strong independent relationship (Hanon et al., 2005; Scuteri, Brancati, Gianni, Assisi, & 360 

Volpe, 2005; Van Sloten et al., 2015; Waldstein et al., 2008), while others assert the 361 



18 

connection is confounded by other cardiovascular risk factors (Iulita, Noriega de la 362 

Colina, & Girouard, 2018; Singer et al., 2013).   363 

1.4 Quantifying Arterial Diameter & Stiffness 364 

There are numerous ways to collect information on the arterial diameter and stiffness. 365 

Diameter measurements can be accessed via ultrasound and imaging techniques, where 366 

vascular walls can be visualized and tracked over the course of the cardiac cycle. With 367 

adequate resolution, these images can be used to measure the luminal diameter and 368 

intima-media thickness in systole and diastole (Wikstrand, 2007). Arterial stiffness can 369 

be measured through local and regional applications (Laurent et al., 2006). 370 

The local deformation of a vessel is related to the force that the blood exerts on the wall. 371 

Circumferential strain is the measure of the deformation compared with the original 372 

vessel length. Arterial compliance is the absolute change in diameter for a given change 373 

in pressure, and arterial distensibility is the relative diameter change for an incremental 374 

change in pressure (Michael F. O’Rourke, Staessen, Vlachopoulos, Duprez, & Plante, 375 

2002). The Peterson elastic modulus is the inverse of distensibility and represents the 376 

pressure for a given change in diameter. The Young’s modulus takes into account wall 377 

thickness and is the pressure step per centimeter for theoretical maximal stretch from a 378 

resting length (Michael F. O’Rourke et al., 2002). The β-Stiffness index is the natural 379 

logarithm of the ratio of pressure change over arterial strain (Laurent et al., 2006). These 380 

metrics are various measures of arterial stiffness at a specific point along an artery. In 381 

contrast, the stiffness along a segment of vessel may provide information of the pulsatile 382 

properties of flow, timing of wave reflection, and translation of pressure into the end 383 
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organs (Mitchell et al., 2011; Van Bortel et al., 2012). Indices of local and regional 384 

arterial stiffness are outlined in Table 1. 385 

Table 1.1. Indices of local and regional arterial stiffness.  386 

Index of Vascular 

Stiffness 

Equation 

Arterial Strain 
𝑆𝑡𝑟𝑎𝑖𝑛 =  

𝐷𝑠𝑦𝑠𝑡𝑜𝑙𝑒 − 𝐷𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑒

𝐷𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑒
 

 

Compliance (mm/mmHg) 
𝐶𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 =

𝐷𝑠𝑦𝑠𝑡𝑜𝑙𝑒 − 𝐷𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑒

𝑃𝑠𝑦𝑠𝑡𝑜𝑙𝑒 − 𝑃𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑒 
 

Distensibility (mmHg-1) 
𝐷𝑖𝑠𝑒𝑛𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 =  

𝐷𝑠𝑦𝑠𝑡𝑜𝑙𝑒 −  𝐷𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑒

(𝑃𝑠𝑦𝑠𝑡𝑜𝑙𝑒 −  𝑃𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑒) ∗ 𝐷𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑒
 

Peterson’s Elastic 

Modulus (mmHg) 
𝐸𝑃 =  

(𝑃𝑠𝑦𝑠𝑡𝑜𝑙𝑒 −  𝑃𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑒) ∗ 𝐷𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑒

𝐷𝑠𝑦𝑠𝑡𝑜𝑙𝑒 − 𝐷𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑒
 

Young’s Modulus 

(mmHg/cm) 
𝐸 =  

(𝑃𝑠𝑦𝑠𝑡𝑜𝑙𝑒 − 𝑃𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑒) ∗ 𝐷𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑒

(𝐷𝑠𝑦𝑠𝑡𝑜𝑙𝑒 − 𝐷𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑒) ∗ ℎ
 

βeta Stiffness 

𝛽𝑒𝑡𝑎 𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 = ln
(

𝑃𝑠𝑦𝑠𝑡𝑜𝑙𝑒 

𝑃𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑒
)

(
𝐷𝑠𝑦𝑠𝑡𝑜𝑙𝑒 −  𝐷𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑒

𝐷𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑒
)

 

Pulse Wave Velocity (m/s) 
𝑃𝑊𝑉 =  

Distance

Δ Time
 

Note: D, diameter; P, pressure; h, wall thickness; ln, natural logarithm 387 
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The most common metric of regional arterial stiffness is the measurement of segmental 388 

PWV. The PWV relates to arterial stiffness by the propagation of the arterial pressure 389 

wave through the vascular tree. After left ventricular contraction, the central elastic 390 

arteries locally distend to cushion the pressure pulse. The velocity that the pressure pulse 391 

propagates down the artery is directly related to the stiffness of that vascular segment. To 392 

calculate PWV, the distance between measurement sites is divided by the change in time 393 

it takes for the pressure pulse to move from the proximal to the distal point (Laurent et 394 

al., 2006). The PWV can be calculated via tonometry, ultrasound, and magnetic 395 

resonance imaging (MRI).   396 

1.4.1 Tonometry Methods 397 

Since the 1960s, applanation tonometry has been used as a quantitative measure of 398 

arterial pulsatile pressure (Pressman & Newgard, 1963). Arterial tonometry is a non-399 

invasive measure that involves situating an artery against a bone and measuring the 400 

pressure of the passing pulse wave through a transducer. By placing two tonometry 401 

devices on different locations along the same superficial arteries, the distance between 402 

the two electrodes as well as the time delay of the pulse wave between the locations of 403 

interest can be measured and the pulse wave velocity calculated. The most common sites 404 

of measurement are the common carotid (CCA) and femoral (FA) arteries, as this 405 

measures central aortic stiffness (Van Bortel et al., 2012). This method first proved 406 

fruitful in assessing differences in both aerobic capacity and age in the Baltimore Aging 407 

Cohort (Vaitkevicius et al., 1993). Since then, carotid-femoral PWV (cfPWV) has 408 

become the “Gold Standard” for measuring central arterial stiffness and has predictive 409 

utility in many cardiovascular outcomes (Blacher et al., 2003; Mattace-Raso et al., 2010; 410 
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the conduit artery dilation and downstream resistive components. The NTG appears to act non-2799 

specifically on conduit vessels to change dilation. Both aortic and cerebrovascular PWV 2800 

increased with dilation, which may have been influenced by changes in central arterial pressure.  2801 

 2802 

Figure 4.4. mcaPWV across conditions 2803 

This figure shows the effect of hypercapnia (HC) and nitroglycerin (NTG) on middle 2804 

cerebral artery pulse wave velocity (mcaPWV). The PWV increased in the HC and the 2805 

NTG conditions. Continuous lines represent individual data. Bars are mean ± SD. * p < 2806 

0.05. 2807 

4.5.1 Cerebrovascular Pulse Wave Velocity 2808 

Stiffening of the aorta has direct implications on cerebrovascular outcomes such as cognitive 2809 

impairment (Scuteri, Brancati, Gianni, Assisi, & Volpe, 2005), stroke (Mattace-Raso et al., 2810 

2006), and white matter hyperintensity burden (King et al., 2013; Mitchell et al., 2011; Van 2811 

Sloten et al., 2015). These relationships raise the question of whether the cerebral arteries 2812 

participate in conveying pressure waves from the aorta to the small vessels of the brain. Until 2813 

recently, challenges in acquiring direct measurements of cerebrovascular stiffness limited the 2814 

interpretation of arterial stiffening to central and extracranial peripheral arteries. In our previous 2815 
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work we presented a phase contrast application to obtain intracranial measurements of ICA and 2816 

MCA PWV (Balestrini et al., 2020). This method provided the cross-sectional observation that 2817 

mcaPWV was different in young and older healthy individuals and correlated with cfPWV 2818 

measured via tonometry. Our current study demonstrates that the PCMRI method can also be 2819 

used to detect intrapersonal differences in mcaPWV in various vascular dilation states (Figure 2820 

4.4). The temporal resolution up to 25ms achieved with our PCMR prospective ECG-gated 2821 

approach was able to detect mcaPWVs of 2.4 ± 0.9 m/s at baseline, which was similar to the 2822 

young healthy cohort in our earlier study (2.1 ± 0.5 m/s). However, with greater velocities, there 2823 

appears to be greater in the variability of the PWV recordings in the cerebrum. Although no 2824 

computational data exists for the MCA, temporal resolution of 30ms has been suggested to be 2825 

adequate to detect the initiation of the pulse wave upstroke in the thoracic aorta at velocities of 2-2826 

20m/s (Dorniak et al., 2016). 2827 

 2828 

Figure 4.5. Middle cerebral artery CSA - PWV Relationship 2829 
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This figure shows the relationship between the change in middle cerebral artery (MCA) 2830 

cross-sectional area (CSA) and the change in pulse wave velocity (PWV) with conditions 2831 

versus the baseline parameters. 2832 

4.5.2 Vascular Response to Hypercapnia 2833 

A long history of measurements indicate that hypercapnia preferentially affects the cerebral 2834 

circulation over the peripheral circulation (Lennox & Gibbs, 1932). In the HC condition in the 2835 

periphery, FA diameter was unaffected (p = 0.37), while there was an increase in CCA diameter 2836 

(p = 0.01), supporting earlier observations (Ainslie, Ashmead, Ide, Morgan, & Poulin, 2005). 2837 

However, the cfPWV (p = 0.001) increased in response to HC. Moreover, HC did not affect the 2838 

FA using either the local (Zc, distensibility) or downstream (PI, RI) markers. Therefore, the 2839 

effect of HC on cfPWV likely represents changes in aortic compliance or central parameters like 2840 

the modest (+2.2 mmHg) increase in MAP (Kim et al., 2007). In contrast, CCA strain and 2841 

distensibility decreased with HC. The mechanisms mediating this local effect are not clear. 2842 

However, this could suggest that in the CCA, the tension load bearing may shift from the 2843 

vascular smooth muscle contractile element to the stiffer collagenous element (Bank et al., 1995) 2844 

as the vessel dilates actively, or is distended passively by the increase in MAP.  2845 

In the supine state with normal intracranial pressure, the cerebral conduit arteries are in a 2846 

relatively dilated state, which is needed to ensure the blood flow meets metabolic demand in the 2847 

brain. Hypercapnia elicits both local and downstream effects at the MCA. An increase in MCA 2848 

CSA by ~1.5%/mmHg of change in etCO2 when breathing 5% CO2 / balanced O2 gas mixture 2849 

was shown to occur locally at the M1 segment in young healthy individuals (Al-Khazraji et al., 2850 

2018). Also, we saw a downstream response to HC seen via decreased MCA PI and RI, which 2851 

has been reported previously (Czosnyka, Richards, Whitehouse, & Pickard, 1996), supporting 2852 

the overall concept that HC elicits changes throughout the cerebrovascular network. Our HC 2853 

challenge prompted a modest change in etCO2 (4.1 ± 1.6 mmHg) and an increase in MCA CSA 2854 
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of 1.6%/mmHg of etCO2, which aligns with the earlier study. In contrast, Kellawan et al. 2855 

(Mikhail Kellawan et al., 2016) reported no increase in MCA CSA (p = 0.06 - 0.07) with a small 2856 

increase in etCO2 (~3.7 mmHg). Differences in etCO2 change may be due to paced versus 2857 

spontaneous breathing and/or the composition of the inhaled gas mixtures. Spontaneous 2858 

breathing was utilized in our study over the course of the hypercapnia stimulus (Figure 4.6). This 2859 

combined with a potential threshold effect may contribute to an undetectable dilatory response in 2860 

studies with small changes in etCO2. 2861 

In our study, the HC condition prompted MCA dilation (Δ 6.6 ± 2.2%, p < 0.001, d = 0.53), and 2862 

increased the mcaPWV (p = 0.003, Figure 4.4). In the first measurements of cerebrovascular 2863 

pulse wave transit time, Giller and Aaslid used ultrasound at the ICA and MCA during periods of 2864 

hyperventilation, inducing relative hypocapnia and cerebral vasoconstriction. In their work, there 2865 

was no observable difference in cca-mcaPWV when etCO2 was reduced (Giller & Aaslid, 1994). 2866 

The difference in constriction and dilation may reflect distinct threshold points on the arterial 2867 

distensibility curve (Roach & Burton, 1957). It is important to note that our vascular segment is 2868 

entirely within the cranium and that, in contrast to the surface distance measures used earlier, we 2869 

incorporated accurate measures of vascular length along the tortuous vessel pathway 2870 

(Vijaywargiya, Deopujari, & Athavale, 2017). 2871 

4.5.3 Vascular Response to Nitroglycerin 2872 

Nitroglycerin initiates activation of soluble guanylyl cyclase to induce cGMP to passively dilate 2873 

large arteries via smooth muscle relaxation (Arnold, Mittal, Katsuki, & Murad, 1977). The 2874 

expected vasodilation of the large muscular arteries (Ignarro, Ross, & Tillisch, 1991) occurred in 2875 

the FA and CCA. The dilation response in the FA and CCA was accompanied by an increase in 2876 

strain as well as cfPWV. This contrasts an early study that reported decreased brachial-radial 2877 

PWV when the radial artery was dilated with NTG infusion (Fok, Jiang, Clapp, & Chowienczyk, 2878 
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2012). Regional differences in arterial composition can alter the effective stiffness curve 2879 

depending on pressure and vessel diameter (Cox, 1975; Gavish & Izzo, 2016), which may have 2880 

influenced PWV. The NTG only altered PI (p = 0.002) and RI (p = 0.02) in the FA, not the CCA, 2881 

suggesting an effect on peripheral muscular arteries downstream in the lower limb, but not in the 2882 

cerebral microcirculation. 2883 

 2884 

Figure 4.6. Changes in etCO2 over time. 2885 

This figure shows the onset and time course of etCO2 in a representative subject over the 2886 

course of hypercapnia. The thick black line represents the start of the hypercapnic 2887 

challenge.  2888 

Nitroglycerin was first suggested to increase the diameter of the large cerebral vessels in the 2889 

1980s, with reports of decreased cerebral blood velocity and maintained blood flow (Dahl, 2890 

Russell, Nyberg-Hansen, & Rootwelt, 1989). Using 7T MRI and sublingual NTG, Schulz et al. 2891 

(Schulz et al., 2018) demonstrated a 24% dilation of the MCA in healthy subjects compared with 2892 

a placebo. In this previous study, MCA CSA increased while blood velocity was reduced, 2893 

resulting in no change of total blood flow to the brain. Our data support the earlier findings, as all 2894 
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participants had an increase in MCA CSA without change to PI (p = 0.15) and RI (p = 0.08) 2895 

suggesting that exogenous NTG primarily influences the vascular smooth muscle of the conduit 2896 

arteries without affecting downstream vascular resistance. While the mechanisms for unaffected 2897 

downstream metrics are still to be determined, baroreflex sensitivity and heart rate variability 2898 

analysis suggest an increase in sympathetic balance following nitroglycerin treatment (Gori, 2899 

Floras, & Parker, 2002), which presents competing mechanisms that may modulate regional 2900 

blood flow despite conduit artery dilation. 2901 

4.5.4 Dilation – Stiffness Considerations 2902 

Vessel wall elasticity is related to pulse wave propagation speed by the Moens-Korteweg 2903 

equation (equation 3).  2904 

Equation (3): 2905 

𝑃𝑢𝑙𝑠𝑒 𝑊𝑎𝑣𝑒 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 = √
𝐸𝑖𝑛𝑐ℎ

2𝑟𝜌
 2906 

Where Einc is the incremental elastic modulus, h is the wall thickness, r is the vessel radius, and 𝜌 2907 

is the density of the blood. Einc is commonly used as a metric of elasticity and is not dependent 2908 

on arterial size (Nichols, O’Rourke, Vlachopoulos, Hoeks, & Reneman, 2011). Additionally, 2909 

large regional differences in Einc have been reported between the CCA and other central and 2910 

peripheral arteries (Bia et al., 2005), suggesting increased diameter will disproportionally affect 2911 

certain arteries. We did not measure incremental elastic modulus, and our Peterson elastic 2912 

modulus results may have not achieved adequate power to detect a change across conditions. 2913 

However, our PWV results indicate that Einc may increase when the conduit arteries are dilated 2914 

during HC and NTG conditions. It appears that dilation via HC and NTG cause conduit cerebral 2915 
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vessels to shift to a low gain threshold of the curvilinear wall tension and pressure curve, which 2916 

may have implications for pulse wave transmission into the microvascular beds. 2917 

4.5.5 Limitations 2918 

There are several limitations to this study. The need for refined spatial resolution can limit the 2919 

temporal resolution in PCMR imaging. We achieved spatial resolution of 0.73mm with temporal 2920 

resolution of up to 25ms. This exceeds the 30ms resolution suggested as the minimum for 2921 

thoracic aorta PWV measurements (Dorniak et al., 2016). However, there is greater flow 2922 

variability in PCMR recordings with smaller CSA (Macdonald & Frayne, 2015). As a result, 2923 

when the time delay between flow waveforms is reduced, such as during the conditions of this 2924 

study, there may be the need to improve temporal resolution in order to detect differences at 2925 

higher values of PWV. Therefore, future studies may want to consider interweaving multiple 2926 

phase contrast scans with offset time delays to reconstruct time – intensity plots with improved 2927 

effective temporal resolution (Yu, Peng, Wang, Wen, & Tseng, 2006). Another consideration is 2928 

the small sample size. Nonetheless, the changes in mcaPWV with hypercapnia and/or NTG 2929 

achieved a large effect size of d = 1.84, and the response was consistent across individuals, 2930 

producing confidence in the outcomes.  2931 

4.5.6 Conclusions 2932 

To our knowledge, this is the first study to use PCMRI to detect intrapersonal changes in 2933 

cerebrovascular PWV. The HC and NTG conditions elicited dilation of the MCA as well as an 2934 

increase in mcaPWV and characteristic impedance. The increased dilation and subsequent 2935 

increase in arterial stiffness was also exhibited in the FA (cfPWV; tonometry). Hypercapnia and 2936 

NTG altered downstream vascular resistance in a vessel-dependent manner such that HC 2937 

decreased MCA PI and RI, while NTG increased FA PI and RI. Our results support the use of 2938 

PCMRI to measure intracranial PWV, providing a method to examine intracerebral vascular 2939 
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stiffness and advance our understanding of cerebrovascular changes, damage and therapeutics in 2940 

vulnerable populations.  2941 
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Chapter 5  3126 

5 General Discussion & Summary 3127 

Using tonometry, ultrasound, and MRI techniques, this thesis describes the independent effect of 3128 

the cranium on vascular considerations in white matter disease (Chapter 2), while providing the 3129 

first direct measurements of intracranial pulse wave velocity (Chapter 3) and how it is influenced 3130 

by acute vasodilation in young, healthy individuals (Chapter 4). The current chapter will discuss 3131 

several key findings as they relate to mechanisms of cerebrovascular outcomes and examine 3132 

future avenues of related research in the field. 3133 

5.1 General Discussion 3134 

5.1.1 Vascular Considerations of Brain Health 3135 

Cardiovascular disease, including associated cerebrovascular disease, is the leading cause of 3136 

global mortality (Roth et al., 2015). The physiological underpinnings of systemic oxygen and 3137 

nutrient transport to tissues translates to vulnerability when the conduit mechanics of the 3138 

cardiovascular system are altered. In the diseased and aging artery, the ability to dampen 3139 

pressure waves and distribute steady blood flow to peripheral capillaries is diminished due to 3140 

degradation of structural integrity (O’Rourke & Hashimoto, 2007). End organs like the brain and 3141 

kidney have low vascular resistance, which leaves them especially susceptible to damaging flow 3142 

and pulsatile pressure waves travelling into their microvascular structure (Mitchell, 2018; 3143 

Mitchell et al., 2011; O’Rourke & Safar, 2005). As such, stiffening of the arterial system is a 3144 

major determinant of cardiovascular health that is directly related to cerebrovascular outcomes 3145 

like small vessel disease (Ding et al., 2015; Poels et al., 2012; Thomas, Cain, Nasralla, & 3146 

Jackson, 2019) and cognitive decline (Angelo Scuteri, Brancati, Gianni, Assisi, & Volpe, 2005; 3147 

Singer, Trollor, Baune, Sachdev, & Smith, 2014; Waldstein et al., 2008). In Chapter 2, IHD 3148 

patients with preserved ejection fraction but normal blood pressures were investigated to 3149 
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determine whether arterial stiffness influences cerebral white matter structure in the absence of 3150 

acute hypertension. We found that while IHD patients exhibited greater carotid arterial stiffness, 3151 

their vascular pathology alone did not reflect changes in white matter integrity. Instead, both the 3152 

local CCA stiffness and the cca-mcaPWTT influenced the severity of WMHs independently 3153 

regardless of IHD status, after adjustment for one another and pulse pressure. This finding 3154 

complimented an earlier cross-sectional study that showed an association of central arterial 3155 

stiffness and WMHs, which was not influenced by previous diagnosis of IHD (Saji et al., 2011). 3156 

In contrast to earlier studies that focused on the pulsatility of the cerebral blood vessels (Kidwell 3157 

et al., 2001; Lee et al., 2017), we did not see any relation of PI or RI to WMLv. In the cerebrum, 3158 

these indices represent complex interactions of intracranial factors and downstream resistance 3159 

profiles of pial arteries and the parenchymal microcirculation, and are not easily interpreted 3160 

(Bellner et al., 2004; De Riva et al., 2012). In our study, the greater velocity of the pulse wave, 3161 

not the pulsatility, was associated with white matter irregularities in the cerebrum.  3162 

5.1.2 Measurement of Cerebrovascular Stiffness 3163 

The idea of measuring the time delay in pulse pressure transmission between the CCA and MCA 3164 

has emerged as a diagnostic tool and a predictor of large-vessel atherosclerosis, and is currently 3165 

undergoing clinical trials for stroke outcomes (Fu et al., 2018; Zeng et al., 2019). In Chapter 2, 3166 

we found direct associations between cca-mcaPWTT and both WMLv and the cognitive Trail 3167 

Making task-B, supporting the notion that the transmission of the pulse wave into the cerebral 3168 

vessels has implications for structural and function cerebral outcomes. However, the CCA-MCA 3169 

measurement is complicated by access limitations that the skull imposes on ultrasound. 3170 

Additionally, the majority of the vascular path from the CCA to the MCA contains extracranial 3171 

segments or is encased within the bony carotid canal before entering the skull (Vijaywargiya, 3172 

Deopujari, & Athavale, 2017). Once inside the cranium, unique characteristics of intracranial 3173 
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pressure (ICP) and brain tissue influence extravascular pressure on the vasculature (Arani et al., 3174 

2018; M. O. Kim et al., 2015), which can diminish the ability of the artery to express elasticity 3175 

(Zamir, Moir, Klassen, Balestrini, & Shoemaker, 2018). Therefore, in Chapter 3 we used PCMR 3176 

imaging to acquire direct measurements of time-resolved flow through the cerebral vessels. The 3177 

PCMRI approach is used to measure PWV in the abdominal aorta (Mohiaddin et al., 1993; 3178 

Rogers et al., 2001; Yu, Peng, Wang, Wen, & Tseng, 2006), with emerging applications in the 3179 

carotid arteries (Rivera-Rivera et al., 2020). We applied cardiac-gated PCMRI to the ICA and 3180 

MCA to measure PWV in young and older healthy adults, as aging is known to increase arterial 3181 

wall stiffness. Further, we eliminated the estimation of arterial distance via surface length 3182 

between ultrasound probes as imaging enables direct measurement of vascular segments. In 3183 

Chapter 3, we found that age correlates with greater velocity of the pulse wave in both the ICA 3184 

and MCA. Additionally, PWV increases upon moving from the extracranial to the intracranial 3185 

compartment, and this acceleration is amplified in older adults. The conjecture that PWV 3186 

increases in the peripheral vasculature has been met with mixed evidence (Latham et al., 1985; 3187 

Roccabianca, Figueroa, Tellides, & Humphrey, 2014; Taviani et al., 2011). Nonetheless, aging is 3188 

known to alter the central elastic arteries preferentially compared with peripheral arteries (Rogers 3189 

et al., 2001), likely due to ongoing elastin fragmentation (Schlatmann & Becker, 1977). This 3190 

increase in central PWV with age reduces the mismatch in vascular impedance between central 3191 

and peripheral extracranial arteries and may diminish wave reflections, allowing high energy 3192 

pulsations to travel deeper into the vascular bed (Mitchell et al., 2004). In our cohort of healthy 3193 

older participants, we did not detect any form of white matter impairment. One possible 3194 

explanation for this is that the increased vascular impedance in the MCA may have maintained 3195 

the mismatch between the central and intracranial arteries, conveying a protective effect on the 3196 

cerebral microvasculature.  3197 
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5.1.3 Cerebrovascular Stiffness and Vasodilation 3198 

The temporal and spatial resolution of ICA and MCA PCMRI was adequate to differentiate 3199 

cerebrovascular stiffness in young and older healthy individuals (Chapter 3). This study 3200 

substantiated the utility of this technique to determine whether acute changes in vascular state 3201 

influence intrapersonal arterial stiffness within the cranium (Chapter 4). To address this question, 3202 

we implemented two conditions known to dilate the MCA, hypercapnia (HC) (Al-Khazraji, 3203 

Shoemaker, Gati, Szekeres, & Shoemaker, 2018) and sublingual sodium nitroglycerin (NTG) 3204 

(Schulz, Al-Khazraji, & Shoemaker, 2018), to measure peripheral and cerebral arterial stiffness 3205 

in young healthy adults. We found that HC and NTG initiated vasodilation in both the CCA and 3206 

MCA. The vasodilatory response to hypercapnia in the cerebral arteries is likely due to complex 3207 

interactions of endothelial (Faraci & Heistad, 2017), extravascular pH (Kontos, Raper, & 3208 

Patterson, 1977), and neuronal contributions (Jordan et al., 2000). Sublingual NTG is an NO 3209 

donor, and initiates dilation of the MCA via a cGMP mechanism to cause a relaxation of the 3210 

smooth muscle of large muscular arteries (Arnold, Mittal, Katsuki, & Murad, 1977; Dahl, 3211 

Russell, Nyberg-Hansen, & Rootwelt, 1989; Schulz et al., 2018). In our investigation, regardless 3212 

of the mechanism, MCA vasodilation was associated with an increase in intracranial PWV. This 3213 

finding suggests that when cerebral arteries are dilated in the supine position, they operate at a 3214 

low gain area of the diameter – pressure curve such that greater pressures are needed to induce 3215 

local distension (Roach & Burton, 1957), resulting in greater PWV of the vessel. There appear to 3216 

be regional differences in the dilation – PWV relationship, as a previous study found that dilation 3217 

via NTG infusion of the peripheral radial artery elicits a reduction in PWV (Fok, Jiang, Clapp, & 3218 

Chowienczyk, 2012). This contrast may be interpreted as a difference in 1) basal vasomotor tone 3219 

and 2) extravascular factors affecting the effective pulsatile dynamics of each artery. Compared 3220 

with the radial artery, the cerebral vessels are subject to reduced vasomotor tone to ensure that 3221 

blood flow can meet the high metabolic demands of the brain. Additionally, modelling of 3222 
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cerebral vessels has demonstrated the ability of the artery to express elastic features is reduced in 3223 

the pressurized skull (Zamir et al., 2018). Our results were complicated by the finding that blood 3224 

pressure increased with both treatments, which may have affected mcaPWV from a central 3225 

hemodynamic perspective (E. J. Kim et al., 2007). However, the increase in MAP was small 3226 

(~3mmHg) and we are not sure if this would affect PWV. Nonetheless, cerebral vessels in the 3227 

resting state appear to be dilated with low compliance. In this dilated state, the contractile force 3228 

of the vascular smooth muscle is negligible (Barra et al., 1993) and the load shifts to the passive 3229 

elastic components of the arterial wall. The elastic modulus of the passive component is non-3230 

linear, such that as pressure increases, there is a shift in load-bearing from elastin to the less-3231 

compliant collagen protein. Our interpretation is that vascular smooth muscle and elastin are 3232 

stretched in the resting cerebrovasculature, and collagen bears the additional mechanical load of 3233 

dilation, resulting in increased intracranial PWV. 3234 

5.2 Future Directions 3235 

The findings of this thesis demonstrate that cerebrovascular arterial stiffness is associated with 3236 

integrity of white matter, establish a PCMRI application to directly measure intracranial 3237 

stiffness, and reveal that intracranial stiffness can be acutely modified by changes in vascular 3238 

dilation. The connection between aortic arterial stiffness and structural and functional cerebral 3239 

impairment has been well established (Henskens et al., 2008; Mitchell et al., 2011; Poels et al., 3240 

2012; Singer et al., 2014; Waldstein et al., 2008). The cerebral vessels are unique in that they 3241 

must overcome ICP to dilate. Mechanically, greater stiffness of the cerebral vessels may translate 3242 

the pressure wave into the microvascular beds, which may not be able to handle higher 3243 

pulsations structurally (O’Rourke & Hashimoto, 2007). While we can now directly measure 3244 

cerebrovascular stiffness, the PCMRI-based method remains to be done in populations with 3245 

known white matter impairment. Higher values of mcaPWV may require improved temporal 3246 
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resolution to produce accurate results. We found that in the HC and NTG conditions, the values 3247 

beyond 10m/s were disproportionally altered, suggesting that these values approached the limit 3248 

of our resolution capabilities. In these populations, multiple scans with staggered ECG-trigger 3249 

delays could be interweaved to improve the effective temporal resolution of the flow curve 3250 

through the cardiac cycle (Peng, Chung, Yu, & Tseng, 2006; Yu et al., 2006). Improved temporal 3251 

resolution while evaluating patient populations with HC and NTG could also provide 3252 

information on cerebral endothelial function. While aging and disease is known to compromise 3253 

endothelial function in the peripheral vasculature (Seals, Jablonski, & Donato, 2011), the 3254 

endothelial response may vary regionally in the cerebral vessels (Pretnar-Oblak, Sabovic, & 3255 

Zaletel, 2007). 3256 

Improved acquisition and gating techniques have emerged with the use of 4D PCMRI in the 3257 

cerebral vessels (Holmgren, Wåhlin, Dunås, Malm, & Eklund, 2020; Meckel et al., 2013). 3258 

Recently, the 4D PCMRI technique was applied to measure PWV in the thoracic aorta, where 3259 

they achieved temporal resolution of ~34ms and validated PWV values to standard tonometry 3260 

cfPWV (Soulat et al., 2020). Attempts to improve the temporal resolution to measure smaller 3261 

segments of the ICA have been attempted using local low-rank (LLR) reconstruction to achieve 3262 

100 frames per cardiac cycle (Rivera-Rivera et al., 2020). However, their superior temporal 3263 

resolution came at a tradeoff, shown by reduced spatial resolution of 1.7mm. There is an increase 3264 

in variability of PCMRI flow measurements when cross-section area decreases, which would be 3265 

exacerbated with inadequate spatial resolution of smaller cerebral vessels (Macdonald & Frayne, 3266 

2015). In determining cerebral PWV, only the timing of the blood velocity upstroke is important. 3267 

Therefore, some spatial resolution can be sacrificed in favour of improved temporal resolution. 3268 

However, the greater number of reconstructed frames increases scan times, limiting the clinical 3269 

utility at higher effective temporal resolutions. Nevertheless, if LLR reconstruction can be 3270 



169 

 

completed in the range of 30 – 40 frames per cardiac cycle, this may provide adequate temporal 3271 

and spatial resolution to accurately measure changes along the vessel using 4D PCMRI. This 3272 

possibility would expand the horizons of cerebrovascular stiffness measurements, as 4D PCMRI 3273 

would navigate the geometrical limitations of 2D PCMRI and allow regional-specific data for 3274 

precise arteries supplying cerebral tissue. 3275 

Aside from the technological aspects of using phase contrast to measure cerebrovascular 3276 

stiffness, there are several avenues that this research could be applied to answer new questions. 3277 

The influence of sex on the cerebrovascular stiffness was not assessed in this dissertation. 3278 

Peripheral arterial stiffness is suggested to be decreased in premenopausal females (McEniery et 3279 

al., 2005) and in post-menopausal women taking estrogen replacement therapy, suggesting 3280 

estrogen confers cardiovascular protection (DuPont, Kenney, Patel, & Jaffe, 2019; A. Scuteri, 3281 

Lakatta, Bos, & Fleg, 2001). While estrogen levels were not collected in our studies, future work 3282 

could determine if the protective effect is consistent in the cerebral vessels.  3283 

All data in this dissertation was collected in the supine position, where ICP is elevated (Ng et al., 3284 

2004). Additionally, all participants in these studies had normal blood pressures. In the 3285 

periphery, reducing transmural pressure results in decreased PWV (Zheng & Murray, 2011). The 3286 

effect of hypertension on cerebrovascular stiffness is an important question. Specifically, our 3287 

data indicate the window for elastic-oriented dilation in the cerebral vessels is narrow, suggesting 3288 

that alterations in central hemodynamics and / or arterial structure may influence the dilation – 3289 

stiffness relationship to a greater extent in the brain. Future investigations should consider the 3290 

impact of altered transmural pressure on intracranial cerebrovascular stiffness through alterations 3291 

in venous or arterial pressures.  3292 



170 

 

5.3 Conclusions 3293 

Cerebrovascular stiffness is an important factor for transmission of the pulse wave into the brain. 3294 

Regardless of vascular pathology, the local and regional stiffening of conduit arteries supplying 3295 

the brain influence the severity of white matter structural and functional impairment in older 3296 

adults. While ultrasound provided estimates of cerebrovascular stiffness, we demonstrated that 3297 

by applying PCMR imaging to the cerebral vessels, direct measurements of cerebrovascular 3298 

stiffness can be elucidated. It is apparent that the cerebral vessels are susceptible to stiffening 3299 

with age, and that pulse wave velocity accelerates upon entering the cranial cavity. The cerebral 3300 

conduit arteries can be dilated acutely via HC and NTG, which reduces their elasticity. 3301 

Moreover, modification of vasodilatory status may influence regional flow velocity and pulsatile 3302 

properties of cerebral arteries. The findings in this thesis suggest that cerebrovascular stiffness is 3303 

a determinant of cerebral structural and functional outcomes. Additionally, new applications of 3304 

PCMRI were used to directly measure and detect changes in cerebrovascular stiffness, presenting 3305 

a technique that will enhance our understanding of cerebrovascular damage and therapeutics in 3306 

vulnerable populations.  3307 


