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Abstract

Although medium sized, muscular vessels normally respond to sympathetic stimulation

by reducing compliance, it is unclear whether the large brachial artery is similarly

affected by sympathetic stimulation induced via lower-body negative pressure (LBNP).

Similarly, the impact of flow-mediated dilation (FMD) on brachial artery compliance and

distensibility remains unresolved, hi addition, before such measures can be used as

prognostic tools, it is important to investigate the reliability and repeatability of both

techniques. Using a randomized order design, the effects ofLBNP and FMD on the

mechanical properties of the brachial artery were examined in nine healthy male subjects

(mean age 24y). Non-invasive Doppler ultrasound and a Finometer were used to measure

simultaneously the variation in systolic and diastolic diameter, and brachial blood

pressure, respectively. These values were used to calculate compliance and distensibility

values at baseline, and during both LBNP and FMD. The within-day and between-day

repeatability of arterial diameter, compliance, distensibility, and FMD measures were

assessed using the error coefficient and intra-class correlation coefficient (ICC). While

heart rate (P<0.01) and peripheral resistance increased during LBNP (P<0.05), forearm

blood flow and pulse pressure decreased (P<0.01). hi terms ofmechanical properties,

vessel diameters decreased (P<0.05), but both compliance and distensibility were not

changed. On the other hand, FMD resulted in a significant increase in diameter

(P<0.001), with no change in compliance or distensibility. hi summary, LBNP and FMD

do not appear to alter brachial artery compliance or distensibility in young, healthy males.

Whereas measures ofFMD were not found to be repeatable between days, the ICC

indicated that compliance and distensibility were repeatable only within-day.
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Chapter 1

Introduction

1.1 Preamble

Large conduit arteries function to deliver an adequate supply ofblood to the

periphery, and to provide a dampening of the oscillations in blood through the visco-

elastic properties of the arterial walls (Furchgott & Zawadzki, 1980; London & Guerin,

2005). Given the essential role of large arteries in maintaining blood pressure stability

and tissue and organ perfusion, it is important to understand their response to stimuli, as

changes in their tone will influence these variables. However, there still remains

uncertainty regarding the ability of these large vessels to respond to stimuli that normally

elicit large responses in the smaller downstream micro-vessels. A logical marker of

vessel caliber is its diameter change during the application of various stimuli. In humans,

changes in limb conduit vessel diameter during constrictor or dilatory stimuli are often

used as non-invasive markers of cardiovascular responsiveness to neurogenic or

endothelial-derived stimuli. However, the ability of conduit vessels to constrict during

reflex-mediated increases in sympathetic outflow is questionable (Anderson & Mark,

1989; Guazzi et al., 2004; Shoemaker et al, 1999; Tschakovsky & Hughson, 2003). In

this light, observing the responsiveness of the large artery to constrictor stimuli may

elucidate important information on neurogenic control features.

Despite the advantages of being non-invasive and having the capacity for repeated

measurements, there are limitations to using vessel diameter to reflect tone. In human

investigations where ultrasound imaging is used to assess vasomotor function, changes in

arterial diameter are generally made during diastole alone (Corretti et al., 2003). One

1





popular method that incorporates the measurement of diastohc diameter is flow-mediated

dilation, in which changes in arterial diastolic diameter are measured in response to an

increase in flow after the release of forearm blood flow occlusion. However, there are a

number of sources of variability of flow-mediated dilation, including technical and

biologic. For instance, studies are often difficult to compare because of differences in

ischemia duration, timing ofpost-ischemic scans, site of the sphygmomanometer cuff

placement, and duration of fasting before examination (Hijmering et al., 2001). In

addition to the technical aspects, physiologic variability arises fi-om differences in both

the resting wall shear stress in the artery and the local ability of the endothelium to

respond to an increased flow (Malik et al., 2004). Thus, varying values of arterial

vasodilation have been obtained across studies, ranging from 5 to 19% (Kosch et al.,

2000; Malik et al., 2004). It is important to note that both systolic and diastolic diameters

are sensitive to distending blood pressure (Studinger et al., 2003). In addition, sympatho-

excitatory maneuvers often elicit changes in one or both of systolic and diastolic blood

pressure (Bjamegard et al., 2004; Pannier et al., 1995). Therefore, it is conceivable that

these considerations should be included in the determination of changes in conduit vessel

tone.

To address the issues that have arisen with regard to previous non-invasive

assessment techniques, another measure has recently been developed to assess the

dynamic physical properties of the vasculature. Generally categorized as measures of

stiffhess, these techniques can provide information on specific physical properties, such

as distensibility and compliance. Compliance is defined as the absolute change in vessel

area for a given change in pressure, whereas distensibility is the relative change (Oliver





& Webb, 2003). It has been demonstrated that arterial stiffness increases with age,

hypertension, diabetes meUitus, hypercholesterolemia, end-stage renal failure and heart

disease (Glasser et al, 1997).

Arterial compliance measures have been shown to be repeatable over an interval

of 2.5 weeks in normal subjects (Liang et al., 1998b). However, variability in arterial

stiffhess measurements can be introduced because arterial compliance changes in the

short term in response to various stimuli, such as exercise and sex hormones (Liang et al.,

1998b). In addition, ultrasound-derived measures of arterial stiffiiess also rely heavily on

the ability of the operator to image the vessel wall accurately. Nevertheless, it is of

interest to ascertain whether ultrasound-derived arterial compliance and distensibility

measures are more repeatable, despite the potential biologic and procedural variability,

than assessment using flow-mediated dilation. Furthermore, in contrast to measuring

vessel diameter during diastole, as is generally the case for flow-mediated dilation,

vascular distensibility and compliance may be a more sensitive indicator of change in

conduit vessel tone than vascular diameter alone because vascular distensibility

incorporates measures of vascular diameter across the cardiac cycle, including peak

systole, for a given change in systolic-to-diastolic pressure difference.

While it has been demonstrated that flow-mediated dilation results in significant

increases in brachial artery diameter, the effects of shear-stress stimuli on arterial

compliance and distensibility have not been addressed. In addition, studies providing

conclusive evidence concerning the effects of sympathetic stimulation on large, muscular

arteries, such as the brachial artery, are lacking in the literature. Lastly, an understanding





of the short-term variability in the measurement of arterial wall dimensions is crucial to

effective interpretation of the changes in arterial wall structure and function over time.

1.2 Objectives

1. to determine the effects ofboth sympathetic stimulation and flow-mediated

dilation on brachial artery compliance and distensibility. '' '

2. to compare the repeatability ofmeasures of arterial compliance and distensibility

to flow-mediated dilation diameter measures. .v'^c ,<uiu

1 .3 Hvpotheses ^ : ^^

Based on past literature it is hypothesized that: '' -
.

v -
' i)^

1. the elevation in sympathetic nervous system outflow (induces arterial '

'

vasoconstriction) will decrease brachial artery compliance and distensibility,

whereas an elevated shear stress (induces arterial dilation) will increase brachial

artery compliance and distensibility.

2. compliance and distensibility will be more repeatable than diameter measures in

response to flow-mediated dilation.





Chapter 2

Review of Literature

2.1 Arterial Structure and Tone

Anatomically, the arterial wall is composed of three concentric zones: the intima,

media and adventitia. The media forms the largest part of the arterial wall and is the

principal determinant of its mechanical properties (McVeigh et al., 2002). It contains a

matrix of collagen and elastin linked to smooth muscle cells, whose activity modulates

the contribution of each to arterial stifftiess (O'Rourke et al., 2002). The relationship

between the smooth muscle cell and matrix elements is critical to the regulation of

several cell functions, including differentiation and elastic properties (O'Rourke et al.,

2002). Thus, constituent smooth muscle, collagen and elastin bear the majority of wall

stress and determine the overall mechanical properties of the vessel; any change in the

organization and/or content ofthe media results in changes in vascular tone (Bank et al.,

1996). Elastin fibers play a major role in determining the mechanical strength at lower

pressures, with collagen fibers bearing most of the mechanical stress at higher pressures

(McVeigh et al., 2002). The smooth muscle cells are organized in such a way that their

contraction reduces vessel diameter (Klabunde, 2005); they normally exist in a partially

contracted state, which determines the resting diameter (tone) of a vessel (Klabunde,

2005). Thus, tone is determined by various stimulatory and inhibitory factors acting on

the vessel that can be classified as extrinsic or intrinsic. Intrinsic mechanisms originate

from within the blood vessel endothelium, or can be released by the tissue surrounding

the blood vessel, whereas extrinsic mechanisms include sympathetic adrenergic nerves
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and circulating hormones. Both regulate vascular tone through the competing

vasoconstrictor and vasodilator influences they promote. Hence, arterial stiffiiess varies

with smooth muscle tone, as affected by nervous activity, by hormones, and by locally

produced vasoactive substances, including nitric oxide released from the endothelium

(O'Rourke et al., 2002). , . :}. /

2.2 Arterial Function h

The "windkessel model" is frequently used to understand vascular

hemodynamics; in this model, the heart pumps into the central, elastic large arteries, and

blood travels to the tissues through relatively non-elastic conduit peripheral arteries

(Oliver & Webb, 2003). Flow through a blood vessel is determined by the pressure

gradient, as well as the impediment to blood flow, termed vascular resistance, hi order to

meet the continuous metabolic needs of the peripheral tissues, the arterial tree must

convert cardiac pulsations into a constant flow pattern (Izzo & Shykoff, 2001). This

fiinction is achieved by the conduit vessels retaining a portion of each cardiac stroke

volume during systole to be released during diastole. Vessels that are compliant (i.e., low

stiffiiess) undergo a small increase in systolic pressure with a large increase in volume

(Izzo & Shykoff, 2001). Compliant arteries also exhibit a relatively narrow pulse

pressure, defined as the difference between systolic and diastolic blood pressure. Pulse

pressure for a given ventricular ejection will depend on arterial compliance, as well as the

timing and magnitude of the peripheral pulse wave reflection (McVeigh et al., 2002).

Reduced arterial compliance, or increased vascular resistance, will lead to an increase in

systolic blood pressure. In contrast, diastolic blood pressure rises with increased systemic





resistance, which is attenuated by a decrease in arterial compHance, and results in a

greater peripheral "run-off of stroke volume during systole as the elastic recoil of the

aorta is impaired (McVeigh et al., 2002). Thus, compliance serves a capacitance function,

and in addition, a reflecting function, as pressure waves reflect backward from branch

points in the microcirculation (Cohn, 2001). ^^

The elasticity of a given segment of an artery is dependent upon the distending

pressure (Oliver & Webb, 2003). When the arterial wall is stretched by an increased

distending pressure, there is a greater recruitment of collagen fibers, and subsequently,

the compliance and distensibility of the artery is reduced (Izzo & Shykoff, 2001).

Nevertheless, aside from the collagen and elastin components, arterial stifftiess is also

determined by the endothelium and smooth muscle bulk and tone (Bortel et al., 2002). hi

addition, it should be noted that wall properties vary in different vessels, throughout a

vessel, and in the same vessel at various distending pressures, and are altered with

activation of the smooth muscle cells in the wall (McVeigh et al., 2002).

2.3 Smooth Muscle Activation: Complex Nature of the Arterial Wall

The mechanical behaviour of the arterial wall is complex and determined by the

matrix components of the media (i.e., smooth muscle, elastin, collagen, and other

components of the extracellular matrix), the distending pressure, as well as changes in

vascular tone (Bjamegard et al., 2004). Compliance, distensibility, incremental elastic

modulus and pulse wave velocity (PWV) are all terms used to describe the mechanical

properties of arteries (Bank & Kaiser, 1998). Elastic modulus can be defined as the

pressure step required for 100% stretch fi:om resting diameter, and PWV is the speed of





the pulse along an arterial segment (O'Rourke et al, 2002). The effects of smooth muscle

relaxation on these parameters are complicated and controversial. Bank & Kaiser (1998)

conducted a study to establish the relationships among compliance, distensibility, elastic

modulus, and PWV under varying levels of vascular tone, hitra-arterial nitroglycerin

infusion increased brachial artery compliance and decreased PWV without altering

distensibility or elastic modulus. These seemingly contradictory findings were thought to

be a result of the change in vessel geometry caused by vasodilation. Compliance, like

PWV, is a term that is dependent on both vessel geometry (vessel lumen size) and

stiffness. In contrast, distensibility and elastic modulus are terms that describe the

stif&iess of the vessel wall and are independent of geometry (Bank & Kaiser, 1998). The

researchers concluded that compliance increased due to vasodilation and geometric

changes, and not as a result of changes in wall stiffness. Studying the variables under

differing levels of vascular tone was achieved by plotting theoretical curves at baseline,

10% vasodilation, and 20% vasodilation. Measured data and curve analysis showed that

an increased arterial compliance due to smooth muscle relaxation can occur with an

increase, a decrease, or no change in arterial wall stiffness (Bank & Kaiser, 1998).

Bank and colleagues (1995) also designed an experiment to examine the effects of

both smooth muscle relaxation and contraction on the human brachial artery.

Nitroglycerin markedly increased brachial artery compliance and decreased PWV,

however, it produced no significant effect on the isobaric elastic modulus. In contrast,

norepinephrine tended to decrease compliance compared with baseline, however, the

magnitude of this effect was small. The slopes of the pressure-area curves illustrated that

the vasoconstricted vessel was markedly less compliant than the vasodilated vessel,





perhaps owing to the greater fractional recruitment of collagen at the same cross-sectional

area in the vasoconstricted state (Bank et al., 1995).

2.4 Autonomic Neural Control of the Cardiovascular System

The maintenance of arterial pressure at adequate levels to perfuse the tissues is a

basic requirement in order to achieve cardiovascular homeostasis. Autonomic regulation

of cardiovascular function is controlled by the central nervous system. Regions in the

medulla contain the cell bodies for both the vagal and sympathetic efferent nerves

(Klabunde, 2005). Postganglionic sympathetic fibers travel to the target organs where

they innervate arteries and veins. Norepinephrine (NE), which is released by sympathetic

nerve terminals, preferentially binds to post-junctional alpha (a)-adrenoreceptors

(subtype affinity to NE: ai» a2) located on the adventitia ofblood vessels, causing

vasoconstriction. Thus, sympathetic nerves are critical for regulating systemic vascular

resistance and cardiac fimction, and thus for the maintenance of arterial blood pressure

(Klabunde, 2005).

Arterial blood pressure is ultimately regulated via negative feedback mechanisms

involving the baroreceptor reflex. Baroreceptors sense arterial blood pressure indirectly,

by the extent of stretch of receptors in the walls of the aorta and carotid arteries. These

specialized nerve endings are 'stretch receptors' that are stimulated by distension of the

blood vessel wall, such that a reduction in arterial pressure deactivates, while an increase

in pressure activates these receptors (Lanfranchi & Somers, 2002). Changes in

baroreceptor afferent discharge transmitted to the medulla are monitored and compared

against an arterial pressure 'set point', triggering reflex adjustments that buffer or oppose

changes in blood pressure. Increased pressure or increased vessel wall stretch will
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enhance baroreceptor firing, which reflexly reduces sympathetic activation and augments

vagal tone, with subsequent decreases in heart rate, cardiac contractility, vascular

resistance and venous return, resulting in a net reduction in blood pressure (Lanfranchi &

Somers, 2002). Conversely, decreased arterial pressure deactivates the baroreceptor

afferent discharge, removing sympathetic outflow inhibition. This causes excitatory

cardiac and vascular responses, such as increased heart rate and vasoconstriction, which

tend to increase blood pressure by elevating both systemic vascular resistance and cardiac

output (Lanfranchi & Somers, 2002).

2.5 Effect of Sympathetic Stimulation on Conduit Artery Mechanics

Whether neural influence on the larger vessels is of less fiinctional importance

than it is on arterioles and small arteries remains debatable. Capacitance vessels are more

responsive to sympathetic nerve stimulation than are resistance vessels. It has been

demonstrated that a-adrenergic receptor blockade can antagonize constriction of

capacitance vessels more effectively than that of resistance vessels (Abboud et al, 1968).

hi addition, studies have suggested that sympathetic neural control influences not only

venous and resistance arteries, but also the mechanical properties of large arteries

(Bergel, 1961). Mangoni and colleagues (1997) conducted an experiment on 12-week old

rats to examine the effects of sympathetic nerve activity on the mechanical properties of

large arteries, and whether the control is different in predominantly elastic (common

carotid artery) versus muscular arteries (femoral artery). Compared with intact animals,

both arteries of the sympathectomized rats showed a marked increase in distensibility, as

well as a decreased elastic modulus. In addition, the effect of sympathectomy on the

femoral artery induced an increase in arterial diameter (Mangoni et al., 1997). The

10
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researchers concluded that the sympathetic nervous system (SNS) exerts tonic control

over large arteries that are both elastic and muscular in nature. In addition, techniques

that activate the SNS in humans, such as mental stress, the cold pressor test, and

smoking, have been shown to reduce radial artery distensibility (Boutouyrie et al, 1994;

Giannattasio C et al., 1994). As well, Grassi et al. (1995) have demonstrated that by

abolishing sympathetic tone to the upper limb via anesthesia of the brachial plexus, radial

artery compliance can be significantly increased. Therefore, it can be deduced that the

SNS may decrease comphance at least at the radial artery level (Grassi et al., 1995).

However, more conclusive data is required to establish the role of the SNS on the

modulation ofmedium and large-artery mechanics.

Sympathetic activation may influence arterial compliance through changes in

vascular tone and/or distending pressure. Boutouyrie et al. (1994) investigated the effects

of sympathetic stimulation on arterial compliance of the radial artery (a muscular

medium-sized artery). Two tests of sympathetic system activation, a cold pressor test (2

minutes duration), and a mental stress test (2 minutes of mental arithmetic) were

performed on nine healthy volunteers (mean age, 30 years). Arterial compliance was

calculated for mean arterial pressure, as well as 100 mmHg (Cioo) as a reference point for

comparing between the different tests. Both compliance measures decreased significantly

during the mental stress and cold pressor tests. While the investigators postulated that

smooth muscle tone may have been increased by sympathetic activation, the radial artery

diameter did not significantly change with either test. Although there was a tendency

towards vasoconstriction, there was a rise in distending pressure, thus active constriction

opposing the passive pressure-induced dilation may have ensued. As well, compliance

11
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may have decreased due to the fact that s)anpathetic activation resulted in a higher set

point ofmean pressure. Furthermore, smooth muscle tone may have increased due to an

enhanced myogenic response. However, the authors suggested that the decreased

compliance was not solely due to the increase in distending pressure given the fact that

Cioo significantly decreased (Boutouyrie et al., 1994).

The effects of increased sympathetic activation induced by lower-body negative

pressure (LBNP) on arterial mechanics have not been extensively studied. One of the first

studies to investigate the possibility that aortic wall mechanics might be influenced by

LBNP was Sonesson and colleagues (1997). Measurements made under 45mmHg LBNP

showed that the mechanical properties of the abdominal aorta remained unaltered in both

young (25 ± 2 years, « = 10) and elderly (69 ± 2 years, n = 9), healthy males and females.

The pressure strain elastic modulus, stiffness and pressure-diameter curves showed no

change during LBNP, indicating that the smooth muscle cells in the abdominal aorta do

not seem to contribute to wall mechanics under 45 mmHg LBNP (Sonesson et al., 1997).

Pannier et al. (1995) examined carotid arterial hemodynamics in response to LBNP in

twelve male volunteers with an average age of 27 years. Suction at 40 mmHg did not

produce any change in compliance and distensibility in either the common carotid artery

or the carotid arterial bulb (Pannier et al., 1995). After demonstrating that age reduces

proximal brachial artery distensibility, Bjamegard et al. (2004) sought to examine the

effects of LBNP on this upper portion of the artery. After exposing both young (25 ± 2

years, « = 9, five males and four females) and elderly (69 ± 2 years, « = 9, four males and

five females) volunteers to 45 mmHg LBNP, the distensibility coefficient, compliance

coefficient as well as arterial stiffness remained unaltered (Bjamegard et al., 2004).
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Another technique for inducing a reflex-mediated increase in sympathetic outflow

can be achieved through head-up-tilt (HUT). A recent study demonstrated that carotid

artery distensibihty in nine subjects (3 female and 6 male; mean age 24 years) was

reduced in response to 60° HUT posture compared to the supine position (Steinback et

al., 2005). With regard to diameter measures, the effects of neurogenic stimuli on the

brachial artery have not produced consistent results, hi response to 70° HUT, Shoemaker

et al. (1999) found no change in the brachial artery diameter when examining ten subjects

(2 female and 8 male; mean age 34 years). Similarly, others have observed in young

subjects (1 female and 8 male; mean age 24 years) no change in brachial diameter during

60 mmHg ofLBNP (Tschakovsky & Hughson, 2003). In contrast to these observations,

Guazzi et al. (2004) observed that the brachial artery diameter in healthy men (mean age

25 years, « = 21) was significantly reduced in response to 60° HUT compared with the

supine position. Similarly, Anderson and Mark (1989) found that reflex vasoconstriction

in response to 20 mmHg LBNP and the cold pressor test also resulted in a significant

reduction in brachial artery diameter in young subjects (6 female and 23 male; mean age

24 years). As well, both tests resulted in a reduced forearm blood flow, hi order to

determine whether the observed vasoconstriction would occur independent of reduced

flow, Anderson and Mark (1989) performed LBNP and the cold pressor test during distal

circulatory arrest. LBNP during distal circulatory arrest did not fiirther constrict the

brachial artery; however, the cold pressor test performed during circulatory arrest did

fiirther constrict the brachial artery. Thus, the investigators suggested that the effect of

LBNP on the brachial artery is secondary to reduced flow rather than the direct result of a

reflex-mediated constriction, whereas the cold pressor test likely involved direct

13
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sympathetic constriction (Anderson & Mark, 1989). However, the reduction in flow

observed by Anderson and Mark (1989) is in contrast to the findings of Tschakovsky and

Hughson (2003), where LBNP had no effect on flow.

2.6 Rationale for Assessing Arterial Mechanics

Non-invasive techniques are being increasingly used to study vascular functional

and structural characteristics, including measures of endothelial function and arterial

stiffiiess (Bots et al., 2002). Risk factors for CVD mediate their effects by altering the

structure, properties, and function of both the wall and endothelial components of arterial

blood vessels (Ross, 1993). However, it has been suggested that these potential surrogate

markers of cardiovascular risk may serve as better predictive measures of disease than the

traditionally established cardiovascular risk factors (Bots et al., 2002). Furthermore, such

non-invasive measurements can be studied in children and young adults, thereby

enhancing our knowledge concerning the development and pathophysiological

mechanisms of cardiovascular disease.

Ultimately, the value of taking functional arterial measurements should rest upon

evidence that arterial wall abnormalities confer an increased risk ofCVD and that

normalization of these measures results in parallel reductions in risk (McVeigh et al.,

2002). Under homeostatic conditions, the endothelium maintains normal vascular tone; in

contrast, endothelial dysfunction is categorized by a loss of vasodilator and anti-

thrombotic factors (Widlanksy et al, 2003). Measurement of endothelial function using

flow-mediated dilation (FMD) is a commonly used technique of assessing vasodilator

function. Specifically, brachial artery endothelial function can be non-invasively

14





measured by first occluding forearm blood flow, and then releasing the pressure, which

induces reactive hyperemia. This results in shear-stress induced release of nitric oxide

and other vasodilators, whereby the vasodilation response, termed FMD, can then be

measured using ultrasound (Verma et al., 2003). This particular measure has been shown

to have prognostic value in terms of the risk factors for CVD (Brevetti et al., 2003;

Morgan et al, 2004; Neunteufl et al, 2000). However, this measure of arterial function

does have its limitations. First, the magnitude of the change in diameter in response to

FMD is generally quite small (3-10% - (Celermajer et al., 1992; Hardie et al., 1997; .

.

Kosch et al, 2000; Malik et al., 2004; Sorensen et al., 1995), rendering the efficacy of the

technique susceptible to variability across the various protocols used to elicit reactive

hyperemia (i.e., ischemia duration, site of cuff placement) (Malik et al., 2004). Second,

the differences in procedural standards, coupled with the biologic variability of dilation

(i.e., variations in response to post ischemic arterial dilation, variable resting wall shear

stress in the conduit artery) (Malik et al., 2004), may emphasize the need for other non-

invasive assessments of arterial function.

The importance of assessing arterial wall integrity is justified given the numerous

studies demonstrating the reduced pulsatile function of the large arteries as an

independent predictor of cardiovascular events. Studies showing the predictive value of

arterial stiffness measures come fi^om subjects with CVD, hypertension, patient groups

with end-stage renal disease, renal transplant patients, patients with impaired glucose

tolerance, as well as the elderly (Bots et al., 2002). To establish the impact of arterial

stiffness on cardiovascular and/or all-cause mortality in hemodialyzed end-stage renal

disease patients, a cohort of 79 patients were followed for a mean of 25 months. After

15





adjustment for all the prognostic variables, an increased carotid artery stiffness as

measured by the elastic modulus was associated with a 6.4-fold increased risk of all-

cause mortality, independent of diastohc pressure and total cholesterol/HDL ratio

(Blacher et al., 1998). In a study conducted on renal disease patients, the distensibility

coefficient of the carotid artery, a measure of the relative increase in cross-section area

for a given increase in pressure, was examined following transplantation and after 95

months. The distensibility coefficient of the carotid artery was shown to be significantly

lower in patients who experienced cardiovascular events compared to those who did not.

Further, the carotid distensibility was independently predictive ofCVD in renal transplant

patients (Barenbrock et al., 2002). Another stiffness variable, PWV has been shown to be

reproducible and useful as a predictor in epidemiological studies, hi a longitudinal study,

1045 essential hypertensive patients without known clinical CVD, were assessed for the

predictive value of arterial stiffhess on coronary heart disease (Boutouyrie et al., 2002).

After an average of 5.7 years follow-up, 53 coronary events and 97 total cardiovascular

events occurred. An increase in PWV, measured along the thoraco-abdominal aorta, of

3.5 m/s was associated with an increased relative risk for a coronary event of 1.42 (95%

CI of 1.10 to 1.82), and the relative risk increase for any cardiovascular event was 1.41

(95% CI of 1.17 to 1.70). After adjusting for the Framingham risk score, these results

remained statistically significant. As for arterial compliance, numerous studies have

highlighted that the mechanical properties of arteries in the vascular tree can provide

reliable information regarding changes caused by atherosclerosis and coronary artery

disease (Alan et al., 2003; Herrington DM et al., 2003; van Popele et al., 2001). For

instance, it has been shown that carotid arterial compliance, as measured by vascular
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ultrasonography, was significantly lower in patients with coronary artery disease, (Lin et

al., 1999). In addition, calf arterial compliance, measured with the plethysmography

technique, was independently associated with the presence of coronary disease, as

determined by angiography (Herrington DM et al., 2003).

Nevertheless, information regarding the reproducibility of non-invasive arterial

stiffiiess measures is limited, hi particular, the few studies that have investigated the

reproducibility of arterial compliance and/or distensibility mainly in elastic vasculature

demonstrate varied values of repeatabihty (Amett et al, 1999; Liang et al., 1998a). hi

light of these findings, further research is required to determine the reproducibility of

various non-invasive measures of arterial stiffness. - :, 's^ >'. rv ^z

2.7 Methodological Considerations - -, ,;.,.

2.7.1 Flow-Mediated Dilation ^ ^r

2.7. LI Physiology

Since blood flow is regulated in accordance with tissue and organ oxygenation

requirements, the endothelium is essential to the maintenance of vascular tone (Kelm,

2002). Shear stress, which results fi-om the movement ofblood along endothehal cells, is

a commonly used mechanical stimulus used to evoke vasodilator release from the

endothelium (Pyke et al., 2004). Following an increase in blood flow, shear stress

increases, which results in vasodilation in a healthy endothelium, a phenomenon termed

endothelium-dependent FMD (Widlanksy et al, 2003). Thus, the measurement of the

dilatory response following a FMD perturbation is one approach to quantify the

mechanical characteristics of the arterial wall (Kelm, 2002). On the basis of ultrasound
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measures, it is possible to clinically assess flow-induced diameter changes in relatively

superficial arteries, such as the brachial artery (Raitakari & Celermajer, 2000). A

commonly used non-invasive technique for the peripheral circulation relies on the

administration of an endothelium-dependent agonist, such as increased blood-flow shear,

to induce vasodilation (Vogel, 2001). '• •

It has been demonstrated that relaxation of smooth muscle by acetylcholine

requires the presence of intact endothelial cells (Furchgott & Zawadzki, 1980). Later, it

was found that the endothelium is able to sense changes in hemodynamic forces through

a membrane receptor, which opens a potassium channel, leading to the release of several

mediators (Vogel, 2001). Nitric oxide (NO), which acts on underlying smooth muscle

cells, has been implicated as the main endothelium-derived relaxing factor, as shear

stress-induced vasodilation is reduced approximately 70% by pre-treatment with NO

synthase (NOS) inhibitors (Raitakari & Celermajer, 2000; Vogel, 2001). i ?'

2.1.1.2 Methodology

The ultrasound-based approach has permitted studies of vascular mechanics in

populations of asymptomatic young adults in whom cardiac catheterization is not

warranted (Celermajer, 1997). An external, high-resolution ultrasound apparatus using a

linear array transducer, is utilized to image the brachial artery longitudinally above the

antecubital fossa (Vogel, 2001). The ideal vessel size is 2.5-5.0 mm in diameter, as it is

difficult to capture accurate images of vessels smaller than 2.5 mm (Celermajer, 1998).

Typically, the application of a dilatory stimulus to the downstream vascular bed elicits

flow-dependent dilation of the upstream conduit artery. Reactive hyperemia after a brief
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period of distal forearm ischemia can be used as the flow stimulus following deflation of

a cuff placed around the proximal forearm from a supra-systolic pressure (Kelm, 2002).

Release of forearm occlusion results in instantaneous peak brachial artery blood velocity,

and the subsequent increase in shear stress in the upstream conduit artery occurs, causing

the brachial artery to dilate to accommodate the increased flow (Vogel, 2001).

2.7.13 Diagnostic Aspects 'I

A host of stimuli can affect the measure ofFMD, including a single high-fat meal

and postprandial lipidemia (Vogel et al., 1997), mental stress (Harris et al., 2000), and

circulating levels of estrogen and progesterone (Hashimoto et al, 1995). Flow-mediated

dilation responses in the brachial and other conduit arteries are impaired in patients with

coronary artery disease (Corretti et al., 2003) and diminished in those with known

atherogenic risk factors, such as smoking (Celermajer et al., 2003), hypercholesterolemia

(Steinberg et al., 1997), and hypertension (Panza et al., 1993). A loss of normally

fiinctioning endothelium in the brachial artery is also linked to aging (Taddei et al.,

1995), acute changes in glucose (Title et al., 2000), and changes in sodium and calcium

(Bevan, 1993). As well, the diurnal variation ofFMD, such as morning attenuation of

endotheUal function, has been documented (Etsuda et al., 1999).

2.7.2 Arterial Compliance and Distensibility

2.7.2.1 Physiology

The terminology used in the field of arterial stiffiiess can be confusing, however, in

simple terms, arterial stiffiiess describes the rigidity of the arterial wall (Mackenzie et al.,
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2002). The various terms used to describe the properties of vessel walls are defined in

Table 2.1 (Mackenzie et al, 2002). Several non-invasive methodologies exist for the

assessment of arterial stiffness. One particular method for measuring stiffness is

accomplished through relating the change in arterial diameter/area to the distending

pressure, as is the case with measurements of compliance and distensibility (Oliver &

Webb, 2003). Arterial compliance is defined as the absolute change in vessel diameter (or

area) for a given change in pressure, while distensibility is the relative change in diameter

(or area) for a given pressure change. Arterial compliance is dependent on both vessel

geometry (vessel lumen size) and stiffiiess, in contrast to distensibility, which describes

the stiffiiess of the vessel wall, and is independent of geometry (Bank & Kaiser, 1998).

Thus, the structural characteristics of the arterial diameters, combined with concurrent

measures of blood pressure, provide for the assessment of functional indices of arterial

sfiffhess. These indices reflect the change in arterial diameter adjusted for the change in

the corresponding pulse pressure (Amett et al., 1999).

2.7.2.2 Methodology

Ultrasound offers a non-invasive modality of measuring arterial stiffness, specifically

the arterial pulsatile changes in wall position fi-om diastole to systole (Oliver & Webb,

2003). In addition to ultrasound tracking of arterial diameter changes, simultaneous

measurement of the associated pressure is necessary (Izzo & Shykoff, 2001). Images of

the vessel wall are obtained over a cardiac cycle and the maximum (systolic) and

minimum (diastohc) diameters are calculated (Mackenzie et al., 2002). Assessment of

diameters has generally relied on visual inspection of single frames and placement of
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ultrasonic calipers; however, this method is subject to observer error and may not

accurately detect small brachial diameter responses to increased flow which are usually in

the range of 0.2 to 0.4 mm (Woodman et al, 2001). However, boundary detection of the

brachial arterial wall using automated edge-detection software has been recently

validated as an accurate and reproducible alternative to the more labour-intensive frame-

by-frame method (Mancini et al., 2002; Preik et al., 2000; Woodman et al., 2001).

Obtaining corresponding pressure measurements of the brachial artery can be achieved

using a Finometer, which provides a reconstruction of brachial pressure from non-

invasive finger arterial pressure measurements, avoiding any potential errors arising from

pressure wave amplification toward the periphery (Guelen et al., 2003).

I Table 2.1 Indices of Arterial Stiffness '
., .

Term





systolic; d, diastolic. *Most common method of measurement; #Also requires pressure

measurements. Adapted from Mackenzie et al., 2002.

2.7.2.3 Implications

In the past, arterial stiffening was regarded as being an inevitable change that

occurs as part of the aging process, and as such its clinical significance was not fully

appreciated. Even so, in as early as 1880, Roy stated that "with advanced age the stiffness

of the arteries changed, and that this may pose significant consequences for the health of

the individual" (Mackenzie et al., 2002). Since the early 20^*^ century, clinicians have

acknowledged the importance of the arterial waveform, directing attention to the precise

measurement of arterial stiffness (Mackenzie et al., 2002). It is now known that arterial

stiffness is an important determinant of increased systolic and pulse pressure, especially

in the aging population (O'Rourke et al., 2002), and is associated with an increased

cardiovascular risk, including hypertension, diabetes, hypercholesterolemia, and end-

stage renal failure (Mackenzie et al, 2002). A growing body of evidence suggests that

impairment of arterial wall integrity occurs early in the disease process, and that such

changes can be detected before clinical manifestations of vascular disease emerge

(Mackenzie et al, 2002). Along with serving as a useful marker for the development of

atherosclerosis, the clinical significance of measuring arterial stiffness also lies in the fact

that arterial stiffness can be modified by therapeutic interventions (Yamashita et al,

1998). The various modalities used for measuring arterial stiffness are used mostly in

experimental and physiological studies; however, they may soon become more prevalent

in clinical settings and play an important role in patient risk assessment.

2.7.3 Lower-Bodv Negative Pressure
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Lower body negative pressure (LBNP) is used to create sub-atmospheric pressure

around the lower portion of the body, including all areas below the iliac crests. The

purpose ofLBNP is to create a cardiovascular situation similar to suddenly standing

upright, which prompts a diversion ofblood from the central intra-thoracic to the lower

leg venous compartments. Such an episode triggers an integrated systemic-wide response

to the sudden removal of blood from the coronary/pulmonary circulation necessitating

reflex autonomic-circulatory adjustments to maintain arterial blood pressure (Taylor et

al., 1992). Thus, LBNP provides a simulated orthostatic stress and a means to examine

neuro-circulatory reflexive responses to decreases in venous return to the heart (Jacobs et

al., 1996). '.^.I -:,. ;
..„. v- . vV.--,-, '.< .

.. .'^ - ^,. -.-,

In the cardiovascular system, the baroreflex plays an important role in the

regulation ofblood pressure control when abrupt changes in blood volume, cardiac

output, or peripheral resistance occur (Berne & Levy, 2001). Cardiopulmonary

baroreceptors, located in the atria, ventricles, and pulmonary vessels, are selectively

unloaded when LBNP is less than 20 mmHg. During a LBNP suction of 15 mmHg, heart

rate and pulse pressure remain unchanged, while forearm vascular resistance (FVR)

increases by 25-50% (Jacobs et al., 1996). In addition to the cardiopulmonary

baroreceptors, the arterial baroreflexes located in the carotid sinuses and aortic arch,

become engaged when LBNP is greater than 20 mmHg. The arterial blood pressure

components that affect arterial baroreceptors include systolic, diastolic, mean and pulse

pressure. A decrease in these parameters causes an increase in sympathetic nerve activity.

It has been demonstrated that at a level of40 mmHg, heart rate increases, pulse pressure

decreases, and FVR increases by approximately 100% (Jacobs et al., 1996).
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2.7.4 Doppler Ultrasound

The use of ultrasound is a non-invasive and safe technique for the visualization of

muscle, soft tissue, and arteries and veins. As an alternative to the method of

plethysmography, Doppler ultrasound offers a viable method for making non-invasive

velocity measurements ofblood flow in various blood vessels. Doppler devices work by

detecting the change in frequency of a beam of ultrasound reflected from various targets

that are moving with respect to the ultrasound transducer (Ubeyli & Guler, 2004).

2.7.4.1 The Physics of Ultrasound -'\

'

'

' "
'

The term ultrasound refers to sound waves, or mechanical pressure waves that are

longitudinal, meaning that the direction of particle motion is parallel to the direction of

the wave energy propagation (Goldstein, 1993; Wilson & Buffa, 1997). As a wave, sound

is characterized by the properties ofwaves, including frequency, wavelength, period,

amplitude and speed. The frequency (/) of a pressure wave is defined as the number of

cycles of the repetitive waveform per second (units s"^ or Hertz, symbol Hz) (Wilson &

Buffa, 1997). The wavelength {X) is measured from one peak/trough to the next

peak/trough, i.e., the length of one complete wave cycle (Wilson & Buffa, 1997). The

period is the amount of time it takes to complete one frill revolution. Amplitude is a non-

negative scalar measure of a wave's magnitude of oscillation, that is, the magnitude of

the maximum disturbance in the medium during one wave cycle (Wilson & Buffa, 1997).

The speed (c) if a pressure wave traveling through a propagation medium is defined by

the equation:

c = ^f Equation!
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The speed of sound (units m/s) varies depending on the medium through which the sound

waves pass (Table 2.2) (Wilson &Buffa, 1997). .» , .

Table 2.2 Wave Velocities for Parts of the Human Body

Medium





attenuation of ultrasound increases nearly linearly with frequency in many types of tissue,

meaning higher frequency sound loses energy more quickly as it travels through the

body, so the depth ofpenetration is less (Taylor & Holland, 1990). This attenuation is

also dependent upon the homogeneity of the ultrasonic beam, as well as the absorptive

features ofthe medium (Fronek, 1989).

2.1A3 Scattering of Ultrasound in Blood ',

Red blood cells (RBC) are primarily responsible for ultrasound scattering in

blood, and are often called 'scatterers' (Taylor & Holland, 1990). A normal RBC has an

average diameter of 7 jum, which is much smaller than an ultrasonic wavelength used for

Doppler blood flow measurement (e.g., 300 /xm at a frequency of 5 MHz); thus, a single

ultrasound beam will encounter approximately 10^ RBC at one time (Taylor & Holland,

1990). Since blood is a non-homogeneous continuum containing varied RBC

concentrations and diameters, many weakly scattered waves of different phase and

amplitude will superimpose at the receiver to give rise to the total received signal (Taylor

& Holland, 1990). This scattering is termed Rayleigh scattering where there is an

increase in backscatter, with intensity varying with frequency to the fourth power (Taylor

& Holland, 1990). This has implications for Doppler blood flow measurements since

backscattering from blood increases with frequency, the highest possible frequency

increases the amplitudes of the echoes from the blood. However, ultrasound attenuates in

tissue with increasing frequency, therefore the trade-offbetween the frequency

dependence of scattering from blood and the attenuation in tissue will determine the

highest compatible frequency that should be used. For instance, examinations of deep-
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lying vessels will employ lower frequencies, typically 2 to 4 MHz, whereas for peripheral

vasculature, frequencies of 5 to 10 MHz are optimal (Fronek, 1989).

2.7.5 Doppler Ultrasound Transducers

A critical component of the ultrasound machinery is the transducer, from which

ultrasound is produced. The transducer dictates the frequency at which the system

operates, and in most caes, the source of energy comes from piezoelectric crystals

(Fronek, 1989). Transducers have a range of frequencies which they are able to produce,

which is defined as bandwidth. The transducer transmits electrical signals into radiated

acoustic energy, and while receiving, the transducer converts arriving acoustic energy

into electric signals, which can be processed electronically (Goldstein, 1993). A backing

layer absorbs backward-radiated ultrasound, while a thin layer on the front acts as an

acoustic transformer to match the transducer to the body. Since ultrasonic frequencies

lack the ability to travel adequately through air, a layer of water-based coupling medium

is used between the probe and the skin. The outflow of ultrasound travels along a beam,

which assumes a geometry determined by the frequency of operation, as well as the size

and shape of the transducer (Nichols & O'Rourke, 1990). Diagnostic beamwidths

generally range from 2 to 10 mm, and for lower-limb vascular scanning, a linear array

transducer is normally used (Nichols & O'Rourke, 1990). This produces a rectangular

image which is displayed with the skin surface at the top, the vertical axis showing depth

into the body and the horizontal axis showing position along the transducer. When

imaging blood vessels, the transducer can either be placed along the vessel to produce a

longitudinal scan, or across the vessel to produce a transverse scan. The region located

27





near the transducer surface is called the near field, in which the acoustic field propagates

as a cylindrical beam (Fronek, 1989). The zone lying at the end of the near field is called

the far field, where the oscillations start to disperse and is contained in a conical

formation.

2.7.6 Measurement ofBlood Velocity

There are two main techniques for making Doppler ultrasound velocity

measurements ofblood flow, pulsed Doppler and continuous wave Doppler.

A. Continuous Wave Doppler

This type of device uses two transducers or a dual-element transducer containing

two crystals, one each for transmitting and receiving (Nichols & O'Rourke, 1990). A

continuous stream of impulses reaches the bloodstream and an equally continuous train of

impulses arrive at the receiving crystal. The transmitting and receiving beams overlap

some distance fi-om the transducer face (Nichols & O'Rourke, 1990). Doppler signals are

obtained fi-om all vessels in the path of the ultrasound beam, making it is more difficult to

distinguish between extraneous echoes, particularly when structures such as arteries and

veins are close to each other. Continuous wave Doppler is also unable to determine the

specific location of velocities within the beam, and the sample volume is generally large,

resulting in poor spatial resolution, especially when depth is a factor (Nichols &

O'Rourke, 1990). The usefiilness of this method is limited, but it is advantageous for its

sensitivity to low velocities and detection of high velocities without aliasing (Mitchell,

1990).

B. Pulsed Wave Doppler
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Pulsed Wave Doppler ultrasound is a technique for measuring the velocity of

blood in a small sample volume. Pulsed Wave Doppler uses a single-element transducer

that emits brief, interrupted pulses of ultrasound (Mitchell, 1990). The transducer

oscillates between two modes. When the transmitted ultrasound pulse encounters internal

targets, a small portion of its energy is reflected back to the transducer as an echo

(Goldstein, 1993). After the pulse is emitted, the system is set to await the reflected

signals, with the lag time equal to twice the time the sound uses to travel the distance

between the transmitter and the reflector. During the receiving or 'off phase, the

returning echoes are detected only after a controlled delay and for a specific duration

(Fronek, 1989). Thus, the received signal is 'gated' so that the time elapsed between the

transmission of the pulse and the opening of the gate determines the depth of the velocity

measurement, i.e., the position of the 'sample volume'. If the 'gate' is open soon after the

release of the ultrasound burst, signals close to the arterial wall are admitted, while a

delay in the opening of the gate allows for the admittance of signals from distant targets

(Fronek, 1989). Therefore, one can control the size and location of the sample volume by

altering the gate or duration of admittance. The number of pulses transmitted within a

second is called the pulse repetition frequency (PRF). The upper PRF limit is given by

the time interval required for the echoes to arrive from the sample volume (Mitchell,

1990). The greater the penetration depth, the greater the listening time, and the lower will

be the PRF. The features inherent in pulse wave systems confer several benefits. The

small, alterable sampling volume makes it easy to select a well-defined reflecting signal

source, which will prevent interference from adjacent structures. As well, having the

option to control the open gate makes it possible to select a specific portion of the
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velocity profile (e.g., the center of the vessel), and the image can be used to select the

gate position (Fronek, 1989). However, there are several disadvantages in using pulse

wave Doppler, which are highlighted below.

2.1 .6. \ Display Modes

Since the pulsed Doppler allows definition of the sample volume, it is essential to

combine it with imaging to guide the placement of the sample volume (Nichols &

O'Rourke, 1990). This has led to the development of duplex machines, in which pulsed

wave Doppler is combined with a two-dimensional, real-time, B-mode scanner. In B-

mode (brightness mode), the reflected echo is recorded as a dot with the brightness

representing echo amplitudes (Fronek, 1989). Coupling this signal with a time-base

signal produces a one-dimensional recording, termed M-mode (motion mode). A single

beam in the ultrasound scan over non-moving structures, such as a vessel wall, is shown

as horizontal lines.

2.7.6.2 The Doppler Effect

In ultrasound, the Doppler Effect is used to measure blood flow velocity. As the

transmitted ultrasound beam travels through the body, it undergoes attenuation and

scattering (Nichols & O'Rourke, 1990). Small, acoustic particles, such as RBC's, scatter

the ultrasound equally in all directions, whereas large interfaces, such as vessel walls,

reflect ultrasound in a specular fashion, with the angle of insonation equal to the angle of

incidence (Nichols & O'Rourke, 1990). The backscattered sound reflected from a moving

target differs in frequency from which it was transmitted. When the direction ofblood
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flow is towards the Doppler transducer, the echoes from blood reflected back to the

transducer will have a higher frequency than the one emitted from the transducer

(Mitchell, 1990). When the direction is away from the transducer, the echoes will have a

lower frequency than those emitted. This change in frequency is known as the Doppler

shift, and occurs when the total path length travelled by a form of radiated energy

changes with time (Nichols & O'Rourke, 1990). The final detected signal is the

summation of all the individual Doppler-shifted signals. The range ofRBC velocities in

the sample volume gives rise to the characteristic Doppler signal. As a convenient bonus,

the Doppler shift usually falls within the hearing threshold, which allows for aural

monitoring of the quality of the signal (Nichols & O'Rourke, 1990).

2.7.6.3 The Doppler Equation

The Doppler equation (equation 2) describes the proportionality of the Doppler

shift frequency to the speed of the moving targets, and can be stated mathematically as:

A/= 2/v cosO / c Equation 2

where A/= the difference in frequency between the transmitted and received frequency

(the Doppler shift),/= frequency of ultrasound transmitted, v = magnitude of the velocity

of the target, = angle between the ultrasound beam and direction of motion, c =

magnitude of the velocity of ultrasound in blood (1570 m/s).

The amount of Doppler shift is determined by the original frequency transmitted,

speed of the scatterer, and the direction ofmotion relative to the wave (Nichols &

O'Rourke, 1990).

2.7.7 Doppler Signal Processing and Display
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In most clinical situations, Doppler frequency shifts are audible to the human ear

and flow characteristics can be identified by sound; however, they are usually displayed

as a frequency spectrum of the returning signal over time (Nichols & O'Rourke, 1990).

The received Doppler shift signal actually consists of a spectrum of frequency differences

rather than a single difference due to the large number ofRBC's in the Doppler sample

volume at any given instant (Mitchell, 1990). These scattering RBC's produce 'spectral

broadening' in a number ofways. There are a range ofRBC cell velocities even under

laminar flow, and the frequency spectrum is greatly enhanced during turbulent flow.

Another reason for spectrum broadening is energy scattering between RBC's. Finally, the

bandwidth of the pulsed Doppler gives rise to echoes arriving at different speeds, which

reflect the spectrum of the transmitted signal (Gill, 1985).

The received waveform is complex and composed of various sine waves that

differ in amplitude and frequency. The Doppler signal is processed by a spectrum

analyzer to convert the time waveform to the frequency domain, by breaking down the

waveform into spectrum of individual component frequencies (Taylor & Holland, 1990).

Several methods have been developed, with the method of choice being a Fast Fourier

Transform, capable of transforming incoming Doppler signals to the frequency domain in

real-time at intervals of 5 to 10 milliseconds (Gill, 1985). An echo induces an electric

signal in the receiver crystal with a frequency equal to that of the echo. In a pulsed

system, this signal is amplified and range gated (Gill, 1985). The signal is then split into

two channels and fed into two separate mixers, where the component waves are

multiplied by the transmitted frequency. The resulting two signals from the mixer include

one that is of high frequency and the other of low frequency. When the output is low-pass
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frequency filtered, the resulting audio-frequency signal represents the Doppler shift (Gill,

1985). The same process of demodulation occurs in the other mixer, with a Doppler shift

signal that is shifted 90° in phase compared to the Doppler signal from the other mixer

(Gill, 1985). The quadrature detection of the two output signals enables the determination

of flow direction due to the difference in phase angle between the two. The amplitudes of

the resulting spectra are encoded as brightness, and these are plotted as a fimction of time

(horizontal axis) and frequency shift (vertical axis) to produce a two-dimensional spectral

display, which is often referred to as a time-velocity waveform (Taylor & Holland, 1990;

Ubeyli & Guler, 2004). This display in its fiiU complexity provides immediate feedback

to the operator regarding the quality of the Doppler signal and permits estimation of

either the mean or maximum frequency, or the velocity if the angle is known (Nichols &

O'Rourke, 1990). Spectral analysis also offers the advantage of having the ability to

recognize whether aliasing is occurring. An aliased Doppler signal displayed with a

spectral analyzer will show the aliased frequencies appearing below the baseline or zero

flow line (Figure 1.1). Aliasing is discussed in further detail in section 2.7.9.1.

Figure 1.1 Aliasing, with the top of the time-velocity waveform cut off

and appearing below the baseline.Taken from Taylor & Holland (1990).
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2.7.8 Brachial Artery Doppler Waveform

The brachial artery blood flow velocity waveform is a tracing ofblood velocity

over time and assumes a triphasic form. The forearm blood flow waveform as shown in

Figure 2.2 normally has a forward steep peak, representing the high flow of systole,

followed by a short period of rapid reverse flow in early diastole. The third segment of

the wave has a low speed forward flow in late diastole. A larger peak systolic velocity

has been noted in hypertensive patients, as well as a larger peak reverse velocity in

patients with multi-vessel disease (Sugawara et al, 1998).

f'

'

Figure 2.2 Spectral analysis of the brachial artery at rest

shows triphasic flow pattern Taken from Ozcan et al. (2006).

2.7.9 Doppler Limitations

2.1.9.1 Aliasing

AHasing is a common cause of artifacts in pulse Doppler, and occurs when fast

moving blood is incorrectly measured as high velocities take on the identity of low

frequencies (Taylor & Holland, 1990). The frequency at which sequential pulses are

transmitted by a pulse Doppler is known as the pulse repetition frequency (PRF) (Nichols
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& O'Rourke, 1990). When the ultrasonic pulse is transmitted into tissue, the system must

wait to receive the last echo from this pulse before it transmits the next pulse in order to

unambiguously determine the location of the echo (Taylor & Holland, 1990). The

maximum Doppler frequency that can be measured unambiguously is half the PRF, with

this point defined as the Nyquist limit (Nichols & O'Rourke, 1990). Aliasing occurs when

the velocities being sampled produce Doppler frequency shifts that are greater than the

Nyquist limit as determined from the PRF (Taylor & Holland, 1990). One way to

overcome the problem of aliasing is to use a higher PRF; however, this can introduce a

second problem if the repetition rate is too fast. This can cause a new echo to be

transmitted before the previous one has had time to propagate away from the radar range,

resulting in 'range ambiguity', meaning each target will appear to be present at several

ranges (Nichols & O'Rourke, 1990). While increasing the sampling rate is a reasonable

solution for superficial vessels, the sampling rate is limited by the constant speed of

sound in the tissue and the depth of penetration for a given examination (Taylor &

Holland, 1990). If the depth of investigation increases, the journey time of the pulse to

and from the reflector must increase, thus it will not be feasible to increase the PRF

sufficiently to avoid aliasing from fast velocities in deep-seated vessels (Gill, 1985).

Another solution that can be implemented to cure aliasing is to reduce the Doppler

frequency shift, which the operator can control by switching to a lower ultrasound

frequency or larger angle (Gill, 1985). Finally, another way to overcome the problem is

to adjust the baseline, which is the zero-frequency line that separates forward flow from

reverse flow (Taylor & Holland, 1990). By lowering the baseline, one loses the ability to
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see equal forward and reverse flow velocities, increasing the entire range of velocity to be

used to detect fast forward flow (Taylor & Holland, 1990).

2.1.9.2 Angle ofInsonation >- r ' iv > -^

The Doppler angle is also known as the angle of insonation. There are some

considerations that affect the Doppler signal that are inherent in the Doppler equation.

With imaging, the optimum angle of insonation is 90° because reflections are strongest

when the beam is perpendicular to the reflecting surface (Mitchell, 1990). However, this

does not apply to Doppler ultrasound, as the Doppler shift is greatest when flow is

aligned parallel to the ultrasound beam (cosO° = 1) (Mitchell, 1990). However, given the

proportionality between the Doppler shift and vcosO, as the angle of insonation relative

to the axis of flow approaches 90°, the Doppler shifts decreases and may fall below the

threshold for detection, making it appear as if there is no flow in the vessel (cos90° = 0)

(Mitchell, 1990). As well, at angles approaching 90°, both positive and negative Doppler

shifts may be detected equally above and below the baseline, making it difficult to

discriminate between forward and reverse flow (Taylor & Holland, 1990). While blood

velocity is best detected at 0°, this angle of insonation is very difficult to implement

against the skin, and there may be difficulties in obtaining signals at low angles due to

total reflection of sound waves at the vessel walls (Taylor & Holland, 1990). For these

reasons, to ensure proper imaging and blood velocity detection, an angle of 45° to 60° is

typically used (Nichols & O'Rourke, 1990).
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Materials and Methods

3.1 Ethics approval

This study was approved by the Brock University Research Ethics Board and by

the University of Western Ontario Office ofResearch Ethics.

3.2 Subjects y

Ten healthy, non-smoking males, between 20-30 years of age, were recruited

fi-om Brock University and The University of Western Ontario. The sample size was

based on past studies that investigated the effect of sympathetic stimulation on arterial

mechanics using 9 to 12 subjects. Subjects were asked to complete a medical

questionnaire to verify that they did not have any acute medical conditions, Raynaud's

syndrome, or a known history of cardiovascular or kidney disease or diabetes, and were

not taking any medication with known vascular effects. Subjects were provided a letter of

information outlining the basic procedures and potential risks. All subject provided

written consent to participate in the study.

3.3. Experimental Measurements

3.3.1 Blood Pressure and Heart Rate

•. ; Blood pressure (BP) data, including systolic (SBP), diastolic (DBF) and mean

arterial blood pressure (MAP), were collected non-invasively fi-om the lefl; middle finger

on a continuous (beat-by-beat basis) using the Finometer (Finometer, Finapres Medical

Systems). The Finometer measures finger arterial pressure and corrects for physiological
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brachial to finger differences by waveform filtering, level correction and level

calibration. Subject gender, age (y), height (cm), and weight (kg) were entered, and

correction for the position of the hand with respect to heart level was done using the

height sensor. To increase the precision of the BP readings, the data were also corrected

for the pressure gradient, determined as a retum-to-flow systolic measurement using an

additional arm cuff This is an individual patient level adjustment, which calibrates the

upper arm pressure of each subject with the finger pressure. To measure heart rate (HR),

a standard 3-lead electrocardiogram (ECG) was used.

33.2 Brachial Artery Diameter

The right brachial artery was imaged above the antecubital fossa in the

longitudinal plane by echo Doppler ultrasound using a 7.5 MHz linear array transducer in

M-mode (Vingmed System Five, GE). When a satisfactory transducer position was

selected, a segment showing clear near and far intimal walls was imaged continuously.

The horizontal sweep was set such that three cardiac cycles were obtained over the

image. The distance from the antecubital fossa to the middle of the transducer, which was

approximately 7 to 1 1 cm, was noted to help maintain the same image within and

between testing sessions. Depth and gain setting was individually selected for each

subject to optimize pictures of the lumen-intimal interface and machine parameters were

kept constant during all testing sessions. Baseline consisted of five minutes during which

time all variables such as HR, BP, and blood flow velocity were recorded. Doppler

imaging of the brachial artery was fine-tuned during this time and then three brachial

artery images were recorded during the final minute of baseline. Diameters were
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analyzed using the semi-automated edge-tracking software (Matlab 5.3) from which

systoHc and diastoHc diameters were computed. These measures were averaged together

to obtain one baseUne diameter during both diastole and systole. Brachial artery

diameters were also recorded during LBNP and FMD.

3. 2>.2.\ Lower-body Negative Pressure

In the present study, non-hypotensive LBNP was used to create a gravity-like

challenge and unload cardiac afferents in order to observe the autonomic reflex effect on

the brachial artery. Subjects were placed in the supine position within an airtight box

enclosing the legs up to the level of the antero-superior iliac crests and a vacuum source

rapidly produced a stable suction of40 mmHg. The choice ofLBNP level is based on

previous data where forearm vascular resistance was found to increase substantially at

this level of suction (O'Leary et al, 2003). Subjects were instructed to inform the

investigators if they experienced any symptoms of pre-syncope (i.e., nausea, light

headedness, tunnel vision, blurry vision, excessive heat and sweat). In addition to the

above symptoms suggestive of impending syncope, a SBP < 90 mmHg, a sudden

reduction in SBP of>20 mmHg, or a sudden decrease in HR <30 beats/minute warranted

immediate termination of LBNP. 40 nrniHg LBNP was activated for five minutes, and

brachial artery diameters in M-mode were recorded beginning at the fourth minute, with

images taken every 1 5 seconds for one minute. These five images taken together

produced one average systolic and diastolic diameter value in response to LBNP.

39



ru

m^:m vtiji^^'^Bv

jr* vfkfi^a:



2)3.2.2 Flow-Mediated Dilation -^y

Endothelium-dependent FMD was studied by inducing reactive hyperemia

according to the guidehnes set forth by Corretti and colleagues (2003). An increase in

flow through the right brachial artery was achieved by inflating a blood pressure cuff

placed below the elbow to a SBP of 250 mmHg, thus producing ischemia. This cuff

occlusion was sustained for 5 minutes, as this has been shown to be the optimal time

period to produce significant FMD (Corretti et al., 2003). After five minutes of cuff

occlusion, the pressure was rapidly released to allow for reactive hyperemia to occur,

with peak diameter known to occur between 60 and 90 seconds following cuff deflation

(Corretti et al, 2003). The brachial artery was continuously imaged throughout reactive

hyperemia, and a still image was captured for each time period at 45, 60, 75 and 90

seconds, post-occlusion. ;; ^ ; vy ^ ;^i>;^

By convention, all FMD measures were expressed using end-diastole diameter

(Corretti et al., 2003). Flow-mediated dilation was expressed in three ways. One as the

absolute change in diastolic diameter between post-occlusion (maximum) diameter and

baseline diameter and the second as a percentage change from baseline to post-occlusion

diameter, which were calculated as follows: < •

-
5 Absolute change = maximum - bgiseline Equation 3

" % change = (maximum -baseline/ baseline) X 100 Equation 4

The third way of categorizing FMD was by normalizing it to shear stress. Shear stress is a

function of vessel diameter, blood flow velocity at the lumen, and blood viscosity (Pyke

et al., 2004). Shear rate is an estimate of shear stress without viscosity figuring into the

equation and was considered by the calculation:
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Shear rate = (8 • MBV) / Dd, " i ^p^CiX? -r? ; Equation 5

where MBV is the mean blood velocity and Dd is the corresponding diastolic diameter

(Betik et al., 2004). .- .^ Ki^ •• a

?)33 Forearm Blood Flow Velocity : -^ r. ^ .
'i 3 - ;?

Beat-by-beat forearm blood flow velocity was obtained using a Multigon

transducer (Multigon 500M, Multigon Industries Inc.). The 4 Hz Multigon transducer

was placed at approximately 2 centimeters proximal to the antecubital crease and

secured. Effort was made to ensure that it did not interfere with the blood pressure cuff

that was placed at or slightly below the antecubital crease. Prior to testing, the external

cuffwas briefly inflated and deflated, and the blood velocity profile was observed to

ensure that the Multigon probe would not shift during FMD. Blood flow was calculated

from the product ofmean blood velocity and the average cross-sectional area of the

brachial artery, accounting for heart rate.

?>3A Arterial Stiffness

Arterial stiffhess was assessed using echo Doppler ultrasound images of the right

brachial artery in M-mode. Brachial artery stiffhess was calculated as compliance and

distensibility according to the following formulas:

Compliance = (Ds - Dd / PP) Equation 6

Distensibility = [(Ds - Dd / Dd)] / PP Equation 7

where Ds is systoHc diameter; Dd is diastolic diameter; PP is pulse pressure.

Corresponding pulse pressure (calculated as SBP - DBP) was taken from Finometer
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derived values. The average systolic and diastolic diameters computed during baseline

were used to calculate average baseline compliance and distensibility. During the final

minute of LBNP, five ultrasound images were taken every 1 5 seconds, which were

averaged to obtain one average measure compliance and distensibility in response to

LBNP. For FMD, compliance and distensibility were calculated for each of four different

time points during reactive hyperemia; 45s, 60s, 75s and 90s.

'-:'-i!;^AM

Section 3.4 Experimental Protocol -

Subjects visited the lab on two separate occasions two weeks apart. They were

tested on the same day of the week and at the same time of day in order to avoid any

potential effects of the circadian rhythm on the vasculature (Etsuda et al., 1999). Control

for variables known to influence vascular fiinction (Welsch et al, 2002) was

accomplished by requiring subjects to avoid caffeine, alcohol and physical activity at

least 12 hours prior to testing, and to consume the same diet on both testing occasions.

Subjects were allowed a light meal four hours prior to experimentation as attenuation of

brachial artery FMD occurs following a glucose or fat load lasting three to four hours,

respectively (Title et al, 2000; Vogel et al, 1997). Subjects were advised to maintain

their usual lifestyle (diet, alcohol level and exercise level) between testing days.

Additionally, BP has been shown to affect brachial artery FMD (Welsch et al, 2002),

thus subjects were instructed to void their bladder before testing, as this has been shown

to affect sympathetic nervous system activity and hence BP (Fagius & Karhuvaara,

1989). The testing environment was maintained within a constant temperature range (20-

24°C) at every testing session and all procedures were undertaken in silence to minimize
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external stimuli. This study design incorporated a single tester to ensure subjects were

scanned by the same individual at each visit. i

Identical procedures were performed on each testing day for each subject.

Subjects underwent both FMD and LBNP, and the order of testing between subjects was

randomly assigned with half receiving FMD first and the other halfundergoing LBNP

first. A sufficient amount of time (approximately 15 minutes) was allotted between each

procedure to ensure that baseline conditions were achieved. As previously mentioned,

HR and BP were recorded throughout data collection to monitor each subject's condition.

Table 3 depicts the testing protocol along with the times that diameters were recorded.

Five minutes ofbaseline was initiated with three ultrasound recordings taken during the

last minute. During FMD, the cuffwas inflated for 5 minutes, and upon cuff deflation,

post-occlusion ultrasound images were recorded from 45 to 90s. Heart rate, BP, and

blood flow velocity were recorded continuously for the entire three minutes of recovery.

After a rest period, another baseline lasted for five minutes with three ultrasound images

taken during the final minute. Lower-body negative pressure was immediately initiated

for a duration of five minutes during which five ultrasound images were recorded

between minutes four and five to ensure steady-state forearm flow and resistance (Grassi

et al, 1995; Joyner et al., 1990).
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Measures ofFMD were normalized to mean shear rate since the amount of

dilation is a function of the shear rate flow stimulus (Rakobowchuk et al., 2004). Flow-

mediated dilation was normalized to shear rate according to the following equation:

FMD Normalized = % change FMD / shear rate Equation 8

Using SPSS version 14, one-way repeated measures ANOVA was used to assess

the responses that occurred between baseline and LBNP, as well as between baseline and

FMD. Bonferroni post-hoc analyses were performed to test for time effects between

baseline and FMD. The within-day and between-day differences in compliance,

distensibility, FMD variables and diameters were assessed using a one-way ANOVA. In

addition, within-day and between-day repeatability was determined using the intra-class

correlation coefficient, as well as the Bland-Altman method (Altman & Bland, 1983;

Bland & Altman, 1986), including the variables of bias and the degree of error. The bias

was determined as the mean of the difference between two time points. Error was defined

as the standard deviation of the difference in scores. Subsequently, an error coefficient

was calculated as the error divided by the mean value of the two particular time points.
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Chapter 4

Results

4.1 Subject Characteristics

Data were collected on 10 healthy male volunteers recruited from Brock University and

the University of Western Ontario. However, due to technical difficulties, analysis was

performed on 9 subjects. In addition, FMD results regarding diameter changes are based

on 8 subjects, due to the ECG tracing being absent for one subject at 75s FMD. Subject

characteristics including height, weight and age are shown in Table 4.1.

Table 4.1 Subject Characteristics (n=9)

Mean ± SD Range

Height

(cm)

Weight

(kg)

Age
(years)

178.3 ±8.0 168-190

81,8 ±15.2 54-105

24 ± 2.8 22-30

4.2 Baseline Data: Within-day and Between-day Differences

According to the results obtained from the ANOVA statistics, there were no differences

observed in the within and between-day baseline measures. These included heart rate

(HR), systoHc blood pressure (SBP), diastolic blood pressure (DBF), mean arterial

pressure (MAP), forearm blood velocity (FBV), forearm blood flow (FBF), forearm

vascular resistance (FVR), pulse pressure (PP), systolic diameter (Ds), diastolic diameter

(Dd), compliance, and distensibility. Since there were no differences in the
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aforementioned variables between days, the Day 1 results were arbitrarily chosen to be

reported.

4.3 Heart Rate and Blood Pressure Responses

Heart rate rose during 40 mmHg LBNP (P < 0.01), whereas PP decreased (P < 0.01). No

significant change was elicited in SBP, DBP or MAP with LBNP compared to baseline

(Table 4.2).

Table 4.2 Heart Rate and Blood Pressure Measures during Baseline and LBNP (n=9)
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4.4 Forearm Blood Flow and Vascular Resistance Responses

LBNP at 40 mmHg resulted in a significant decrease in FBV and FBF (P < 0.01). As

well, LBNP produced a significant increase in FVR (P < 0.05) (Table 4.4).

Table 4.4 Forearm Blood Velocity, Flow, and Resistance Measures during Baseline and

LBNP (n=9)
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Figure 4.1 Forearm Blood Velocity during Baseline and FMD (n=9)
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Figure 4.2 Forearm Blood Flow during Baseline and FMD (n=9)
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Baseline 45s 60s 75s 90s

Statistical significant difference between 45s and baseline, 60s, 75s and 90 s FMD; *P < 0.05.
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dilation.

Figure 4.3 shows that FVR decreased throughout FMD. Post-hoc analysis revealed that

FVR at 60s FMD was significantly less than that at baseline (P < 0.05).
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Figure 4.3 Forearm Vascular Resistance during Baseline and FMD (n=9)
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Statistical significant difference between baseline and 60s FMD; *P < 0.05. FMD, flow-mediated

dilation.

4.5 Diameters, Compliance and Distensibilitv Responses

Both systolic and diastolic diameters decreased in response to 40 mmHg LBNP (P <

0.05). There was no significant difference in pulsatile diameter change. Similarly, neither

compliance nor distensibility were significantly affected by LBNP as compared to

baseline (Table 4.5).
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Table 4.5 Diameter and Stiffness Measures during Baseline and LBNP (n=9)
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Table 4.7 illustrates the extent of vasodilation over the time course ofFMD, expressed as

both a percentage ofbaseline, as well as the absolute diameter change. No significant

difference between any FMD time point was found and the average %FMD was 5.52%.

Table 4.7 FMD Percent Change (A %) and Absolute Diameter Change (A absD), (n=8)

45 FMD 60 FMD 75 FMD 90 FMD

FMD(A%) 5.08 ±0.82 5.53 ± 0.75 6.18 ±1.01 5.30 ±1.09

FMD (A absD) 0.24 ± 0.05 0.28 ± 0.05 0.3 1 ± 0.05 0.27 ± 0.05

FMD, flow-mediated dilation.

4.6 Shear Rate Response to FMD

Shear rate during FMD can be seen in Figure 4.4. At 45s FMD, shear rate was

significantly higher than that at baseline (P < 0.05). No significant differences were found

between 45 s, 60s, 75s or 90s FMD.

Figure 4.4 Shear Rate during Baseline and FMD (n=8)
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Statistical significant difference between baseline and 45s FMD; *P < 0.05.

FMD, flow-mediated dilation.
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4.7 Shear Rate and FMD: Within-day and Between-day Differences
'

Within-day and between-day basehne shear rates were not statistically different from one

another. Due to the observed lack of difference in absolute and relative FMD across time

points (Table 4.7), average absolute and relative FMD for day 1 and 2 was calculated and

compared, with no significant difference being found. Similarly, due to the observed lack

of significant difference in shear rate between FMD time points (Figure 4.4), average

FMD shear rate was determined in order to compare across days, with no significant

difference between days being observed. As well, average relative FMD normalized for

shear rate demonstrated no significant between day differences.

4.8 Within-day and Between-Day Repeatability

It is noteworthy to highlight that measures of diameter were highly reproducible both

within and between days. In contrast, only within day baseline compliance and

distensibiUty were significant (Table 4.8). When comparing FMD measurements, it was

found that neither average relative or absolute diameter change were repeatable. As well,

FMD normalized for average shear rate was found to be not significant.

56



l>m-- '):mj^^

iiUiJ

U'/.



Table 4.8 Intra-class Correlation Coefficients (ICC) for Diameter, Compliance,

Distensibility and FMD Measures .
.

ICC

Within-day baseline compliance 0.62*

Within-day baseline distensibility 0.69**

Within-day baseline diastolic diameter 0.86***

Within-day baseline systolic diameter 0.89***

Between-day baseline compliance 0.41

Between-day baseline distensibility
' 0.48

Between-day baseline diastolic diameter q 94***

Between-day baseline systolic diameter 0.91 ***

Between-day FMD (A %) 0.15

Between-day FMD (A absD) 0.43

Between-day normalized for shear rate FMD 0.46

*P < 0.05; **P < 0.01; ***P < 0.001

Table 4.9 highlights several additional repeatability parameters derived from the Bland-

Altman method. Based on this analysis, it is apparent that baseline diameters show much

greater repeatability than either compliance, distensibility, or FMD values.
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Table 4.9 Bland-Altman Derived Bias, Error and Error Coefficients for Diameter,

Compliance, Distensibility and FMD Measures

Measure
Bland-Altman

variables

Value

Within-day baseline compliance

Bias

Error

Error Coefficient

1.63x10"

5.79x10"

31.96%

Within-day baseline distensibility

Bias

Error

Error Coefficient

3.03 X 10-

1.48x10"

34.44 %

Within-day baseline diastolic

diameter

Bias

Error

Error Coefficient

9.97x10
0.26

6.09 %

-2

Within-day baseline systolic

diameter

Bias

Error

Error Coefficient

0.11

0.27

6.09 %

Between-day baseline comphance

Bias

Error

Error Coefficient

1.85x10"

5.31 X 10"

29.50 %

Bias

Between-day baseline distensibility Error

Error Coefficient

5.01 X 10"

1.50x10"

35.64 %

Between-day baseline diastolic

diameter

Bias

Error

Error Coefficient

-0.14

0.18

4.10%

Between-day basehne systolic

diameter

Bias

Error

Error Coefficient

-0.13

0.22

4.96 %
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Between-day FMD (A %)

Between-day FMD (A absD)

Between-day normalized for shear !^'""

* T^A/TT-. Error
rate FMD

Bias
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Chapter 5

*^ ' • ' 1- '".. ,. > Discussion

5.1 Introduction

In this study, the effects ofLBNP and FMD on brachial artery compliance,

distensibility, and diameter were investigated with non-invasive techniques. As well, the

within-day and between-day repeatability of diameter and stiffness measures were

assessed. Novel aspects of the methodology included the use of both a dilatory and a

constrictor stimulus, and the measurements of compliance and distensibility in addition to

diameter during baseline, LBNP and over a time course ofFMD. In disagreement with

the hypothesis that sympathetic stimulation in the form ofLBNP would cause a decrease

in brachial artery compliance and distensibility via increased smooth muscle tone, the

findings indicated that compliance and distensibility of the brachial artery does not seem

to be affected by LBNP. It was also thought that in addition to increasing the diameters,

that FMD would elicit an elevation in brachial artery compliance and distensibility.

Although FMD did produce heightened responses of compliance and distensibility, these

increases were not significant according to the P values, in contrast to the significant

increases observed in systolic and diastolic diameter. In addition, it was theorized that

compliance and distensibility would be repeatable assessments, as opposed to FMD

diameter measures. It was noted that measures of within- and between-day baseline

diameters were highly reproducible. For compliance and distensibility, within-day

repeatability could be viewed as moderate to poor depending on the repeatability

calculation used; i.e., the ICC values had significant P statistics whereas the error

coefficients were greater than 30%. In comparing the within-day and between-day
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compliance and distensibility repeatability measures, they were found to be comparable

in terms of the error coefficients; however, the between-day ICC values were not

significant. Flow-mediated dilation expressed as both a percentage and absolute change,

were not observed to be repeatable measures between testing sessions. Therefore, it

would be difficult to state that either compliance/distensibility or FMD would be better

than the other in terms of repeatability.

5.2 Interpretation of the Results

5.2.1 Lower-body Negative Pressure

In the present study, LBNP was used to draw blood to the lower half of the body,

a test known to induce sympathetic activation. Adequate sympathetic stimulation was

likely achieved because of the significant increases in heart rate and vascular resistance

that occurred (Table 4.2 and 4.4). Increased sympathetic discharge may influence arterial

wall mechanics through various mechanisms, including an increase in smooth muscle

tone and an increase in distending blood pressure in response to arterial vasoconstriction

(Boutouyrie et al., 1994). Since there was no change in mean arterial pressure during

baseline and LBNP, the results were not affected by any indirect effect on the brachial

artery wall due to the distending pressure (Table 4.2). While systolic and diastolic

diameters were reduced during LBNP, neither compliance nor distensibility were affected

(Table 4.5). The lack of change in compliance and distensibility in response to

sympathetic stimulation agrees with results obtained from Bjamegard et al. (2004) who

found no change in the distensibility coefficient, beta stiffiiess, or compliance coefficient,

of the proximal brachial artery in response to 45 mmHg LBNP. The fact that LBNP did
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not affect arterial stiffness, but did cause a decrease in arterial diameter is difficult to

comprehend. However, given the multifaceted nature of the pressure-diameter

relationship, which is determined by several factors, including the components of the

arterial wall, distending blood pressure and vascular tone, may provide some insight. It

has been noted that a contracted muscle is stiffer than a relaxed muscle. The contraction

of the smooth muscle tenses the collagenous components, which further increases its

elastic modulus (Boutouyrie et al., 1994). However, earlier reports have produced

conflicting results regarding the effect of a contracted muscle on arterial distensibility at

physiological pressure. While some authors found that in vitro smooth muscle activation

increases vessel stiffiiess (O'Rourke & Avolio, 1985; Peterson et al., 1960), others have

reported that smooth muscle cell activation decreases vessel stiffness (Basghaw &

Peterson, 1972; Gow & Taylor, 1968; Joannides et al., 1995). These seemingly disparate

results can be partially explained by observations that show that when a vessel with a

small cross-sectional contracts, it maybe become stiffer than when in the relaxed state,

whereas those with a larger cross-sectional area may become less stiffupon contraction

than when relaxed (Dobrin & Rovick, 1969). Thus, in comparing two muscular arteries,

the larger brachial artery demonstrated a smaller pulsatile diameter change between

baseline and LBNP (0.093 mm vs. 0.082 mm, Table 4.5) compared to that of the medium

radial artery (0.042 mm vs.0.025 mm) (Pannier et al., 1995). This observation lends

support to the fact that when the smaller artery was subjected to sympathetic stimulation

and vasoconstricted, it resulted in a larger decrease in compliance. Another reason why

the brachial artery may not have underwent significant reductions in compliance and

distensibility is because vessel constriction may stimulate connective tissue retraction.
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and lead to a decrease in passive stiffness which exceeds any increase in stiffness that the

activemuscIeprovided(Stromberg& Wiederhielm, 1969). ;: ;
•

5.2.2 Flow-Mediated Dilation ; rv ; /,.
.

j .; ?

Reactive hyperemia was used as a dilatory stimulus in the brachial artery, which

resulted in significant increases in systolic and diastolic diameters (Table 4.6). This

intervention did not change mean arterial pressure (Table 4.3); thus, the increased

diameters cannot be attributed to myogenic autoregulation (Anderson & Mark, 1989), but

rather would indicate flow-mediated vasodilation based on the observed increases in

blood flow and shear rate (Figure 4.2 and 4.4). Brachial artery compliance and

distensibility increased compared to baseline; however, these changes were not

statistically significant (Table 4.6). Smooth muscle relaxation has been reported to

increase compliance, specifically nitroglycerin infusion in the brachial artery has been

shown to elicit a large increase in arterial compliance (50%), without producing any

changes in distensibility (Bank et al., 1995; Bank & Kaiser, 1998). >

Compliance and distensibility may not have increased significantly in the present

study due to an inadequate flow stimulus. Flow-mediated dilation resulted in an average

increase in brachial artery diastolic diameter 6% compliance of 32%, whereas Bank and

Kaiser (1998) showed an increase in brachial artery radius of 10% and a 50% increase in

compliance. It has been suggested that an artery may tend to become more compliant

following smooth muscle relaxation due to arterial geometry. If an artery undergoes the

same change in radius for a given change in pressure, in both the vasodilated and

vasoconstricted state, the vasodilated artery should be more compliant since the
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computation of cross-sectional compliance utilizes the square of the radius in ^
^

approximating the vessel as being cylindrical. On the other hand, another determinant of

compliance is the effect of arterial size on the fractional recruitment of collagen (Bank et

al., 1995). The relationship between pressure (stress) and area (strain) in a blood vessel is

curvilinear and concave toward the pressure axis as a result of differential load bearing by

distensible elastin and stiff collagen at different pressures or areas (Bank et al., 1995). As

arterial walls are stretched and arterial caliber is increased, one would expect the vessel to

become less compliant because of the switch from muscle and elastin loading to elastin

and collagen loading (Izzo & Shykoff, 2001). Over a series of studies investigating

various measures of arterial stifftiess, Bank et al. (1999) suggested that although smooth

muscle relaxation increases stiffness by tensing the collagen and elastin fibers in parallel

with the smooth muscle, it decreases stiffriess by the tension generated by the smooth

muscle itself and the connective tissue in series with the smooth muscle. Thus, the net

effect of smooth muscle relaxation on arterial stiffness depends on the balance of these

opposing effects (Bank et al., 1999). This could help to explain the lack of change in

compliance and distensibility that was observed in response to vasodilation induced by

reactive hyperemia.

5.23 Repeatability

Ultrasound-based measurements of arterial stiffness and endothelial function are

used in several epidemiological studies, as both measures are emerging as important risk

factors for cardiovascular disease (Amett et al., 1999). However, limited information is

available regarding the repeatability of ultrasound measures of arterial stiffness, despite
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its increasing use as a research tool (Liang et al., 1998a). In a literature search, there was

a paucity of studies investigating the repeatability for brachial artery compliance

compared to those reported on the carotid artery. Liang et al. (1998b) reported

coefficients of variation for various measures of arterial function, including the carotid

artery distensibility coefficient and systemic arterial compliance, which estimates

compliance over the entire systemic arterial tree. The coefficient of variation (defined as

the standard deviation for visit 1 and 2 divided by the mean of visit 1 and 2) for the

distensibility coefficient and systemic arterial compliance over a mean time interval of

2.5 weeks were found to be 10.0% and 9.2%, respectively. Gamble et al. (1994) has

previously reported moderate level of repeatability ofM-mode ultrasound images of the

right common carotid artery, with a coefficient of variation of 14% for cross sectional

compliance and 17% distensibihty coefficient. Similar values were found in another

group of 20 subjects by different sonographers, as well as for one sonographer using two

ultrasound machines (Gamble et al., 1994). Amett et al. (1999) investigated the

repeatability of arterial stiffness based on B-mode ultrasound scans of the left common

carotid artery. In this study, the coefficient of variation was defined as the standard

deviation (square root of the total variance) divided by the mean (average of within-

subject means over all times measured). The coefficient of variation for arterial

compliance and distensibility were found to be 44% and 40%, respectively. When they

excluded any between-subject error, thereby accounting for the within-person and

measurement variation combined, the coefficient of variation for compliance was 21%

and distensibility 23% (Amett et al., 1999). These investigators attributed their higher
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values of repeatability to the longer time period between measurements, where subjects

were scanned four times at each visit on three separate visits that were 7 to 14 days apart.

In comparing two different arterial sites. Van Bortel et al. (2002) reported inter-

session coefficients of variation for the distensibility coefficient and compliance

coefficient for the common carotid artery as 7. 1% and 8.5%, respectively, while the

common femoral artery showed repeatabihty values of 15.2% and 14.2%, respectively

(Van Bortel et al., 2002). In the present study, the brachial artery error coefficient

demonstrated a within-day compUance of 32% and a within-day distensibility of 34%.

The within-day ICC's for compliance and distensibihty were significant at 0.62 and 0.69,

respectively. Given that arterial stiffness increases with distance fi*om the heart, and that

the femoral artery is more muscular compared to the carotid artery, and thus exhibits less

pulsatility, it is possible that the difficulty in tracking the smaller arterial diameter

changes results in poorer repeatability. Likewise, the brachial artery has a diameter half

the size of that of the femoral artery, and also displays much less pulsatility compared to

the carotid artery, due to smaller arteries being less distensible than larger arteries (Liang

et al., 1998a). Thus, for these reasons, it is plausible that brachial artery compliance and

distensibility has greater variance than that of the femoral artery (Van Bortel et al., 2002).

In comparing the ICC to the error coefficients, it was generally noted that a higher

error coefficient was associated with a lower ICC and vice versa. In all cases except

between-day compHance, an ICC of 0.48 or less corresponded with an error coefficient of

35% or higher. When the ICC was used, results showed that the within-day measures of

compliance and distensibility were significant, but the values were not as significant
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compared to that of diameter (Table 4.8). For between-day ICC results, diameter was

significant, whereas compliance and distensibility were not.

In a conceptual sense, arterial stiffhess represents the ability of an artery to

expand and contract with each cardiac pulsation, with the degree of arterial expansion

determined partly by the force within the artery, known as the pulse pressure. The arterial

volume-pressure relationship is non-linear (Nichols & O'Rourke, 1990) and because

arterial stiffness represents the inverse of the slope of the volume-pressure curve, it is

possible that the variance in arterial stiffiiess is a result ofblood pressure differences

measured at two different times. (Amett et al., 1999) found that the reliability coefficient,

of compliance and distensibility were similar to the pulse pressure reliabihty coefficient.

From this, they remarked that the observed variation in the diameter change over a

cardiac cycle could be accounted for by the pulse pressure. In the present investigation, it

does not seem likely that differences in baseline pulse pressure accounted much for the

variance in within-day compliance and distensibility readings given that the error

coefficient was 7.7% and ICC was significant at 0.70. However, the between-day pulse

pressure error coefficient was higher at 13.5%, but the ICC was not significant at 0.25.

Thus, pulse pressure differences could have accounted for the higher variability of

between-day compliance and distensibility. The other component of the stiffiiess

calculation involves the change in diameter, and when taking this into account, Amett

and colleagues (1999) reported a reliability coefficient of 33%, which was higher

compared to the pulse pressure error coefficient of 22%. Similarly, the findings of the

present study indicate that the within-day error coefficient (30%) and non-significant ICC

value (0.48) for the change in diameter most likely accounted for the variability of the
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stiffness indices. Similar results were obtained for the between-day diameter difference.

Therefore, due to the inherent number of variables involved in the mathematical

computation of distensibility and compliance, these indices are subject to variability more

so than diameter measures alone.

Since FMD is one of the most frequently used non-invasive surrogates of

endothelial function, it is important to ascertain the repeatability of this measure as well.

Past studies have addressed this issue with varying results. (Malik et al., 2004) reported

poor between-day variability for %FMD, with an ICC of 0.10, and a coefficient of

variation of41%, which was defined as the sample based standard deviation divided by

the mean of the two measurements. Liang et al. (1998b) calculated a coefficient of

variation similar to Malik et al. (2004) and reported %FMD variability using systole and

diastole diameters to be 10.3% and 10.8%, respectively. The best %FMD coefficient of

variation (1.8%) was found by Sorensen et al., (1995); however, the method of variability

calculation was not exactly described (Malik et al., 2004). In contrast, De Roos et al.

(2003) reported a large within-subject variability ofFMD. The mean %FMD was 5.60%

and the corresponding coefficient of variation (50.3%) was larger than that reported in the

literature (De Roos et al, 2003). The mean %FMD found in the present study was

comparable to the 5.6% value found by De Roos and colleagues (2003), and the error

coefficient for %FMD and for absolute diameter change were 44 and 42%, respectively.

However, the error coefficient for baseline diastolic diameter and average FMD diameter

were 5% (Table 4.9 and Appendix 13), replicating the values of de Roos et al. (2003).

The fact that the variability of%FMD and absolute FMD was larger than that of baseline

diameters in the present study could be attributed to the error coefficient calculation, in
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which a smaller mean value in the denominator would result in a larger error coefficient

(De Roos et al., 2003). '^^^v' - .; •mV:^;.. ?v

In the present study, given the poor between-day repeatability ofFMD and

baseline compliance and distensibility measurements, it is difficult to presume that one

method of measurement is better than the other. However, what is interesting is the

finding that the average FMD compliance was more repeatable than all indicators of

FMD, with a significant ICC (0.59) and an error coefficient of 31%. It can be

hypothesized that since the brachial artery was slightly more compliant and pulsatile

during FMD, that tracking the change in diameter over the cardiac cycle produced a more

favorable repeatability for compliance as opposed to the diameter changes alone. It seems

unusual that a measure such £is compliance, which incorporates systolic diameter would

be repeatable during FMD, since FMD systolic diameter may be influenced by

sympathetic activity, potentially resulting in increased variability of this measurement

(Liang et al., 1998a). However, in this study, the repeatability ofboth the within-day

baseline systolic and diastolic diameter measurements were similar (error coefficient of

6% for both).

5.3. Limitations

5.3.1 Consideration ofMethods

There are several methods for measuring arterial compliance, such as evaluating

the stroke volume-pulse pressure ratio, measuring PWV, or using ultrasound to provide a

measure of pulsatiUty; however, there is no gold standard (Cohn, 2001). The

methodology used in the present study was non-invasive, using M-mode ultrasound for
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the measurement of brachial artery diameters, and photoplethysmography for continuous

blood pressure recording in order to determine compliance and distensibility values

during baseline, sympathetic activation and FMD. It can be argued that since M-mode

uses an isolated slice of the artery that it is not a true measure of the diameter across the

artery. However, in the imaged segment, the resolution ofM-mode tracking is much

higher than that of B-mode (Kelly et al., 2004). Since both methods are commonly used

to assess diameter changes, Kelly et al. (2004) compared B-mode and M-mode

simultaneously during FMD by toggling between modes to determine the agreeability

between the two techniques. Results, displayed as Bland-Altman plots, indicated a strong

agreement between B-mode and M-mode ultrasound techniques for assessing absolute

brachial artery diameter values for rest and 60 second post-occlusion. As for

measurement of percent dilation, the two techniques showed good agreement (Kelly et

al, 2004). Since pulse pressure tends to be higher in the peripheral than in the central

arteries (Pannier et al., 2002), measurement ofbrachial artery blood pressure using the

Finometer to match brachial diameter measures excluded any confounding effects of

using different measurement sites ofblood pressure. In addition, subjects were

familiarized with the procedural aspects in order to avoid any sudden surprises that may

affect responses in the vasculature.

5.3.2 Technical Aspects

Pressure from the transducer over the artery can distort the vessel, so care was

taken not to press hard over the artery. However, during LBNP and especially FMD, the

shift in the artery sometimes rendered it difficult to keep the transducer in place and
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maintain clear images, thus in those moments, movement of the probe may have

inadvertently altered transducer pressure. During baseline, the three best images were

recorded over a 5 minute period, whereas during FMD and LBNP, the images had to be

recorded at specific time points, making it a challenge to obtain the best image at all

times. As well, some subjects had a vein directly on top of the artery, which made

constant good imaging difficult at times. However, measures were taken to avoid poor

image quality, including taking sufficient time at the start of testing to ensure that the

transducer was in an optimal position for baseline images and so that the arm could be

marked to maintain transducer positioning during LBNP and FMD.

As for the blood flow velocity measures, the Multigon probe was a very sensitive

apparatus that required precise positioning in order to produce good output for collection

ofblood velocity data. Throughout data collection, the probe had to be physically held at

times, risking distortion of the blood velocity profile. However, proper set-up eliminated

much of this problem.

5.4.3 Repeatability

De Roos et al. (2003) stated that it was inadequate to base reproducibility studies

on two measurements in less than 10 subjects, which was the case in the present

investigation. However, within the 9 subjects studied, attempts were made to produce

sufficient repeatability both within and between testing days. For instance, the diet

consumed on day 1 was noted so that subjects could be reminded ofwhat to eat on day 2,

and subjects were tested on the same day of the week and at approximately the same time

of day. The subjects were asked to refi-ain fi*om caffeine, physical activity, and alcohol 24
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hours prior to testing on both days and not to eat 4 hours prior. As well, subjects were

asked to void their bladders before testing.

While imaging, the location of the ultrasound transducer with respect to the

antecubital fossa was noted in order to maintain the same imaging location during all

testing. As well, ultrasound parameters, such as depth, were kept constant throughout

testing. To ensure that blood velocity was detected in the same manner between testing

sessions, the location of the transducer was recorded with respect to the antecubital fossa,

hi addition, a range of± 200 m/s was used for all subjects in order to view the velocity

signal in its entirety during times of high and low flow, hidividual settings for depth and

gain were used to produce the best possible velocity signal, and these same settings were

used on the second day of testing.

Nevertheless, the within-day and between-day variability could be attributed to

the combination of biologic variability, as well as a small amount to the intra-observer

variation. However, each subject's measurements were read twice by the same observer

in order to increase the reliability of measurements.
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Chapter 6

Conclusions

In summary, this investigation shows that LBNP-induced sympathetic activation

does not alter brachial artery compliance and distensibility in young males. Flow-

mediated dilation produced increased compliance and distensibility; however, these

values did not reach statistical significance. It was also observed that compliance,

distensibility, and FMD measures were not highly repeatable; therefore it cannot be

stated for certain which measure would offer the most accurate and repeatable measure of

assessing brachial artery tone.
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Introduction

You are being invited to participate in a research study that examines how the nervous

system affects the stiffiiess of blood vessels in your arm. Also, this study will compare

various methods of measuring arterial stiffness and if these provide the same information

when performed on two separate days.

If you agree to participate, you will be required to come to the laboratory on two separate

days for approximately an hour and fifteen minutes at a time. You will be asked to arrive

at the laboratory at least 2 hours after a light meal, and having abstained from alcohol,

nicotine (smoking) and caffeine (coffee, tea, etc.) for a minimum of 12 hours. You will

be requested to fill out forms that ask how active you are and that ask for information on

your personal and family medical histories. All data given will be kept confidential (by

using an identification number instead ofname) and stored under locked conditions.

Participant Inclusion/Exclusion Criteria

If the following conditions apply to you, you will not be included in this study:

• You have diagnosed cardiovascular disease.

• You have diabetes

• You are under the age of 20 or older than 30

• You are on any type of medication

• You have urinary or digestive problems

• You have a previous history of fainting
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• You have Raynaud's syndrome
'

• You are non-ambulatory or physically limited ^"

Research Tests and Procedures

If you take part in this study you will participate in the following tests and procedures.

1. You will lie down with your legs and hips sealed inside a lower body negative

pressure chamber. This box is connected to a vacuum source and designed to produce

suction (negative pressure) around your lower body. The maximal level of suction to be

used in this protocol (-40 mmHg) mimics the effects of standing upright in terms of

cardiovascular responses such as heart rate.

2. Your heart rate will be measured by an electrocardiogram (ECG). In this

procedure three small adhesive electrodes will be placed on your chest. You may develop

a small rash where the electrodes are placed due to the adhesive, but this will disappear in

a day or two.

3. We will be measuring your blood pressure by placing a small cuff around one

finger. This finger cuff will inflate with air and may cause your finger to turn blue

slightly or become numb, but this will disappear quickly once the cuff has been turned

off

4. A small probe that emits ultrasound waves will be held over an artery in your arm

in order to obtain pictures of this blood vessel. There are no known risks involved with

this technique. ^. , ,
. ,

. ,,

5. A cuff will be placed around your arm below the elbow. This cuff will be inflated

periodically to a level that will stop all blood fi-om flowing into or out of your arm for no

more than 10 minutes. There are no known risks of this procedure. However, there may
be some discomfort near the end of cuff inflation.

The measures of heart rate, blood pressure and arm artery will be made at baseline,

following five minutes of forearm cuff inflation (to stop blood flow into your arm) and

then again before and following forearm cuff inflation . The above measures will be

applied during a period of baseline rest. Measurements will be made in three study

phases:

• While you are lying down with no lower body suction or forearm cuff inflation.

• After a 5- 1 minute period of forearm cuff inflation at baseUne

• During the final minute of a 5 minute period of lower body suction

This order of testing may be different fi-om one participant to another as it will be

determined randomly, that is by chance.

84



"^V Kt

£v;:^-nu:!

^1 ,;-.v--r//'

:n<.-.;|^n' I ' ,.h'' 'w i?;':^/i-i'w i«

*f „- T;^fl'0;'(i t '^f:



upon completion of the experiment you will arise slowly from the table into a seated

position. After approximately one minute you will be permitted to stand beside the table

and move about the lab when you feel comfortable to do so.

You will be asked to return for a second visit. This second test will be identical to the

first and will be used to determine how well the measures made on one day predict those

made on a different day.

Location

The experiment will be performed in the Neurovascular Research Laboratory, Room
3110 Thames Hall, The Univeristy of Western Ontario. Phone: 519-661-2111 extension

88526.

Risks

In addition to the risks outlined above you may feel dizzy or light-headed during the

lower body suction part of the study. These symptoms can lead to fainting. To ensure

this does not happen, we will ask you to inform us if you feel any of the following

symptoms: nausea, light-headedness, tunnel vision, blurry vision, excessive heat and/or

sweating. Also, we will be monitoring you throughout the experiment to ensure that you

are okay and we will stop the test if we feel that it is necessary. These symptoms stop

quickly by turning off the lower body suction.

Voluntary and Confidential Participation

You are encouraged to ask questions regarding the purpose of this study and the outcome

of your testing. Participation in this study is voluntary. You may refiise to participate,

refuse to answer any questions, or withdraw from the study at UWO at any time with no

effect on your academic or employment status.

Participation in Concurrent and Future Studies

We ask that you do not get involved in any other study while you are involved in this

study. However, participation in this study will not stop you from being involved in

friture studies.

No Waiver ofRishts

You do not waive any legal rights by signing the consent form.

New Findinss

If, during the course of this study, new information becomes available that may relate to

your willingness to continue to participate, this information will be provided to you by

the investigator.

Alternatives to Participating: You may choose not to participate in this study.

Benefits to You if You Take Part in the Study: There are no direct benefits to you as a

result of the study.
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Compensation: You will be compensated for parking expenses.

Publication ofResults and Confidentiality: If the results of the study are published,

your name will not be used and no information that discloses your identity will be

released or published without your specific consent to the disclosure. New findings from

this study may be forwarded to each interested participant upon request. You may keep a

copy of this letter of information.

How Lons Will the Study Last andHow Many Participants: Approximately 3 hours of

time will be required on each test day. Ten participants will take part in this study.

Contact Persons

If you have any questions regarding this study, please feel free to contact: Dr. Kevin

Shoemaker, 519-661-21 1 1 Ex 85759, Room 3110 Thames Hall, The University of

Western Ontario; Dr. Debbie O'Leary, 905-688-5550 Ex 4339; or Ruma Goswami, 905-

688-5550 Ex 4571.

If you have any questions about your rights as a participant or about the conduct of the

study you may contact the Director at the University of Western Ontario Office of

Research Ethics, 519-661-3036 or Heather Becker, Brock University Office of Research

Ethics, 905-688-5550 Ex 3035.
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APPENDIX 2

LETTER OF INFORMED CONSENT

Project Title: Assessing Conduit Vessel Tone

Principle Investigator: Ruma Goswami

I have read the letter of information, have had the nature of the study

explained to me and I agree to participate. All questions have been

answered to my satisfaction.

By signing below, I agree to participate in this study.

Name (Please print)

Signature

Date

h^A-
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Data

Subject Characteristics
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Forearm Blood Velocity

Baseline



b^



Diameters, Compliance, Distensibility -Baseline to LBNP

sys Diam
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Diastolic Diameter - FMD

FMD45 FMD60 FMD75 FMD90
0.53331019

0.5251238

0.45312382

0.4507631

1

0.42784965

0.39097476

0.53332717

0.43602818

0.36755922

0.53683363

0.53888122

0.44332121

0.45011378

0.44645419

0.3913706

0.53512603

0.43794641

0.37761444

0.52291453

0.55771092

0.44846631

0.45464338

0.41851403

0.53217106

0.4437777

0.35656769

0.53035266

0.53564213

0.45618482

0.45541612

0.41763969

0.41649825

0.53185804

0.42766301

0.3513256

Diameter Change - FMD

FMD45 FMD60 FMD75 FMD90
0.014716876

0.004683298

0.009272467

0.011171648

0.01524588

0.016591217

0.002995879

0.018957029

0.010197525

0.012533636

0.006560724

0.013350321

0.008464288

0.016069423

0.018016539

0.004219656

0.018111624

0.010185455

0.01624111

0.008569635

0.010326822

0.009885771

0.017129983

0.007802023

0.006355748

0.012354494

0.014168438

0.018546972

0.014129528

0.01040154

0.008316864

0.014728255

0.009906109

0.023870204

0.00701417

Compliance - FMD

FMD45 FMD60 FMD75 FMD90

0.00319047

0.00083965

0.00178606

0.00204743

0.00301399

0.00349352

0.00052182

0.00546851

0.00191571

0.00290797

0.00118647

0.00262276

0.00156243

0.00370981

0.00379514

0.00073184

0.00428725

0.00195988

0.00396296

0.00152456

0.00217991

0.00182988

0.00390101

0.00129913

0.00141581

0.00230859

0.00324012

0.00330248

0.00293317

0.00191341

0.0016667

0.00321842

0.00178214

0.00556296

0.00133864
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Distensibility - FMD

FMD45 FMD60 FMD75 FMD90
0.0005982 0.0005417 0.0007579 0.0006109

0.0001599 0.0002202 0.0002734 0.0006165

0.0003942 0.0005916 0.0004861 0.000643

0.0004542 0.0003471 0.0004025 0.0004201

0.0007044 0.0008309 0.0003991

0.0008935 0.0009697 0.0009321 0.0007727

9.784E-05 0.0001368 0.0002441 0.0003351

0.0012542 0.0009789 0.000319 0.0013008

0.0005212 0.000519 0.0006474 0.000381

Shear Rate during Baseline and FMD

Base 1
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APPENDIX 4

Subject Characteristics

Descriptive Statistics
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APPENDIX 5 A

Baseline Data: Day 1 Within-day

Day 1 Within-day Heart Rate

Within-Subjects Factors

Measure: MEASURE 1
Descriptive Statistics

factorl
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Tests of Within-Subjects Contrasts

Measure: MEASURE 1

Source factorl
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Mauchly's Test of Sphericity

Measure: MEASURE 1

Approx.

Within Subjects Efllauchly's WlChi-Square df Sig.

Greenhous

e-Geisser

Epsilon

Huynh-Feldt -ower-bound

factorl 1.000 .000 1.000 1.000 1.000

Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed dependei

proportional to an identity matrix.

a- May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected tes

the Tests of Within-Subjects Effects table.

b.

Design: Intercept

Within Subjects Design: factorl

Tests of Within-Subjects Effects

Measure: MEASURE 1
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Day 1 Within-day Diastolic Blood Pressure

Within-Subjects Factors

Measure: MEASURE 1
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Tests of Within-Subjects Effects

Measure: MEASURE 1
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Within-Subjects Factors

Measure: MEASURE 1

factorl





Tests of Within-Subjects Contrasts

Measure: MEASURE 1

Source factorl
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Multivariate Test^

Effect
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Tests of Within-Subjects Contrasts

Measure: MEASURE 1



cm



Mauchl/s Test of Spheridfty

Measure: MEASURE 1

Within Subjects Eff(



0- 0.



Tests of Between-Subjects Effects

Measure: MEASUREJ
Transformed Variable: Average

Source

Type III Sum
of Squares df Mean Square Sig.

Intercept

Error

44479.784

376.543

44479.784

47.068

945.013 .000

Day 1 Within-day Forearm Blood Velocity

Within-Subjects Factors

Measure: MEASURE 1

factorl
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Tests of Within-Subjects Effects

Measure: MEASURE 1

Source
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Multivariate Test^

Effect
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Mauchl/s Test of SpheridPty

Measure: MEASURE 1
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Tests of Within-Subjects Effects

Measure: MEASURE 1

Source
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Multivariate Test^

Effect





Tests of Within-Subjects Contrasts

Measure: MEASURE 1

Source factorl
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Mauchl/s Test of Sphericity

Measure: MEASURE 1

Within Subjects Eff
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Tests of Between-Subjects Effects

Measure: MEASURE_1

Transformed Variable: Average

Source

Type III Sum
of Squares df Mean Square Sig.

Intercept

Error

3.16E-006

4.39E-007

3.16E-006

5.49E-008

57.575 .000

Day 1 Within-day Systolic Diameter

Within-Subjects Factors

Measure: MEASURE 1
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Tests of Within-Subjects Effects

Measure: MEASURE 1
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Multivariate Test^

Effect
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Tests of Within-Subjects Contrasts

Measure: MEASURE 1
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Between-day Heart Rate

APPENDIX 5 B

Baseline Data: Between-day

Within-Subjects Factors

Measure: MEASURE 1

factorl
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Tests of Within-Subjects Effects

Measure: MEASURE 1
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Tests of Within-Subjects Effects

Measure: MEASURE 1



kli



Between-day Mean Arterial Pressure

Within-Subjects Factors

Measure: MEASURE 1

factorl
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Tests of Within-Subjects Effects

Measure: MEASURE 1

Source



L

m



Between-day Forearm Blood Flow

Within-Subjects Factors

Measure: MEASURE 1

factor 1





Tests of Within-Subjects Effects

Measure: MEASURE 1

Source





Between-day Baseline Diastolic Diameter

Within-Subjects Factors

Measure: MEASURE 1
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Tests of Within-Subjects Effects

Measure: MEASURE 1



mi



APPENDIX 6 A

Heart Rate and Blood Pressure Variables - Baseline to LBNP

Heart Rate - Baseline to LBNP - Day 1

Within-Subjects Factors

Measure: MEASURE 1

factorl
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Tests of Within-Subjects Effects

Measure: MEASURE 1
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Systolic Blood Pressure - Baseline to LBNP - Day 1

Within-Subjects Factors

Measure: MEASURE 1

factorl
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Tests of Within-Subjects Effects

Measure: MEASURE 1
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Diastolic Blood Pressure - Baseline to LBNP - Day 1

Within-Subjects Factors

Measure: MEASURE 1

factorl
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Tests of Within-Subjects Effects

Measure: MEASURE 1



mi'.
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Mean Arterial Pressure - Baseline to LBNP - Day 1

Within-Subjects Factors

Measure: MEASURE 1

factorl





Mauchly's Test of Sphericity

Measure: MEASURE 1
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Tests of Within-Subjects Effects

Measure: MEASURE 1



Kf



Pulse Pressure - Baseline to LBNP - Day 1

Within-Subjects Factors

Measure: MEASURE 1

factorl
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Tests of Within-Subjects Effects

Measure: MEASURE 1



Ml



APPENDIX 6 B

Heart Rate and Blood Pressure Variables - Baseline to FMD Post-hoc

Heart Rate - Baseline to FMD Posthoc- Day 1

Within-Subjects Factors

Measure: MEASURE 1

time
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Mauchly's Test of Sphericity

Measure: MEASURE 1

Approx.

Within Subjects ElMauchly's WlChi-Square df Sig.

Greenhous

e-Geisser

Epsiloif

Huynh-Feldt -ower-bound

time .102 14.665 .111 .613 .905 .250

Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed depend'

proportional to an identity matrix.

a- May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected t(

the Tests of Within-Subjects Effects table.

b.

Design: Intercept

Within Subjects Design: time

Tests of Within-Subjects Effects

Measure: MEASURE 1
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Tests of Between-Subjects Effects

Measure: MEASURE_1

Transformed Variable: Average

Source

Type III Sum
of Squares df Mean Square Sig.

Intercept

Error

152172.034

1530.043

152172.034

191.255

795.649 .000

Estimated Marginal IVIeans

time

Estimates

Measure: MEASURE 1

time
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Pairwise Comparisons

Measure: MEASURE 1
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Systolic Blood Pressure - Baseline to FMD Posthoc- Day 1

Within-Subjects Factors

Measure: MEASURE 1
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Tests of Within-Subjects Effects

Measure: MEASURE 1
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Estimates

Measure: MEASURE 1

time
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Multivariate Tests





Multivariate Test^

Effect
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Tests of Within-Subjects Contrasts

Measure: MEASURE 1
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Pairwise Comparisons

Measure: MEASURE 1
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Mean Arterial Pressure - Baseline to FMD Posthoc- Day 1

Within-Subjects Factors

Measure: MEASURE 1

time
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Tests of Within-Subjects Effects

Measure: MEASURE 1
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Estimates

Measure: MEASURE 1

time
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Multivariate Tests
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Mauchly's Test of Sphericity

Measure: MEASURE 1

Within Subjects E
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Tests of Between-Subjects Effects

Measure: MEASURE_1

Transformed Variable: Average

Source

Type III Sum
of Squares df Mean Square Sig.

intercept

Error

101188.396

993.817

101188.396

141.974

712.726 .000

Estimated Marginal IVIeans

time

Estimates

Measure: MEASURE 1

time





Pairwise Comparisons

Measure: MEASURE 1
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APPENDIX 7 A

Forearm Blood Velocity, Flow, and Vascular Resistance- Baseline to LBNP

Forearm Blood Velocity - Baseline to LBNP - Day 1

Within-Subjects Factors

Measure: MEASURE 1

factorl
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Tests of Within-Subjects Effects

Measure: MEASURE 1
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Descriptive Statistics
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Tests of Within-Subjects Contrasts

Measure: MEASURE 1



m.



Mauchly's Test of Sphericity

Measure: MEASURE 1

Within Subjects El /lauchly's W
factorl 1.000

Approx.

Chi-Square

.000

df Sig.

Greenhous

e-Geisser

1.000

Epsilorf

1.000

Huynh-Feldt -ower-bound

1.000

Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed depend'
proportional to an identity matrix.

a- May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected t«

the Tests of Within-Subjects Effects table,

b.

Design: Intercept

Within Subjects Design: factorl

Tests of Within-Subjects Effects

Measure: MEASURE 1

Source
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APPENDIX 7 B

Forearm Blood Velocity, Flow, and Vascular Resistance - Baseline to FMD Post-hoc

Forearm Blood Velocity - Baseline to FMD Posthoc - Day 1

Within-Subjects Factors

Measure: MEASURE 1

time
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Mauchly's Test of Sphericity

Measure: MEASURE 1

Within Subjects El
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Tests of Between-Subjects Effects

Measure: MEASURE_1

Transformed Variable: Average

Source

Type III Sum
of Squares df Mean Square Sig.

Intercept

Error

1221.282

146.501

1221.282

18.313

66.691 .000

Estimated Marginal IVIeans

time

Estimates

Measure: MEASURE 1

time



tr)f



Pairwise Comparisons

Measure: MEASURE 1
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Foream Blood Flow - Baseline to FMD Posthoc - Day 1

Within-Subjects Factors

Measure: MEASURE 1

time
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Tests of Within-Subjects Effects

Measure: MEASURE 1
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Estimates

Measure: MEASURE 1

time
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Mauchly's Test of Sphericity

Measure: MEASURE 1

Within Subjects El
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Tests of Between-Subjects Effects

Measure: MEASURE_1

Transformed Variable: Average

Source





Pairwise Comparisons

Measure: MEASURE 1





APPENDIX 8 A

Diameters, Compliance and Distensibility Responses

Systolic Diameter - Baseline to LBNP - Day 1

Within-Subjects Factors

Measure: MEASURE 1

facto r1
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Tests of Within-Subjects Effects

Measure: MEASURE 1
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Diastolic Diameter - Baseline to LBNP - Day 1

Within-Subjects Factors

Measure: MEASURE 1

factorl
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Tests of Within-Subjects Effects

Measure: MEASURE 1

Source
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Multivariate Tests(b)

Effect
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Tests of Within-Subjects Contrasts

Measure: MEASURE 1

Source factorl

Type III Sum
of Squares df Mean Square Sis,

factorl

Error(factor1

)

Linear

Linear

5.23E-006

2.46E-005

5.23E-006

3.08E-006

1.699 .229

Tests of Between-Subjects Effects

Measure: MEASURE_1
Transformed Variable: Average
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Mauchly's Test of Sphericity

Measure: MEASURE 1

Approx.

Within Subjects Elllauchly's V\^Chi-Square df Sig.

Greenhous

e-Geisser

Epsiloif

Huynh-Feldt -ower-bound

factorl 1.000 .000 1.000 1.000 1.000

Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed depend'

proportional to an identity matrix.

a- May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected t«

the Tests of Within-Subjects Effects table,

b.

Design: Intercept

Within Subjects Design: factorl

Tests of Within-Subjects Effects

Measure: MEASURE 1

Source
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Distensibilitv - Baseline to LBNP - Day 1

With in-Subjects Factors

Measure: MEASURE 1 Descriptive Statistics

factorl
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Error(factor1



; '(Kl



Multivariate Tests(b)

Effect



('^j

i i 000 r

am 5



Tests of Between-Subjects Effects

Measure: MEASURE_1
Transformed Variable: Average
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APPENDIX 8 B

Diameters, Compliance and Distensibility Responses - Base to FMD

Systolic Diameter - Baseline to FMD Posthoc - Day 1

Within-Subjects Factors

Measure: MEASURE 1

time
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Measure: MEASURE 1

Source
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Measure: MEASURE_1
Transformed Variable: Average

Source
Type III Sum
of Squares df Mean Square Sig.

Intercept

Error

8.835

.137

8.835

.020

452.594 .000

Diastolic Diameter - Baseline to FMD Posthoc - Day 1

Within-Subjects Factors

Measure: MEASURE 1

time
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Mauchly's Test of Spheridty

Measure: MEASURE 1
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Tests of Between-Subjects Effects

Measure: MEASUREJ
Transformed Variable: Average

Source

Type III Sum
of Squares df Mean Square SIg.

Intercept

Error

8.414

.141

8.414

.020

417.875 .000

Estimated Marginal Means
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time
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Pairwise Comparisons
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0^:0,



Diameter Change - Baseline to FMD Posthoc- Day 1

With in-Subjects Factors
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Tests of Within-Subjects Effects

Measure: MEASURE 1
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Multivariate Tests
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Mauchly's Test of Spheri^ty
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Within Subjects Ef /lauchly's W



««..

:<n



Tests of Between-Subjects Effects

Measure: MEASUREJ
Transformed Variable: Average





Distensibility - Baseline to FMD Posthoc- Day 1

With in-Subjects Factors

Measure: MEASURE 1

time

Dependent
Variable

sup_dist

fmd45_dist

fmd60_dist

fmd75_dist

fmd90 dist

Descriptive Statistics
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Tests of Within-Subjects Effects

Measure: MEASURE 1

Source
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Mauchly's Test of Sphericity

Measure: MEASURE 1

Within Subjects Ef
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APPENDIX 9A

FMD as Percent Change and Absolute Diameter Change

%FMD - FMD Time Course - Day 1

Within-Subjects Factors

Measure: MEASURE 1

time
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Mauchly's Test of Sphericity
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Estimated Marginal Means

time

Estimates
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FMD Absolute Diameter Change - FMD Time Course - Day 1

Within-Subjects Factors

Measure: MEASURE 1
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Estimated Marginal IVIeans
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APPENDIX 9 B

y© and Absolute Diameter FMD - Day 1 vs. Day 2

Between-day %FMD -ANOVA

Within-Subjects Factors

Measure: MEASURE_1
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Tests of Within-Subjects Contrasts

Measure: MEASURE 1

Source factorl
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Tests of Within-Subjects Effects

Measure: MEASURE 1

Source





APPENDIX 10 A

Shear Rate - Baseline to FMD Posthoc- Day 1

Within-Subjects Factors

Measure: MEASURE 1

time
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APPENDIX 10 B

Within-day Baseline Shear Rate Differences - Day 1

Within-Subjects Factors

Measure: MEASURE 1

factorl
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APPENDIX 10 C

Between-day Baseline Shear Rates Differences

Within-Subjects Factors

Measure: MEASURE 1
^

factorl





Tests of Within-Subjects Effects

Measure: MEASURE 1
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APPENDIX 10 D

Average FMD Shear Rate - Between-day Differences

Within-Subjects Factors

Measure: MEASURE 1

factorl



I
'•

"'•



APPENDIX 10 E

Average Relative FMD Normalized for Shear Rate - Between-day Differences

Within-Subjects Factors

Measure: MEASURE 1

factorl
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APPENDIX 11

Within-day and Between-Day Repeatability

Within-day Baseline Compliance - Day 1 - ICC

Scale: ALL VARIABLES

Case Processing Summary
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Within-day fPav 1) Baseline Distensibility - ICC

Case Processing Summary
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Summary Item Statistics
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Between-day Baseline Diastolic Diameter - ICC

Case Processing Summary





Reliability Statistics
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intraclass Correlation Coefficient
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Between-day Normalized FMD - ICC

Case Processing Summary
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APPENDIX 12

Repeatability of Variables Used in Compliance/Distensibility Calculations

Within-day Baseline Pulse Pressure - ICC

Case Processing Summary





Reliability Statistics

Cronbach's

Alpha





Reliability Statistics

Cronbach's

Alpha





Intraclass Correlation Coefficient
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APPENDIX 13

Repeatability ofFMD Compliance and Diastolic Diameter

Between-day FMD Compliance - ICC ^

Case Processing Summary



T^t



APPENDIX 14

Intra-observer Repeatability

*10 images were randomly selected and re-analyzed for systolic and diastolic diameters

to determine intra-observer repeatability

Systolic Diameter Repeatability - ICC ^

Case Processing Summary
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Diastolic Diameter Repeatability - ICC

Case Processing Summary
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