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ABSTRACT
An increase in blood flow associated shear stress results in an endothelial dependent
increase in vessel diameter (flow mediated vasodilation (FMD)). Assessment of FMD
can provide an index of endothelial function. The stimulus profiles that have been used to
investigate FMD in human conduit arteries fall into two categories: reactive hyperemia
and sustained stimuli. Stimulus-response specificity proposes that the stimulus
characteristics (e.g. magnitude, pattern) are essential determinants of the response
characteristics (e.g. magnitude, mechanisms). Purpose: To investigate four specific
aspects of FMD stimulus-response specificity: 1) The relative importance of the peak vs.
the duration of reactive hyperemia in determining FMD response magnitude. 2) The nitric
oxide (NO) dependence of FMD following different durations of reactive hyperemia. 3)
The impact of sustained shear stress stimulus magnitude on FMD response dynamics and
magnitude. 4) FMD dynamics and magnitude in response to steady vs. oscillatory shear
stress evoked passively or via exercise. Methods: Doppler ultrasound was applied to the
brachial or radial artery to measure blood flow velocity. Vessel diameter was measured
with automated edge detection software. Shear rate, an estimate of shear stress was
calculated as the blood flow velocity/vessel diameter. Results: 1) The duration of
reactive hyperemia is an important determinant of peak FMD magnitude while the
independent contribution of the peak shear to FMD is minimal. 2) NO is not obligatory
to FMD following either a five or a ten minute duration occlusion. 3) FMD in response to
a sustained stimulus is characterized by a generally bi-phasic response with a fast first
phase followed by a slower final phase. 4) The endothelium transduces the mean shear
stress when it is exposed passive or handgrip exercise induced oscillations in shear stress.
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Conclusions: The results indicate that future reactive hyperemia studies must account for
the stimulus duration when interpreting FMD results. Further, they demonstrate that role
of NO in FMD is unclear and caution against oversimplified conceptual models of FMD
mechanisms. FMD in response to sustained stimuli provides information distinct from
reactive hyperemia investigations and exercise may provide a valuable stimulus creation
technique.
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Chapter 1

General Introduction
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Weighing more than the liver and having a surface area larger than a tennis court,
the vascular endothelium forms a single layer of cells lining all of the blood vessels in the
body (62). Previously characterized as a physical barrier between the blood and the
vascular wall, it is now known that this monolayer responds to chemical and physical
stimuli and forms an important component of local vasoregulation and vascular health
(123). The endothelium releases substances that modulate angiogenesis and
inflammation, as well as vascular tone and permeability (62). Endothelial function is
therefore a major contributor to vascular homeostasis and helps to maintain the balance
between vasoconstriction and vasodilation, and promotion and inhibition of platelet
aggregation and smooth muscle cell migration (64). Endothelial dysfunction results in an
upset of this delicate balance towards vasoconstriction and a pro inflammatory state (62).
It is also associated with a plethora of pathological conditions including but not limited
to; atherosclerosis, hypercholesterolemia, hypertension, diabetes, preecclampsia and sleep
apnea (64; 123). Further, current evidence indicates that endothelial dysfunction plays a
significant role in the development and progression of vascular pathology (36; 42; 123).
One of the most important stimuli for the release of endothelial factors is blood
flow-associated shear stress (141; 170). Shear stress refers to the frictional force exerted
by the blood as it moves along the vessel wall and is represented by the equation η V/D
(where η = blood viscosity, V= blood flow velocity and D = vessel diameter) (79).
Several factors can be released by the endothelium in response to shear stress including
the vasodilators nitric oxide (NO), prostacyclin (PGI2), and endothelial derived
hyperpolarizing factor (EDHF) and the vasoconstrictor endothelin (ET-1) (27; 85; 118).
An increase in shear stress results in an increase in vessel diameter and this response is
termed endothelial dependent flow mediated vasodilation or FMD.
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Due to the dependence of FMD on the endothelium, assessment of FMD can
provide an index of endothelial function. This can be achieved by creating a shear stress
stimulus in a conduit artery and measuring the corresponding diameter adaptation. A
shear stress stimulus is created by decreasing downstream vascular resistance so that flow
through the feeding conduit artery is increased. A reduction in downstream vascular
resistance can be achieved in several ways and the method employed determines the
profile of the shear stress stimulus in the conduit artery. The stimulus profiles that have
been investigated in humans fall into two categories (reactive hyperemia and sustained
stimuli) that will be discussed below. Of critical importance is that the FMD response to
different stimulus profiles is non-uniform. The concept of stimulus-response specificity
proposes that the stimulus characteristics (e.g. magnitude, duration, steady vs. oscillatory
pattern) are essential in determining the characteristics of the response (e.g. magnitude,
time course and mechanisms). Recent evidence suggests that, both quantitatively and
mechanistically, the FMD response is highly sensitive to the characteristics of the shear
stress stimulus imposed (15; 29; 70; 109; 148). However, the precise impact of altering
specific stimulus characteristics still remains unclear. This knowledge is essential to
understand the full complexity of FMD and to ensure a valid physiological and/or
pathological interpretation of FMD.
Of the two stimulus categories investigated, reactive hyperemia is by far the the
most popular. Originally created by Celermajer et al. (36) in 1992 the reactive hyperemia
test creates a shear stress stimulus in a conduit artery (usually the brachial or radial)
following the release of a temporary limb occlusion. Post-occlusion hyperemia is a
transient stimulus that peaks within ~10s and then rapidly decays while the peak vessel
diameter adaptation (FMD) is delayed and has been thought to occur ~60s after the
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release of occlusion (44). FMD magnitude in response to reactive hyperemia is reduced
with the presence of cardiovascular risk factors and further diminished by the presence of
clinically significant atherosclerosis (35; 36; 45; 129; 155). FMD tested in this fashion
has shown utility in identifying the presence of coronary artery disease (184) and
predicting future cardiovascular events (83; 154).
In addition to vascular health, it is clear that the magnitude of the stimulus is an
important determinant of the magnitude of the FMD (127; 144; 172; 192); an example of
stimulus-response specificity. Response interpretation requires that the stimulus
magnitude is taken into account to ensure that a small FMD response is in fact indicative
of endothelial dysfunction and not simply a result of a small hyperaemic stimulus. One
limitation of the reactive hyperemia technique however is that stimulus quantification is
problematic because of the transient, constantly changing hyperemic profile and its
temporal dissociation from the response profile. Although both the peak and the duration
of the hyperemia appear to be important (107; 125), there is yet to be a consensus in the
literature regarding the best method of stimulus quantification.
Early work by Joannides et al. (109) indicated that human conduit artery FMD
following reactive hyperemia is dependent on the endothelial release of NO and this
molecule is believed to be one of the key mechanisms linking endothelial function to
vascular health (42). This is because in addition to being a vasodilator, NO has antiinflammatory and antithrombotic effects and therefore provides a degree of
vasoprotection (42; 62; 123). The goal of many human conduit artery FMD studies is to
create a shear stress stimulus that evokes an NO dependent FMD response that can
provide an assay of NO bioavailability and NO associated vasoprotection (123; 174).
However, recent evidence indicates that the reactive hyperemia test only elicits a solely
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NO dependent FMD response under very specific procedural conditions (174).
Highlighting the importance of stimulus-response specificity, procedural changes that
result in even small increases in the duration of the reactive hyperemia stimulus can alter
the mechanisms of the FMD response (148). In addition, even if NO is the primary
mechanism, other factors can influence the magnitude of the FMD (202). This indicates
that other, non-NO mechanisms may be important mediators of the robust relationship
between vascular health and reactive hyperemia induced FMD.
The early discovery of the relationship between vascular health and FMD when
assessed with the reactive hyperemia technique may explain why there are relatively few
studies investigating FMD in response to other stimulus profiles. Sustained stimuli to
investigate FMD in human conduit arteries have been created with three different
methods of decreasing downstream vascular resistance; 1) distal limb heating (15; 108;
148; 172), 2) distal vasodilator infusion (148) and 3) exercise (72; 165). Sustained
stimuli result in an FMD response that is quantitatively and mechanistically distinct from
FMD in response to reactive hyperemia (15; 108; 148). There are several advantages to
investigating sustained stimuli. First, a sustained step increase in the stimulus permits a
meaningful characterization of the response adaptation over time, termed the response
time course or response dynamics. This is desirable because response dynamics provide
more detailed information about the nature of control mechanisms involved in FMD than
a simple characterization of the peak response. For example, a multi-phased FMD would
indicate that distinct mechanisms or sets of mechanisms are engaged sequentially over
time. If only the peak response magnitude is measured, the presence of multiple phases
cannot be detected. Second, compared to reactive hyperemia, sustained elevations in
shear stress are a more physiological stimulus i.e. they more closely approximate the
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shear stress profiles to which our arteries are exposed during normal living. Therefore,
information about FMD in response to sustained stimuli in health and disease is
particularly relevant. Exercise is arguably the most common mechanism of shear stress
increase in conduit arteries in vivo and it has been used to create the stimulus in a small
number of studies examining FMD (72; 165). However, in contrast to passive stimulus
creation techniques exercise creates an oscillatory pattern of shear stress with brief
periods of reverse flow. This is because blood flow is impeded (and briefly ejected
backwards) during muscle contraction and enhanced during muscle relaxation. It is
unclear how this pattern of shear stress may impact the human FMD response. In addition
to the distinct stimulus pattern, increases sympathetic nervous system activity (SNA) (26)
and non-flow mediated dilatory mechanisms as a result of exercise might influence
conduit vessel tone (55; 92; 185).
A systematic exploration of FMD stimulus-response specificity is vital to
advancing our understanding of endothelial physiology. The results presented in this
thesis provide guidance for application of FMD tests and new insight into the function of
the human conduit artery endothelium in response to sustained shear stress stimuli. Four
specific aspects of FMD stimulus-response specificity were investigated.

1. The relative importance of the peak vs. the duration of reactive hyperemia in
determining the magnitude of the FMD response.
2. The NO dependence of FMD in response to different durations of reactive
hyperemia.
3. The impact of sustained shear stress stimulus magnitude on the dynamics and
magnitude of the FMD response.
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4. FMD dynamics and magnitude in response to steady vs. oscillatory shear stress
evoked passively or via exercise.

Overall Hypothesis:
The FMD response characteristics will be highly sensitive to the nature of the shear stress
stimulus.

Specific hypotheses:
1. Independent manipulation of the peak and the duration of reactive hyperemia will
reveal that the duration of the stimulus is the critical determinant of the FMD response.
2. FMD in response to short durations of hyperemia will be NO dependent while FMD in
response to prolonged hyperemia will be independent of NO.
3. The FMD response to a sustained elevation in shear stress will be bi-phasic with a fast
first phase followed by a slower second phase. A larger stimulus will result in a larger
FMD response magnitude, however the response dynamics will be unaffected by stimulus
magnitude.
4. The FMD response to steady elevations in shear stress will have a larger peak
magnitude and a distinct time course compared to FMD elicited by an oscillatory increase
in shear stress.
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Chapter 2

Review of Literature

Part I: Endothelial cell shear stress transduction
Part II: The shear stress stimulus FMD relationship: Implications for FMD as an
assessment of endothelial function

Published as: Pyke KE and Tschakovsky ME. The relationship between shear stress and
flow-mediated dilatation: implications for the assessment of endothelial function. J
Physiol 568: 357-369, 2005.
Part III: FMD response dynamics
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Part I: Endothelial Cell Shear Stress Transduction
Shear stress is the frictional force of the blood flow acting parallel to the vessel
wall. Shear stress acting on the endothelium influences not only vascular tone but also
endothelial cell structure, and the endothelium’s vasoprotective functions. In addition to
resulting in FMD (141; 170; 193) shear stress regulates the expression of several proteins
that are involved in determining vascular health (39; 40; 207). Mechanotransduction
refers to the mechanisms by which shear stress is converted into a biomolecular response
(199).
The ability of endothelial cells to sense shear stress is the earliest stage in
mechanotransduction and is required to initiate subsequent signal cascades including
vasodilator release. The endothelial response to shear stress follows a time line with the
most rapid responses including changes in ionic conductance and the production of
vasoactive molecules. This is followed by continuing signalling cascades and
transcription factor activation and finally gene regulation, protein synthesis and structural
changes (48). Part I of this literature review chapter will discuss 1) the primary
candidate structures responsible for initiating mechanotransduction, 2) the endothelium’s
ability to differentiate shear stress patterns, and 3) shear associated vasoactive molecules.
What is the mechanotransducer?
The precise mechanisms by which endothelial cells sense shear stress are still not entirely
clear (10) although there is evidence that several structures may be capable of responding
to shear stress and initiating a signal cascade.
The Glycocalyx
Plasma membrane molecules on the luminal surface of the cell are possible
candidates for initiating mechanotransduction, as they would be directly affected by fluid
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shear force (48). The surface of endothelial cells is covered with several membranebound macromolecules (glycoproteins and proteoglycans) that constitute the glycocalyx.
The glycocalyx forms the outermost surface of the endothelial cell and therefore provides
a direct interface between blood flow and the cell membrane (166). Transmembrane
glycoproteins may extend into the extracellular space and may be physically displaced by
shear stress, signalling an intracellular cascade (48; 199).
Various glycocalyx components have been investigated as possible
mechanotransducers. In bovine aortic endothelial cells (BAECs) Pakakis et al. (166)
found that three glycocalyx molecules (heparin sulphate, hyaluronic acid and sialic acid)
were essential for shear mediated but not receptor mediated NO production. In contrast,
none of the glycocalyx components tested affected prostacyclin production in response to
shear stress. This suggests that NO and prostacyclin production are signalled through
glycocalyx dependent and independent mechanotransduction pathways respectively.
Similar results have been found in intact arteries. In rabbit femoral arteries Hecker et al.
(90) found that degradation of sialic acid with neuraminidase inhibited shear induced NO
production. In canine femoral arteries Mochizuki et al. (147) found that degradation of
hyaluronic acid significantly reduced shear induced NO production.
Closely associated with the glycocalyx are caveolae; cholesterol rich sections of
the plasma membrane which incorporate the protein caveolin-1 to form characteristic
“cave-like” invaginations (199). Caveolae contain about 50% of the total endothelial
(eNOS) and are thus important to both shear and receptor mediated NO production (199)
(75). Collectively, evidence indicates that the glycocalyx is likely an important
mechanotransduction mechanism for NO mediated shear stress responses. Importantly,
the glycocalyx appears to be degenerated in pro-atherogenic states (157) (e.g.
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hyperglycemia (158)) and this raises the possibility that impaired mechanotransduction
may contribute to impaired NO mediated FMD (158).
The Cytoskeleton and Integrins
The cytoskeleton forms the cell’s structural framework and is made up of actin
microfilaments. Integrins are transmembrane proteins that attach the cell membrane to
the cytoskeleton (3; 48). Luminal surface integrins may directly experience shear stress
while abluminal integrins bind to the extracellular matrix forming focal adhesions.
Interaction between the cytoskeleton, and both luminal and abluminal integrins provides a
continuous physical connection for force transmission (3; 48). The cytoskeleton clearly
responds to shear stress as both in vitro (73) and in vivo (208) findings illustrate that
cytoskeletal stress fibers align themselves parallel to the direction of blood flow. This
gives endothelial cells their typical elongated morphology in areas of laminar shear stress.
However at branch sites where flow patterns are more disturbed without a clear net
forward direction, there is no directional organization of the stress fibers and endothelial
cells retain a more “cobblestone” morphology (48; 115; 162). Parallel orientation may
help endothelial cells to maintain integrity in the face of elevated shear stress (39).
The idea that the mechanosensor is a specialized structure on the plasma
membrane that initiates a signal cascade close to the membrane can be referred to as the
“centralized” model of mechanotransduction (3; 48). In contrast, the decentralized model
hypothesizes that forces applied at the cell surface are transmitted by the cytoskeleton to
remote cellular locations (e.g. ion channels, focal adhesions, nuclear membrane)
generating distinct responses (3; 48). This would allow mechanosensors to be located
anywhere in the cell (3). The importance of the cytoskeleton in shear stress transduction
is indicated by the observation that FMD (but not receptor mediated endothelial
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dependent dilation) can be eliminated by drugs that hamper microfilament organization
(101; 197). Integrins are also clearly important as prevention of integrin binding to the
extracellular matrix has been shown to inhibit shear induced activation of intracellular
signals (106; 149; 191), the antiapoptotic effect of shear stress exposure (207) and NO
mediated FMD in swine coronary arterioles (149).
Ion channels
Ion channels are situated on the endothelial plasma membrane and are therefore in
a prime position to convert mechanical stress into electrical cellular responses (3). In
addition, a change in ionic conductance is one of the fastest endothelial responses to shear
stress (10; 130). Olesen et al. (163) was the first to report a hyperpolarizing potassium
current in response to shear. It is still unclear whether potassium channels are directly
responsive to shear stress or if the channels respond to a signal from a separate
mechanotransducer. In the former case a subunit of the channel could be deformed by
shear stress, increasing the probability of being open (3). In the latter case a separate
mechanotransducer would activate the channel, potentially via phosphorylation (3). In
addition to potassium channel activation, shear stress results in a simultaneous activation
of slower acting chloride channels (9; 76). Further, non-selective cation channels found
in human aortic endothelial cells (HUACs) (150) and HUVECs (110) and Na+ channels
found in rat cardiac microvascular endothelial cells (146) may also be activated in
response to shear stress, however little is known about these pathways (10).

Down stream signalling
It is difficult to isolate whether structures involved in shear stress transduction are
the initiating mechanosensitive element, or indirectly recruited later in the signalling
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cascade. As stated previously, ion channels may be mechanosensitive, or they may be
involved in shear stress transduction down stream from the actual mechanosensor. Like
ion channels, G proteins also appear to be important to shear transduction and may or
may not be mechanosensitive. G protein-linked receptors (serpentine receptors) are
integral membrane proteins (3). When stimulated, the receptor transmits a signal which
can result in the activation of several second messengers, enzymes and ion channels (3;
48). G protein inhibition blocks several shear associated processes (including initial NO
production in BAECs) and indicates that G proteins are involved at an early point in the
signal cascade triggered by mechanical stimulation (3; 20; 70).
How does the endothelium differentiate between different shear stress patterns?
Endothelial cells can respond differently to different patterns of shear stress.
Specifically, transient vs. sustained shear stress elevations result in distinct FMD
mechanisms, and steady or non-reversing pulsatile shear stress vs. oscillatory shear stress
(sinusoidal reversals with a low mean) result in disparate endothelial responses with
respect to cytoskeletal organization, gene expression and protein synthesis (48; 73; 148;
208; 222). The impact of shear stress on endothelial regulation is most dramatically and
functionally demonstrated by the localization of atheroma at arterial bifurcations and
branch points where there is low and often oscillatory or turbulent shear stress patterns vs.
the laminar pattern in straight arterial segments (46; 112; 153).
The mechanisms by which the endothelium differentiates and mechanotransduces
different shear stress patterns remain unclear. However, in BAECs Lieu et al. (130) have
reported evidence that mechanosensitive ion channels may be involved in differentiating
different shear magnitudes and patterns. They found that steady shear stress resulted in a
rapid K+ mediated hyperpolarization followed by a Cl- mediated depolarization. The K+
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hyperpolarizing current was equally responsive to small and large shear stress magnitudes
while the depolarizing current was shear magnitude sensitive with a higher threshold of
activation. However, Gautam et al. (76) found that the Cl- channels were also responsive
to low levels of shear. In contrast to steady shear, Lieu et al. (130) found that oscillatory
shear stress with a frequency of 1Hz stimulated only the hyperpolarizing current, and that
neither current was stimulated by 5Hz oscillations. The lack of Cl- current with 1 Hz
shear oscillations has been confirmed by Gautam et al. (76). If these BAEC results are
paralleled in vivo it suggests that differential activation of hyperpolarizing and
depolarizing currents provides the endothelial cells with the means to differentially
transduce and respond to different shear stress patterns. Further research is required to
clarify precisely how different shear stress patterns and durations are transduced by the
endothelium to result in the release of different vasodilators.
How does shear stress result in the release of different vasodilators?
Nitric Oxide
Nitric oxide (NO) is a by-product of the conversion of L-arginine to L-citrulline
by the enzyme nitric oxide synthase (NOS). NO diffuses from the endothelial cells to the
smooth muscle cells where it causes vasorelaxation (168). Chronic basal release of NO in
response to shear stress has important regulatory and vasoprotective roles, while NO
release in response to transient increases in shear stress can mediate FMD (24; 42; 109).
While there are some contrasting findings (148; 187) NO has been identified as an
important shear stress-mediated vasodilator in human peripheral (53; 109) and coronary
arteries (54; 84; 121).
Endothelial NOS (eNOS) is stimulated by calcium. Calcium concentration may
increase in response to shear stress via increased influx from external stores (43) or via
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phospholipase C which stimulates internal calcium release through inositol triphosphate
(18; 94; 186). In HUVECs Frangos et al. (70) demonstrated that at the onset of a shear
stimulus an initial burst of nitric oxide production was calcium and G protein dependent.
However, sustained NO production in response to a continued shear stimulus was
produced via calcium and G protein independent mechanisms. This pattern of calcium
and G protein dependence has been described repeatedly by this group (119; 120) and
calcium independent NO production in response to shear stress (but not agonists) has
been confirmed by others (7; 14; 160).
Calcium independent NO production may be a result of eNOS phosphorylation
mediated by protein kinases including protein kinase B/Akt, tyrosine kinase or protein
kinase A (14; 24; 52; 67; 68). Further, it appears that calcium dependent and independent
regulation of eNOS may localize in two distinct pools of the enzyme. Plasma membrane
associated eNOS appears to result in calcium-activated NO production while Golgiassociated eNOS is primarily activated via a (calcium independent) Akt-dependent
phosphorylation (71). More work is required to confirm the importance of distinct
functional pools of eNOS within the endothelium and whether or not they are
differentially recruited over time in response to sustained shear.
As stated previously, the glycocalyx appears to be specifically important in the
mechanotransduction pathway leading to NO production both in vivo (90; 147) and in
vitro (166). This may be due in part to the close association between the glycocalyx and
caveolae which contain all of the necessary molecules for NO production (199).
However, Pahakis et al. (166) did not specify disparate effects of glycocalyx disruption
on early (calcium dependent) and late (calcium independent) NO production so it is
unclear if the glycocalyx has a distinct involvement in these two pathways.
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Nitric oxide production and eNOS gene expression vary with the pattern of the
imposed shear stress stimulus. Norris et al. (159) found that HUVECs exposed to laminar
shear stress produced NO in a dose dependent manner, while exposure to turbulent flow
did not induce NO production. In BAECs Zeigler et al. (222) reported that non-reversing
pulsatile shear stress resulted in a ~13 fold increase in eNOS mRNA expression after 24h.
In contrast, exposure to reversing oscillatory shear stress (low mean) resulted in only a ~2
fold increase in eNOS mRNA. Further, exposure to the same low mean shear stress
without reversal resulted in a 6 fold increase in eNOS mRNA. This indicates that the
reverse component specifically was important in limiting eNOS mRNA expression. In
accord with their mRNA findings Zeigler et al. (222) observed that oscillatory shear stress
resulted in only a very modest increase in eNOS protein levels compared to static control.
In agreement with the in vitro work of Zeigler et al. (222) in in vivo rabbit carotid arteries
Cheng et al. (38) demonstrated reduced eNOS mRNA levels in vessel segments with
imposed low or oscillatory shear stress compared to undisturbed vessel segments.
Reduced eNOS expression, NO production and therefore vasoprotection in response to
turbulent or oscillatory shear as occurs at arterial branch points and bifurcations may help
to explain the vulnerability to atherosclerotic lesions in these areas (46). Further, chronic
exposure to oscillatory shear may impair NO mediated FMD if eNOS is downregulated
(74; 222).
Prostacyclin
Although it has received less research attention than NO, shear stress also results
in the production of the vasodilator prostacyclin (69; 85; 114; 201). Prostacyclin is
produced from arachidonic acid by cyclooxygenase in the endothelium (69) and shear
stress exposure (12h) has been shown to upregulate cyclooxygenase expression in
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HUVECs (161). Prostacyclin production via shear stress is dependent on G-protein
activation and calcium (20; 23). Like in vitro results investigating NO production, in
HUVECs shear stress exposure results in a bi-phasic prostaglandin production with an
initial burst followed by a second sustained phase of production (1-3h post stimulus
onset) (20; 69). Prostacylin is also vasoprotective in that it inhibits platelet aggregation
(201) and it can also cause acute vasodilation in response to an increase in shear stress
(114). While the role of NO in human FMD is well established, the role of prostacyclin is
less clear. Duffy et al. (54) found that in human coronary arteries FMD was dependent on
prostacylin however this has not been found in human coronary arterioles (145) or
peripheral conduit arteries (109). As stated above, shear induced prostacyclin production
in BAECs was not affected by degredation of the glycocalyx (166). This was also found
in intact rabbit femoral arteries (90). This indicates that unlike NO, mechanotransduction
resulting in prostacyclin production does not require force transmission or biochemical
signalling from the glycocalyx. Instead shear force may be transmitted to and transduced
by anchoring focal adhesions on the abluminal surface of the cell which would experience
stress with luminal flow with or without an intact glycocalyx (166).
EDHF
Flow mediated vasodilation that is NO and prostacyclin independent is attributed
to endothelial derived hyperpolarizing factor (EDHF). Through the EDHF mechanism,
endothelial cell hyperpolarization leads to smooth muscle cell hyperpolarization which
closes the voltage dependent calcium channels and results in vasorelaxation. The identity
of EDHF is still under debate although three primary candidate pathways have recently
been outlined (28; 143). The first pathway identifies EDHF as an epoxeicosatrienoic acid
(EET). EETs are arachidonic acid metabolites of cytochrome P450 (CYP 450) produced
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in the endothelium (128). In this model the initial shear induced potassium efflux and the
resultant calcium entry stimulates EET production. EETs may then act directly to relax
vascular smooth muscle (acting as a “classic” diffusible EDHF) (31) or they may
modulate the subsequent hyperpolarization (143) by acting on endothelial KCa channels
(11; 128), calcium entry (97) and endothelial-smooth muscle cell gap junctions (171). A
role for EETs has been most clearly demonstrated in the rat coronary circulation (66; 140)
and their involvement as a modulator is not excluded from the following two
mechanisms. The second possibility is that shear-induced hyperpolarization stimulates
calcium entry and activation of the KCa channels which results in smooth muscle cell
hyperpolarization via a passive electrotonic spread of hyperpolarization through
endothelial-smooth muscle cell gap junctions. Gap junctional involvement in EDHF
mediated relaxation has been confirmed by studies that interrupt junctional
communication and observe attenuated EDHF responses (200). The third possibility is
that potassium released from endothelial cell channels is itself EDHF and its presence in
the myoendothelial space opens potassium channels or stimulates membrane pumps on
the smooth muscle cells resulting in their hyperpolarization (56; 152).
These three pathways are not mutually exclusive and may work in concert to
produce EDHF responses (28). Further, EDHF pathways may be species, vascular bed
and vessel size dependent (176). Although the majority of EDHF research has been
conducted in vitro or in isolated animal vessels, recent data points to an important role of
EDHF in human conduit artery FMD in response to sustained elevations in shear stress
(15). In this model FMD was attenuated by cytochrome P450 inhibition and inhibition of
KCa channels. These results are consistent with the hypothesis that in human conduit
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arteries shear induced EDHF mediated vasorelaxation works via EET action on KCa
channels.
Further complexity is added to the EDHF picture by observations that NO appears
to interact with EDHF (143). Bauersachs et al. (14) found that application of an NO
donor (C87-3786) to porcine coronary artery segments pre-treated with a NOS inhibitor
significantly attenuated EDHF mediated dilation. They concluded that NO may have an
acute effect by inhibiting EDHF generating enzymes (14). Huang et al. (99) found that in
mice coronary arterioles NOS blockade (L-NAME) had no effect on FMD, and only
combined infusion of L-NAME and CYP 450 activity inhibited the response. In
agreement with Bauersachs et al. (14) the authors concluded that NOS inhibition
removes the inhibitory effect of NO from CYP 450 allowing EDHF to contribute to FMD
and preserve a normal response (99). Further, in human radial arteries Bellien et al. (15)
found that combined inhibition of NO and EDHF resulted in a greater inhibition (more
than additive) of sustained FMD than inhibition of either factor alone (15). This indicates
that with NOS inhibition, the suppression of EDHF by NO may be alleviated allowing an
enhanced EDHF contribution to FMD (15). Further work is required to characterize the
role of EDHF in human FMD and endothelial function in general, particularly in groups
that may have compromised NO production.
Endothelin-1
Endothelin-1 (ET-1) is a vasoconstrictor produced by the endothelium that may be
released in response to shear stress (118; 221). Although ET-1 typically causes a net
vasoconstriction by binding to ETA and ETB receptors on vascular smooth muscle, it can
also work in an autocrine fashion and stimulate the release of NO and prostacyclin by
binding to ETB receptors on the endothelium (182; 205). However there appears to be a
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lack of ETB receptors on the endothelium of coronary vessels, therefore ET-1 likely exerts
unmitigated vasoconstriction in this circulation (180). In addition to stimulating ET-1
release, shear stress can also alter ET-1 mRNA levels. Ziegler et al. (222) demonstrated
that BAECs exposed to prolonged steady shear stress exhibited a transient increase in ET1 mRNA at 4h followed by a decrease to lower than static culture levels by 24h.
However, exposure to oscillatory shear stress resulted in a higher ET-1 mRNA expression
compared to steady shear stress. This is in contrast to their results for eNOS expression
which was downregulated during exposure to oscillatory shear stress vs. steady shear
stress (222). This suggests that chronic laminar flow downregulates ET-1 while
oscillatory shear stress results in ET-1 upregulation. This could contribute to the
localization of atherosclerotic lesions at arterial bifurcations and branch points because
ET-1 stimulates pathological vascular smooth muscle cell proliferation (95; 169).
Upregulation of ET-1 expression could also potentially result in increased ET-1 release in
response to shear and impairment of FMD (17).

ET-1 may also play a role in human

hypertension as ET-1 gene expression has been shown to be enhanced in patients with
moderately or severely high blood pressure (183) and treatment with the ET-1 receptor
antagonist bosentan has shown some effectiveness in blood pressure lowering (117).
In addition to the NO-ET-1 interaction as a result of the endothelial ETB receptors,
NO also exerts an inhibitory effect on ET-1 synthesis (25). Importantly, this means that
with pharmacological NOS inhibition or reduced NO bioavailability, a portion of the
ensuing effects may be the result of an uninhibited ET-1 system (124). The interaction
between ET-1 and NO has been demonstrated in the pressor responses of anethetized rats
(177) and flow responses of healthy human resistance vessels (34). In these models,
inhibition of NOS results in vasoconstriction. However, if ET-1 receptors are blocked in
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advance of NOS inhibition, that effect is significantly attenuated (34; 177). Therefore, it
appears that reduced NO production following NOS inhibition dis-inhibits ET-1 and
results in an unopposed ET-1 mediated vasoconstriction (177). Infusion of ET-1 receptor
antagonists alone does not affect forearm blood flow in healthy humans, likely indicating
that basal release of NO is sufficient to fully inhibit basal ET-1 release in this population
(34; 215).
In contrast, in groups characterized by low NO bioavailability such as diabetes
(32) or hypertension (33) ET-1 receptor blockade results in a significant increase in
forearm blood flow. This indicates that basal NO release is insufficient to fully inhibit
ET-1 in these populations. Further Berger et al. (17) demonstrated that chronic ETA
receptor antagonism (3 weeks) improved brachial artery FMD in heart failure patients
(17). They also observed a significantly larger plasma concentration of the ET-1
precursor big ET-1 in this patient population vs. controls (17). Elevated plasma ET-1
levels have also been found in heart failure and atherosclerosis (126; 178). Collectively
this provides evidence that in pathological conditions there is a shift in the balance of
endothelial vascular control in favour of ET-1 mediated effects. It also indicates that
impaired FMD in pathological states may be due to a combination of reduced NO
bioavailability and increased ET-1 production/activity.

Part I Summary and Conclusions
Shear stress is clearly an important stimulus for endothelial regulation of vascular
tone and health. Shear forces experienced on the luminal surface of the endothelial cell
can initiate signalling cascades via the glycocalyx, ion channels and luminal integrins.
The cytoskeleton can also transmit shear stress to remote regions of the cell and intiate a
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mechanosensitive response. Several vasoactive factors are released in response to
increases in shear stress and these substances may interact to produce a net change in
vascular tone. The pattern of shear stress exposure plays a role in determining which
endothelial vasoactive molecule is primarily responsible for acute FMD responses, and
chronically different shear stress patterns result in distinct gene regulation and
atherosclerotic lesion susceptibility. The exact mechanisms by which endothelial cells
distinguish between different shear stress patterns to elicit these disparate responses
remain unclear and require further research. However, evidence suggests that ion
channels may provide a means of differentiation as they are differentially activated by
different shear patterns.
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Part II: The shear stress stimulus FMD relationship: Implications for FMD as an
assessment of endothelial function
Introduction
The vascular endothelium is a single layer of cells lining all of the blood vessels in
the body and over the past three decades it has emerged as a key player in vascular
growth, vasoregulation and vasoprotection.

During this period of discovery it was found

that the endothelium is essential for vasodilation in response to increases in blood flowassociated shear stress (170; 179; 193). This phenomenon has since been termed
endothelial dependent flow mediated vasodilation (FMD) and now forms an important
branch of endothelial research.
There are several vasodilators released by the endothelium in response to shear
stress, including nitric oxide (NO), prostaglandins (PGI2) and endothelial derived
hyperpolarizing factor (28; 109; 161). NO is of particular interest to endothelial function
researchers as it is an anti-atherogenic molecule, and a reduction in its bioavailability may
play a role in the pathogenesis of vascular disease (42). The goal of many human studies
is to create a shear stress stimulus that produces an NO-dependent response in order to
use the FMD measurements as an assay of NO bioavailability (a combination of NO
production by the endothelium and destruction by reactive oxygen species). A small
FMD response is interpreted as a low NO bioavailability and possibly an associated
increased risk of vascular disease or cardiac events.
In humans FMD is typically assessed in the large peripheral conduit arteries
(brachial, radial and femoral) and is often taken to represent the response in the more
clinically relevant coronary circulation (6; 198). These peripheral conduit artery FMD
studies create a shear stress stimulus by causing dilation (lowering the vascular
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resistance) in the vascular bed that is supplied by the conduit artery. Originally created
by Celermajer et al. (36) in 1992 the “reactive hyperemia test” is the most popular
technique. In its most basic form the test employs a temporary limb occlusion in order to
create an ischemia-induced reactive hyperemia and a corresponding increase in shear
stress in the conduit artery feeding the ischemic territory. Under specific conditions this
stimulus has been shown to elicit a primarily NO-dependent FMD response (109).
Different occlusion durations, cuff positions, degrees of ischemic dilation (with the
addition ischemic forearm exercise) or areas of the circulation examined (upper vs. lower
limb), result in distinct shear stress profiles created upon occlusion release (22; 109; 125;
148). In addition to variations of the reactive hyperemia method, some studies increase
shear stress in the feeding conduit artery via hand warming, or infusing the vasodilator
acetylcholine into the forearm circulation (108; 148). These latter techniques result in a
shear stress that increases gradually and reaches a steady plateau. This is in sharp
contrast to the large transient profile created with reactive hyperemia.
Can it be safely assumed that the FMD response to all of these various stimulus
profiles similarly reflects NO bioavailability?

The latest evidence indicates that it

cannot, as mechanisms of FMD in response to certain shear stress stimulus profiles have
been shown to be primarily independent of NO (148). This suggests that there are
multiple mechanisms involved in FMD and that the mechanisms involved in any given
response are highly sensitive to the nature of the stimulus imposed (stimulus-response
specificity). Hence, if the goal is to use FMD as an assay of NO bioavailability it is
critical to create a stimulus which is known to evoke a primarily NO-dependent response.
Unfortunately, guidelines in the current literature provide an inadequate description of
and rationale for these critical conditions that are required to evoke a reliably NO-
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dependent FMD response (44). Importantly, while this mechanistic isolation of NO is
desirable in some circumstances, the other mechanisms of FMD should not be ignored
from either a clinical or a basic research perspective.
The purpose of this review is to: 1) Explain the concept of stimulus-response
specificity and how it dictates the critical importance of the stimulus creation technique in
determining the mechanisms of the response. 2) Provide an update to the current
guidelines for FMD assessment, specifically focusing on stimulus quantification and
describing the stimulus creation technique essential to producing primarily NO-dependent
FMD responses, and 3) Summarize the issues that surround the clinical utility of
measuring both NO and non-NO-mediated FMD.
How does the nature of the stimulus profile impact the mechanisms of the FMD
response?
Stimulus-response specificity refers to the concept that the nature of the stimulus
(e.g. rate of onset, magnitude and duration etc.) is essential in determining the nature of
the response. Importantly, the nature of the shear stress may impact the response not only
quantitatively, but also mechanistically. This critical point implies that 1) there are
multiple mechanisms involved in FMD and 2) that the mechanisms involved vary
according to the imposed shear stress profile. Thus, FMD, often thought of as
synonymous with NO bioavailability, may in fact reflect the function of different
vasodilatory pathways depending on the shear stress experienced.
The concept that shear stress can stimulate the endothelial release of several
vasoactive substances is not a new one. The presence of a multi-mechanism response has
been demonstrated in microvessels and cultured cells which may release, NO (113),
prostaglandins (PGI2) (114), endothelial derived hyperpolarizing factor (EDHF) (28),
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endothelin (ET-1) (118) and Acetylcholine (Ach) (137) in response to shear stress
elevations. Although these observations come from isolated or in vitro preparations, they
discourage one from making the assumption that all conduit vessel responses 1) are
mediated by a single mechanism and 2) that that mechanism is NO.
Most clearly demonstrated in humans is that the duration of the stimulus is an
important determinant of the mechanisms of the response. In agreement with the
findings of Joannides et al. (109) and Doshi et al. (53), Mullen et al. (148) found that the
radial artery FMD in response to a brief shear stress stimulus created with 5 min of wrist
occlusion was abolished with the infusion of the nitric oxide synthase (NOS) inhibitor LNMMA, indicating NO-dependence. However, when they performed a 15 min wrist
occlusion, which resulted in the same peak, but a more prolonged hyperemia, neither LNMMA infusion nor inhibition of cyclooxygenase had an effect on the FMD response.
Further, when they created a very prolonged, steady increase in shear stress with hand
warming or distal Ach infusion the resultant FMD was similarly unaffected by NOS and
cyclooxygenase inhibition. These results indicate that the FMD response to prolonged
increases in shear stress is mediated by neither NO nor PGI2. Mullen et al. (148) also
found that while individuals with hypercholesterolemia demonstrated an impaired
response to the brief elevation in shear stress, their response to longer duration elevations
in shear stress was intact. This indicates that FMD in response to short and long duration
shear stress stimuli are mediated by different mechanisms and that these mechanisms may
be affected differently by disease.
In support of the existence of distinct response mechanisms for different stimulus
durations, in the study by Mullen et al. (148) the brief stimulus created with reactive
hyperemia (5 minute ischemia) and the prolonged stimulus created with hand warming
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would have yielded distinct peak stimulus vs. peak response relationships. Hand warming
resulted in a modest peak stimulus in comparison to reactive hyperemia (velocity time
integral of 0.11 vs. 0.2 m), but elicited a significantly larger FMD response (9.7 vs. 5.3 %
change in diameter). This agrees with the observations of Joannides et al. (108) in
response to hand warming and reactive hyperemia respectively.
Although the precise interaction between FMD mechanisms with a prolonged
shear stress stimulus remains unclear, the above observations suggest that the
mechanisms primarily responsible for the observed FMD response may change over time
when the shear stress stimulus is prolonged. Although there are several possibilities, one
potential model of FMD that explains the observations of Mullen et al. (148) is one where
there is a sequential recruitment of mechanisms. Specifically, when a shear stress
stimulus is initiated, one response mechanism may be recruited immediately, and this is
most likely nitric oxide. If the shear stress remains elevated however, another
mechanism(s) may eventually take over as the one(s) primarily responsible for the FMD.
If the shear stress stimulus continues, still other vasodilatory mechanisms may also
become involved (Fig. 2.1). Future research is required to test this hypothesis. If there is
in fact a sequential recruitment of mechanisms as this model suggests, it becomes
essential to isolate the time course of the involvement of each mechanism to better allow
isolation and examination of the desired vasodilatory pathways.
Clinical researchers may question the importance of the discovery that the gradual
increase in shear stress brought about by hand warming or distal Ach infusion is not NOmediated. These methods are employed less frequently than reactive hyperemia which is
the tool of choice in clinical FMD research. However, the work of Mullen et al. (148)
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Figure 2.1- Hypothetical schematic of temporal recruitment of mechanisms for FMD. If a
shear stress stimulus is prolonged the mechanisms primarily responsible for the observed
vasodilatory response may change. The time courses of the mechanisms for FMD (i.e.
when one begins and when it ceases to contribute) are currently unknown. It is also
unknown how many mechanisms may be recruited over time in response to a sustained
stimulus. Reproduced with permission from: Pyke and Tschakovsky. Journal of
Physiology. 582 (2). Pg 359. 2005.
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highlights the fact that even reactive hyperemia stimulus profiles cannot be relied upon to
produce an NO-dependent response. Importantly, the difference in the stimulus profile
with 5 vs. 15 min of reactive hyperemia was fairly minor yet it completely reversed the
NO-dependence of the response. This suggests that the conditions which allow for
primarily NO-dependent FMD responses may be very narrow indeed, and that extreme
care must be taken to conform to those conditions if the FMD response is going to be
used to infer NO bioavailability.
There are several examples in the literature that clearly demonstrate a need for an
improved understanding of the stimulus specific nature of FMD mechanisms. Similar to
increasing occlusion duration, ischemic handgrip exercise prolongs the duration of
reactive hyperemia (1; 2; 22; 211). The prolonged hyperemia results in a larger peak
FMD response. The addition of ischemic handgrip exercise to reactive hyperemia
protocols has been suggested as an effective means of increasing the typically small
reactive hyperemia and small FMD response seen in older individuals (2; 211). In the
study by Wendelhag et al. (211) it is not appreciated that the larger peak FMD observed
may not be primarily NO-dependent and thus may not have the anticipated association
with vascular health. The study by Agewall et al. (2) actually investigated the NO
dependence of FMD responses post ischemic handgrip exercise. They found that the area
under the curve (AUC) of the dilatory response was significantly reduced with L-NMMA
infusion and concluded that the response was at least partially NO-mediated. However,
the peak dilatory response (what is normally used as the index of endothelial function)
was almost unchanged with NOS inhibition (~9.5 vs. ~8%). Although the authors
conclude that the reduced area under the curve marks a partial NO-dependence, the
results clearly suggest that there is a large non-NO-mediated component to the response.
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This directly illustrates the tenuous connection between NO-bioavailability and FMD in
response to reactive hyperemia with ischemic handgrip exercise.
In addition to the duration of occlusion and the addition of ischemic handgrip
exercise, the position of the occlusion cuff is also an important determinant of the NOdependence of the response. Specifically, it depends upon whether the occlusion cuff
position is proximal or distal to the area of FMD measurement. Proximal occlusion has
been shown variably to result in a larger or a similar stimulus to distal occlusion (1; 19;
22; 53). However, regardless of the comparative stimulus magnitude, proximal occlusion
usually results in a larger dilatory response compared to distal occlusion (1; 19; 22; 53).
This use of proximal occlusion has been advocated on the grounds that a larger response
makes it easier to detect subtle differences between groups (19). However, proximal
occlusion introduces some confounding factors in that the area of measurement is itself
ischemic and undergoing a dramatic pressure change with occlusion. This may result in
metabolic or myogenic sources of dilation in addition to an FMD response. It has now
been established that the mechanisms of FMD are occlusion cuff position dependent.
Doshi et al. (53) demonstrated that while the FMD in the brachial artery in response to
distal occlusion induced reactive hyperemia was abolished with NOS inhibition, the
response to proximal occlusion was only partially attenuated from ~12% down to ~8%.
The authors correctly suggest that the FMD in response to distal occlusion is a better
marker of NO-mediated endothelial function.
In summary, the mechanisms of the FMD response are highly sensitive to the
nature of the imposed stimulus. Specifically, changing the duration of the stimulus by 1)
using an occlusion duration that is longer than 5 minutes (148) or 2) adding ischemic
handgrip exercise (2) can result in FMD responses that are not NO-dependent and
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therefore do not reflect NO-bioavailability. In addition, proximal occlusion adds the
complication of potentially direct metabolic or myogenically mediated vasodilatory
responses resulting in an overall dilation that may not be entirely flow mediated, or
endothelial dependent. In addition, it has been directly shown that proximal occlusion
results in dilation that is not primarily NO-mediated (53). Results from studies that
prolong the duration of hyperemia or introduce non-shear stress stimuli for dilation must
not be taken as a reflection of NO bioavailability.
Guidelines for the assessment of primarily NO-mediated FMD in human conduit
arteries
The following guidelines are not intended to provide another set of
comprehensive, detailed technical instructions for FMD investigations. Rather, they may
be considered as an update to the current guidelines (44) providing a more solid
conceptual rationale for the best way to create and measure a stimulus that will evoke an
NO-dependent FMD. This section will first discuss some critical points for accurate
stimulus measurement and response interpretation and then, based on the previous
discussion of stimulus-response specificity, detail the stimulus creation technique that
provides the most reliable assessment of NO-mediated FMD.
Can volumetric flow be used as a quantification of the stimulus for FMD?
Despite the term endothelial dependent flow mediated dilation and the ubiquitous
measurement of flow in human studies (5; 19; 35; 37; 45; 63; 195; 206), shear stress is the
established stimulus for FMD in both conduit arteries and microvessels (114; 141).
Shear stress is directly related to the velocity and the viscosity of the blood but inversely
related to the vessel diameter. Accurate measurement of shear stress is very difficult in
vivo due to the pulsatility of the flow and the necessity for velocity and viscosity
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measurements very close to the vessel walls (218). However in conduit arteries where the
blood flow is generally laminar and unidirectional, shear stress may be estimated by the
equation: Shear stress=viscosity*velocity/diameter (49; 79). Shear rate (shear
rate=velocity/diameter), although limited by potential viscosity changes or between
subject differences can be an adequate surrogate measure (22; 54; 81; 109; 172; 220).
In contrast with the frictional or drag force that shear stress represents, flow is a
measure of the volume of blood passing through the vessel over time (Flow = velocity*π
r2; where r represents the radius). In the same vessel or vessels with similar diameters,
increases in flow and shear stress are well correlated. However, vessels with different
diameters may have the same flow but substantially different levels of shear stress and
thus a different degree of stimuli for FMD (Fig. 2.2). This is demonstrated by Pyke et al.
(172) who observed that when reactive hyperemia tests were performed in a group of
young healthy subjects with a wide range of baseline diameters (~3-5mm) there was no
relationship between the peak shear rate and the peak flow (Fig. 2.3). Pyke et al. (172)
also observed that the shear rate created by reactive hyperemia was inversely related to
the baseline diameter while peak flow was directly related to baseline diameter. Thus
small vessels experienced a larger shear rate but a smaller flow than bigger vessels. The
smaller vessels had a larger FMD response, which is at least partially explained by their
larger shear rate (Fig. 2.4).

The larger response in the small diameter vessels does not

appear to be the result of an intrinsically greater sensitivity because when shear rate was
controlled to create a uniform stimulus in all vessels, FMD was no longer a function of
baseline diameter (172). If flow had been measured as the stimulus it would have lead to
confusion when trying to interpret why small vessels experienced a smaller flow but
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Figure 2.2. In vessels with different diameters the same flow may represent a
very different shear stress stimulus. Reproduced with permission from: Pyke
and Tschakovsky. Journal of Physiology. 582 (2). Pg 361. 2005
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Figure 2.3. Peak flow vs. peak shear rate demonstrating no relationship.
Data from reactive hyperemia tests performed on 8 healthy subjects (2 tests
on 2 separate days) from the data set published in Pyke et al. (172). This
data illustrates that flow and shear rate cannot be used interchangeably as
the stimulus for FMD when the subject pool has a range of baseline
diameters. Reproduced with permission from: Pyke and Tschakovsky.
Journal of Physiology. 582 (2). Pg 361. 2005
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Figure 2.4. Panel A: Baseline diameter vs. peak shear rate demonstrating an
inverse relationship. Panel B: Baseline diameter vs. peak flow demonstrating
a direct relationship. Panel C: Baseline diameter vs. peak FMD response
demonstrating an inverse relationship. Data from reactive hyperemia tests
performed on 8 healthy subjects (2 tests on 2 separate days) from the data set
published in Pyke et al. (172). Reproduced with permission from: Pyke and
Tschakovsky. Journal of Physiology. 582 (2). Pg 362. 2005
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had a larger dilatory response than large vessels. Many studies have in fact noted an
inverse relationship between vessel size and FMD (6; 36; 91) but the mechanism (that
smaller vessels experience a larger stimulus) has not been reported. The importance of
this effect of vessel calibre is underscored by observations that baseline diameter is
increased in the elderly, and tends to be smaller in women and patients with spinal cord
injury (50; 91; 127).
In summary, when examining the FMD response across a range of vessel
diameters (or between groups with significantly different diameters) flow does not reflect
shear stress and thus should not be used to quantify the stimulus. In order to measure
shear rate as the stimulus, continuous blood flow velocity and diameter measurements
post cuff release are essential. In addition, the phenomenon whereby small diameter
arteries dilate more in response to reactive hyperemia may be explained by the tendency
for small diameters to experience a greater shear stress. In order to compare responses of
different vessel diameters that received distinct stimulus magnitudes response
normalization is recommended (see the following section).
Is it important to normalize the response to the magnitude of the stimulus?
The magnitude of a given FMD response reflects not only the functionality of the
endothelium, but also the magnitude of the stimulus imposed. The magnitude of the shear
stress stimulus created with reactive hyperemia is influenced by several factors and may
differ significantly between groups or between individuals (Table 2.1). It is therefore
essential that the magnitude of the stimulus imposed is considered when interpreting the
FMD response and what it indicates about the functionality of the endothelium. FMD
responses can be normalized by dividing the peak percent change in diameter by the
magnitude of the stimulus achieved with reactive hyperemia. However, post ischemic
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Table 2.1. Several factors may affect the reactive hyperaemia stimulus
achieved upon cuff release
Baseline diameter
Spinal cord injury
Sex
Age
NO availability in resistance vessels
Technical Considerations
Cuff position
Occlusion duration
Addition of ischaemic excercise

Pyke et al. (2004)
de Groot et al. (2004)
Herrington et al. (2001); Joannides et al. (2002)
Herrington et al. (2001)
Dakak et al. (1998); Engelke et al. (1996);
Joannides et al. (1995); Meredith et al. (1996)
May impact both the magnitude (and duration)
of the stimulus and the mechanisms of the
response
Doshi et al. (2001)
Mullen et al. (2001); Joannides et al. (1997);
Leeson et al. (1997)
Agewall et al. (2002); Wendelhag et al. (1999)
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hyperemia creates a brief, constantly changing stimulus that peaks and decays
considerably before the peak response is observed. The quantification that best describes
the stimulus responsible for FMD has not been precisely defined. However, it has been
demonstrated that both the peak and the duration of the stimulus are important in
determining the peak FMD response (107; 125). Therefore at this juncture it is
recommended that authors report both the peak stimulus and the whole stimulus profile
post cuff release. If the whole stimulus is quantified then the area under the curve (AUC)
of a specific time interval may also be calculated. In this way, the peak and/or the AUC
can be used for normalization. Whether the peak or the AUC best represents the relevant
stimulus for FMD is unknown at present. However, the AUC of the stimulus until the
time of peak response measurement is arguably the best time interval to use (Fig. 2.5) as
this is a quantification of the total stimulus that could have contributed to the
development of the response. The time of peak response measurement is quite variable
(19) and this necessitates continuous stimulus and diameter measurement for a minimum
of 90s post cuff release.
What is the stimulus technique that most reliably creates a primarily NO-dependent
FMD?
In human conduit arteries, an NO-dependent response has only been clearly
demonstrated under the following conditions:
1. Occlusion cuff placement distal to the site of FMD measurement.
Placing the occlusion cuff above the site of FMD measurement (proximal
placement) has been shown to evoke a dilatory response that is only partially NOmediated (53).
2. 5 minute occlusion duration.
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Figure 2.5. Schematic of the area under the curve (AUC) of the stimulus
(shear stress or shear rate) until the time of peak diameter measurement.
Reproduced with permission from: Pyke and Tschakovsky. Journal of
Physiology. 582 (2). Pg 363. 2005

40
Greater than 5 minute occlusion duration has been shown to prolong the duration
of hyperemia and evoke a non-NO-mediated response (148).
3. No ischemic handgrip exercise.
The addition of ischemic handgrip exercise prolongs the duration of the hyperemia.
This has been shown to evoke a non-NO-mediated response (2).
4. FMD measured in the brachial or radial arteries.
The NO-dependence of FMD in the femoral artery has not been confirmed. In
addition, occlusion cuffs do not restrict the blood flow into the leg to the same
degree as they do in the upper limb and this may affect the stimulus upon cuff
release, potentially altering the mechanisms of the response.

With our current level of understanding of FMD mechanisms, adhering to the
above conditions is the only way to isolate a primarily NO-dependent FMD response.
This is in part because the characteristics that make the stimulus created under these
specific conditions NO-dependent are not precisely defined. Given that the mechanisms
of the response appear to change when the shear stress stimulus is prolonged (148) it is
possible that the brief nature of the stimulus is its key feature. However, at this point the
exact stimulus profile(s) that elicits solely NO-dependent FMD is unknown.
Clinical Utility of assessing FMD
Brachial artery FMD is emerging as an independent predictor of future cardiac
events (82; 83; 214). However it is interesting to note that meta-analysis performed by
Witte et al. (216) found that FMD was only related to low and not medium or high
cardiovascular risk.

The current dogma suggests that the mechanisms of the predictive

ability are as follows: A small brachial FMD response is a hallmark of systemic low NO
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bioavailability and an associated lack of vasoprotection in clinically relevant areas of the
vasculature (coronary, carotid). The lack of vasoprotection is thought to result in the
development of vascular disease (42). While the potential benefits of a non-invasive test
that allows early risk identification cannot be ignored, the following section provides
some caveats regarding the interpretation of correlational studies and the clinical utility of
the current methodology of brachial artery FMD testing.
How variable are FMD responses?
Within any given study, reactive hyperemia endothelial function tests can
consistently demonstrate a smaller degree of dilation in atherosclerotic/risk factor patients
vs. controls. Improvements in FMD in response to an intervention (e.g. exercise) have
been demonstrated at the group level (87; 214) however, day to day variability in subject
responses may limit the utility of using reactive hyperemia testing to track an individual’s
improvement in response to an intervention (93). Studies using automated diameter
measurement (shown to reduce the observer error source of variability (217)) have
reported inter-session coefficients of variation of ~14% (93; 217). Further, there is a
significant degree of variability between testing centres to the extent that the percent
change in diameter that characterizes a normal response in one study may represent an
impaired response in another (Table 2.2) (19). A number of technical considerations may
influence the magnitude of the peak FMD response and contribute to the inter-laboratory
variability. These include but are not limited to; occlusion cuff position, duration of
occlusion, occlusion pressure, and time of peak dilation measurement. This at least
partially unaccounted-for variability between studies makes it difficult to create
standardized limits defining healthy vs. pathological responses. If future studies adhere
more closely to the procedure that
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Table 2.2. Peak % change in brachial artery diameter post reactive hyperemia

Study

Healthy

CAD

CAD risk

Allen et al. (2000)

7.65±3.97

---

---

Berry et al., (2000)

5.7±0.7

---

---

Betik et al., (2004)

3.4±0.6

---

---

Celermajer et al., (1993)

10±3.3

---

4±3.9

Clarkson et al., (1999)

2.2±2.4

---

---

Corretti et al., (1995)

11.3±±5.4

1.6±5.2

---

19.1

1.2

11.9

Imamura et al., (2001)

8.2±2.7

---

4.0±1.7

Leiberman et al., (1996)

6.2±0.7

1.3±1.1

---

Neunteufl et al., (1997)

12.6±6.7

5.7±4.8

---

---

---

5.67±6.14

Esper et al., (1999)

Takase et al., (1998)
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elicits the most reliable NO-dependent FMD response (see stimulus creation technique
section) some of this inter-laboratory variability may be eliminated.
Do the stimulus creation conditions as stated in this review ensure the FMD response
observed reflects NO bioavailability in diseased populations?
As previously stated, the current emphasis is that the clinical utility of peripheral
FMD testing hinges on FMD’s NO-dependence. It has been established that straying
from very specific stimulus creation conditions can change the mechanisms of the FMD
response (148). However in certain populations the FMD may reflect the function of
non-NO vasoregulatory mechanisms, specifically sympathetic activation and ET-1
activity, even when applying the shear stimulus creation procedure previously
recommended. The persistent ability of FMD to identify and predict disease reinforces
the notion that these mechanisms (in addition to NO bioavailability) play a role in the
pathogenesis of vascular disease. This etiological distinction is important to the
development of treatments for endothelial dysfunction.
Elevated sympathetic activation is common in pathologies also associated with
endothelial dysfunction (61; 167) and has been shown to blunt the FMD response (92).
In groups with elevated sympathetic outflow, even when the proper technique is
performed the resultant FMD response is a combined reflection of NO bioavailability and
sympathetic activation. In support of this statement, treatments that alleviate heightened
sympathetic activation have been shown to enhance FMD responses (103). Hence, in
groups where elevated sympathetic activation is likely to be present, caution should be
exercised when making the connection between FMD and NO bioavailability.
Endothelin (ET-1) is a powerful vasoconstrictor released by the endothelium that
stimulates smooth muscle cell proliferation, platelet aggregation and antagonizes NO,
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making it “pro-atherogenic” (196). Elevated plasma ET-1 has been documented in both
congestive heart failure and hypertension, both of which are also associated with
endothelial dysfunction (126; 178). Importantly in experimental models of hypertension,
treatment with an ET-A receptor antagonist has been shown to ameliorate endothelial
dysfunction (21; 212). More recently ET-A receptor antagonism has been shown to
improve FMD in humans with chronic heart failure (17). Importantly FMD’s NO
dependence was established in healthy subjects (53; 109; 148), in that their FMD was
virtually abolished in response to L-NMMA. The above data suggest that in diseased
populations with elevated ET-1 levels, high ET-1 rather than lower NO-bioavailability
may be responsible for their smaller (or absent) FMD responses.
How well does FMD in the brachial artery correlate with endothelial dependent
vasodilation in the coronary circulation?
The most clinically significant vascular disease occurs in the coronary and carotid
vessels. Intermittent claudication, which manifests as pain during exertion can occur in
the lower extremity (164). The vessels of the upper extremity however, where most
endothelial function testing is performed, are typically lesion free (6). In order for
brachial or radial responses to be clinically meaningful, endothelial dysfunction must be,
at least to a certain extent, a systemic phenomenon. Specifically, a small peripheral
FMD response, thought to indicate low NO bioavailability, must signify an associated
lack of vasoprotection and FMD in the clinically relevant circulation. The first study to
investigate the relationship between endothelial-mediated dilation in the brachial and
coronary arteries compared receptor mediated dilation (Ach infusion) in the left main
coronary artery, and stimulated dilation (FMD) in the brachial artery. They found a
significant but modest correlation (r2=0.36) (6). Poor correlation between Ach mediated
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dilation and shear stress mediated dilation has also been observed in the brachial artery
(60). A second study compared stimulated dilation (FMD) in both a major coronary
artery and the brachial artery and found a much stronger correlation (r2=0.78) (198). This
study by Takase et al. (198) was performed on a mixed group subjects with stenotic and
normal coronary arteries and varying risk factors. Future studies should focus on
demonstrating the correlation between impaired coronary and brachial FMD in well
defined pathological conditions.
In summary this suggests that 1) FMD in the brachial artery may be an adequate
surrogate of FMD in the main coronary arteries and 2) ACh receptor mediated dilation
and FMD do not provide the same information about endothelial function. The latter
point is important because many studies documenting coronary endothelial dysfunction
have used Ach infusion methodology (88; 138; 139) and dilation in response to Ach
infusion and shear stress are both taken as indexes of NO-mediated endothelial function.
Which index provides a better reflection of clinically relevant NO bioavailability?
Arguably FMD is more physiologically relevant, since shear stress and not Ach is the
major stimulus for NO release in vivo. In addition, dilation in response to Ach infusion is
incompletely blocked by L-NMMA infusion, indicating that it is only partially NO
mediated (60). This may help to explain the lack of correlation between FMD (shown
under specific reactive hyperemia conditions to be almost totally NO-dependent) and Ach
mediated dilation and suggests that FMD provides a better index of NO-bioavailablity.
Further, Ach infusion studies often measure dilation in the microcirculation where as
FMD studies investigate conduit artery responses (60). The poor correlation between
these techniques when this is the case could be in part because they test resistance vs.
conduit arteries respectively. This therefore raises questions regarding the systemic

46
nature of NO-mediated endothelial function. Further study is required to identify why
Ach and FMD mediated dilation are not correlated and to identify the clinical
implications of the non-uniform response.
Is FMD only important because it reflects the level of vasoprotection?
Although NO’s vasoprotective effects are important, improved FMD can confer
direct clinical benefit irrespective of whether NO (or another vasoprotective mechanism)
is the mechanism involved. FMD is an important part of the coronary response to
exercise but individuals with atherosclerotic coronary arteries may experience an
attenuated FMD response or even a vasoconstriction in response to increased flow (54;
78). This exacerbates any reductions in flow that may have already been caused by
structural vessel narrowing and prevents adequate oxygen delivery in times of stress or
exercise. Conversely, improvements in FMD can lead to reductions in myocardial
ischemia that are not explained by lesion regression (77; 78). Therefore both the
vasoprotective and vasoactive function of the endothelium has clinical relevance. This
emphasizes that investigations of non-NO-mediated FMD responses to physiologically
relevant shear stress stimuli are also important.
Does the mechanism of FMD depend on the nature of the stimulus in the coronary
circulation?
Within the radial and brachial arteries, the mechanisms of the FMD response have
been shown to be stimulus profile specific. Specifically, long duration stimuli have been
demonstrated to evoke non-NO-dependent FMD responses (2; 148). It cannot be ruled
out that the coronary artery endothelium shares this stimulus response specificity. In the
best demonstration of similar endothelial function in brachial and coronary arteries the
shear stress profile in the coronary artery was created with ATP infusion (198). This
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created a stimulus that remained elevated for 1-2 min. It is possible that this stimulus,
more prolonged than that created with reactive hyperemia, evoked a non-NO-mediated
response. The results of Shiode et al. (187), that FMD in response to a long duration
elevation in shear stress in the coronaries is not necessarily NO-mediated support this
possibility. Future research needs to be geared towards establishing the level of stimulus
response specificity that exists in the coronary circulation.
Do we know the role of non-NO FMD mechanisms in the development of vascular
disease?
Endothelial dependent vasodilation is so firmly linked to NO that the other
endothelial vasodilatory factors have been largely ignored in human studies. Several
lines of evidence suggest that this neglect is ill-advised. To name a few: 1) PGI2 and ET1 are both released by the endothelium in response to shear stress and have anti and proatherogenic properties respectively (156; 196). 2) EDHF is known to be released by
endothelial cells in response to shear stress but little is known about its physiological
importance in humans (30). As such, it cannot be ruled out as a player in vascular
pathologies. 3) While an impaired NO-mediated FMD response has been demonstrated
fairly universally in many disease states (35-37; 98; 148), an intact non-NO-mediated
response has only been shown in one study in one disease state (hypercholesterolemia)
(148). These results should be confirmed and further testing should investigate non-NOmediated FMD responses in other human diseases (e.g. atherosclerosis, hypertension,
chronic heart failure and diabetes). In summary, a systematic investigation of every
potential mechanism involved in determining FMD, looking for potential links to vascular
disease, is required.
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Part II Conclusions
It appears that in the peripheral conduit arteries the mechanisms of the response
are highly sensitive to the nature of the stimulus. In order to treat FMD as an assay of NO
bioavailability the conditions for stimulus creation outlined in this review should be
followed. If future studies adhere to the procedure that elicits a reliably NO-dependent
FMD response, some of the inter-laboratory variability that has hampered FMD studies
thus far may be eliminated. Isolating the function of different mechanisms of FMD (both
NO and non NO) is important to allow a clear examination of their relative importance to
vascular disease and vasoregulation. Future studies should be geared towards identifying
exactly what dilatory mechanisms are at work, in what proportions and over what time
courses, in response to specific shear stress stimulus profiles. This will allow
experimenters and clinicians to design tests that are better able to isolate and investigate
specific vasodilatory pathways associated with FMD. The improved assessment
techniques and interpretive ability yielded by increasing our understanding of stimulusresponse specificity may help to resolve apparent conflicts in the literature and bring us
closer to standardization and clinical application of endothelial function tests.(47; 59;
142) (4; 41; 102; 129; 155).
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Part III- FMD response dynamics
Studies investigating FMD have primarily focused on assessing the magnitude of
diameter change at peak following a transient stimulus (36; 44) or at steady state
following a sustained increase in shear stress (15; 108; 148). However, further insight
into the control systems governing a response can be gained by quantifying dynamic
characteristics of adaptation including 1) the time delay from the onset of the stimulus to
the onset of the response, 2) the rate of adaptation (quantified by a time constant), and 3)
the number of distinct phases in the response. This method of analysis has been applied
to both exercise hyperemia (65; 133; 181; 203) and oxygen uptake kinetics (12; 13; 100;
213). Blood flow and oxygen uptake investigations typically perform multiple trials and
then time-align and average the signal to reduce variability. An exponential model is
then fit to the data to allow a quantification of dynamics (133; 181; 203).
Two particularly important components of a control system are 1) the number of
response phases and 2) whether it demonstrates dynamic linearity (181). Dynamic
linearity is demonstrated by a system response that has a consistent time constant across
different magnitudes of stimulus increase (122). Dynamic linearity suggests that the
mechanisms contributing to the response are consistent across different magnitudes of
stimulus increase (100; 181). The number of phases of the response identifies distinct
sets of control mechanisms recruited in sequence and responsible for different portions of
the total response magnitude (181).
Prior to our development of the limb heating and arterial compression technique
(172; 173) there was no procedure available for human application that permitted the
creation of sustained step increases in shear stress. As a result there were no reported
quantifications of human FMD dynamics. A step increase stimulus pattern is essential to
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meaningfully characterize response dynamics because if the stimulus is changing the
response dynamics will reflect both the characteristics of the response control
mechanisms and the ongoing changes in the stimulus. Although techniques for stimulus
control in animal and isolated vessel models exist, the time course of FMD in response to
a sustained step increase in shear stress has only been investigated in a small number of
animal studies.
These studies have characterized the response magnitude, time to peak response
and the number of response phases. However, none have applied an exponential model
that allows quantification of the time delay or time constant. Furthermore, there is
considerable variation in the dynamic characteristics of FMD observed across studies.
Most recently, Azzawi and Austin (8) observed a transient dilation (peak at ~2 min post
stimulus onset) followed by a re-constriction back to near baseline diameter in response
to a maintained increase in shear stress in rat coronary arteries. In contrast, Butler et al.
(29) had previously observed a bi-phasic response with an initial robust vasodilation
(peak at 4 min post stimulus onset) followed by a re-constriction and a second modest
phase of vasodilation (initiated 15min post stimulus onset) in rat cremaster arterioles.
Finally, in rat gastrocnemius and soleus arterioles Shipley et al. (188) have observed an
initial vasodilation (peak at ~2min) that was maintained for the full 20 min of a step
increase in shear stress (188). Shipley et al. (188) also performed a basic assessment of
the speed of the response (characterized as the percent of total response magnitude
attained by 30 sec post stimulus onset) and found that the gastrocnemius arterioles
responded faster than the soleus arterioles.
Given the considerable variability between vascular beds in rats, generalizations
to the human conduit artery vasculature would appear tenuous at best. This speaks to the
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need for experimental techniques that can allow for in vivo human investigation of FMD
dynamics. A detailed description of the first application of the forearm heating and
arterial compression procedure (173) to characterize human brachial artery FMD
dynamics is reported in chapter 5.
The next series of chapters cover the specific studies of the thesis which
investigate the following. 1) The relative importance of the peak vs. the duration of
reactive hyperemia in determining the FMD response (chapter 3). 2) The NO dependence
of FMD following different durations of reactive hyperemia (chapter 4). 3) The dynamic
response of FMD following a sustained step increase in shear stimulus (chapter 5). 4)
The FMD response to steady vs. oscillatory shear stress evoked passively or via exercise
(chapter 6).
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Chapter 3

Peak vs. total reactive hyperemia: which determines the magnitude of flow
mediated dilation?

Published As:
Pyke KE and Tschakovsky ME. Peak vs. total reactive hyperemia: which determines
the magnitude of flow-mediated dilation? J Appl Physiol 102: 1510-1519, 2007.
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INTRODUCTION
When blood flow increases through a blood vessel the resultant increase in shear
stress on the vascular endothelium causes endothelium dependent vasodilation (flow
mediated dilation (FMD)). Originally created by Celermajer et al. (36) the reactive
hyperemia endothelial function test takes advantage of this phenomenon, and is the most
commonly used technique to non-invasively assess endothelial function in humans. This
technique creates a shear stress stimulus by occluding the forearm circulation with a
pressure cuff for 5 minutes to dilate forearm resistance vessels. Upon release of the
occlusion, inflow through the brachial artery is transiently increased (reactive hyperemia)
and acts as the stimulus for FMD. The peak FMD, expressed as a % change (%FMD) is
taken as an index of endothelial function.
The magnitude of FMD is related not only to the health of the vascular
endothelium, but also to the magnitude of the imposed stimulus (144; 172). Importantly,
the magnitude of the shear stimulus created with reactive hyperemia is influenced by
several factors and may be quite variable between subjects or potentially between groups
(91; 108; 144; 172). Thus, if a small %FMD response is observed it is important to know
if it is the result of a small imposed shear stimulus, or if it is in fact revealing an
underlying endothelial dysfunction. One way to address this is to normalize the %FMD
response to the magnitude of the shear stimulus imposed (peak FMD response/shear
stimulus).
The peak of the shear stress stimulus profile created with reactive hyperemia
occurs 4-7 sec post cuff release and then rapidly decays, returning to baseline within 2
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minutes. In contrast, the peak diameter adaptation is typically not observed until 45-75
sec post cuff release (44). Thus the vessel is exposed to the peak stimulus and then a
further 35-65 sec of continued elevated shear stress prior to the development of the peak
response. Despite the relatively prolonged exposure to elevated shear stress with reactive
hyperemia, often only the peak shear stress or blood flow post cuff release is used to
quantify the stimulus for FMD (1; 53; 109).
Some studies have more closely scrutinized the role of peak vs. continuation
characteristics of the reactive hyperemia stimulus in determining FMD (22; 107; 125) and
suggest the peak is not solely responsible. However these studies used alterations in
occlusion time and addition of ischemic handgrip exercise to establish different peaks and
durations of hyperemia in combination, thus their findings do not partition the role of
each. Furthermore, it remains unknown what effect the duration of zero shear along the
brachial artery endothelium during occlusion has on the subsequent FMD response.
Thus, differences in occlusion time may be a confounding influence in these studies.
The current study was therefore designed to systematically isolate and investigate
the relative contribution of the peak vs. the continuation of a reactive hyperemia shear
stimulus following a standard 5 min occlusion in determining the FMD response. This
was achieved by holding the peak shear stimulus constant while manipulating the shear
stimulus duration (duration manipulation experiment-DME) or by holding the
continuation of the shear stimulus constant while manipulating the magnitude of the peak
shear stimulus (peak manipulation experiment-PME). For the DME we tested the
hypothesis that 1) the peak stimulus by itself (10 sec of hyperemia) does not determine
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FMD, and 2) that longer stimulus continuation would result in progressively larger FMD
responses. For the PME we tested the hypothesis that the peak FMD would increase with
the peak stimulus magnitude.
METHODS
Subjects.
10 (DME) and 8 (PME) healthy, non-smoking male subjects between 19 and 32 years of
age from the Queen’s University student population volunteered to participate. Health
status of the subjects was confirmed with a medical screening questionnaire for risk
factors associated with endothelial dysfunction. Each subject served as his own control.
All subjects completed a consent form that was approved by the Health Sciences Human
Research Ethics board at Queen’s University. Subjects were instructed to abstain from
alcohol, caffeine and exercise for 12 hours prior to the study, and to abstain from food for
4 hours prior to the study. Each subject performed all trials (DME- 6 trials; PME- 3
trials) at the same time of day in a temperature controlled room (22° C).
Subject monitoring- Heart rate was monitored throughout each study via 3 lead ECG.
Blood pressure was measured continuously via arterial tonometry (Colin 7000, Trudell
Medical Inst, London On).
Brachial artery blood flow velocity and diameter.
Brachial artery blood flow velocity was measured continuously in all experiments with
Doppler ultrasound operating at 4 MHz (GE Vingmed System 5, GE Medical Systems
Inc.). All scans were performed at an insonation angle of 68 degrees which still provides
valid estimates of flow velocity as long as insonation angle is maintained accurately
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(116). This angle was selected as it allows the vessel to be perpendicular to the
ultrasound beam which yields superior image quality. Image quality is critical to the
determination of FMD.
The ultrasound probe was oriented over the brachial artery to achieve a clear
arterial blood velocity signal, with no interference from adjacent vein blood flow. Once
in position the probe was secured with a clamp stand and a guide adhered to the skin.
The brachial artery was imaged by 2D greyscale ultrasound imaging in B-mode with the
same probe operating at 10 MHz. The probe operator was able to make minor corrections
to probe placement to maintain an optimal velocity signal and vessel image throughout
the experiment while maintaining consistent insonation angle within subject trials. The
images were recorded in Digital Imaging and Communications in Medicine (DICOM)
format for future analysis with a custom automated edge detection software (217).
Experimental Protocols.
For all protocols subjects lay supine with both arms out to their sides. Blood pressure
was measured on the right arm, while ultrasound measurements were performed on the
left arm. An occlusion cuff was placed below the area of brachial artery blood flow
velocity and diameter measurement, just proximal to the antecubital fossa. Baseline
brachial artery images and blood flow velocity prior to occlusion cuff inflation were
recorded for 1 minute. The occlusion cuff was then inflated to 300 mmHg for 5 min. The
brachial artery blood flow velocity and vessel images were recorded for the final 1 min
during occlusion immediately prior to the initial cuff release and for 2 min thereafter.
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Shear stimulus duration manipulation (DME) experiments (See Figure 3.1A). To
manipulate the duration (continuation) of the reactive hyperemia the occlusion cuff was
re-inflated after allowing a defined period of hyperemia. This re-inflation was a
progressive increase in cuff pressure from 0-300 mmHg over 2-3 seconds to avoid a
sudden retrograde pressure and velocity burst. This allowed for a constant peak shear
stimulus and a range of shear stimulus durations within each subject. Given the nature of
reactive hyperemia, there were obviously differences in the peak shear stimulus between
subjects. Subjects underwent 6 trials with different hyperemic durations; 10 sec, 20 sec,
30 sec, 40 sec, 50 sec and “full reactive hyperemia (full RH)” (see Figure 3.1A). The
order of these trials was randomized. Baseline conditions were re-established between
trials. Subjects performed the same six trials on 3 different days. All 3 test days took
place within a 7 day period. Each subject’s responses were averaged across test days for
each hyperemic duration condition to provide an individual mean response.
Shear stimulus peak manipulation (PME) experiments (See Figure 3.1B). Isometric
handgrip exercise at 30% maximal voluntary contraction (MVC; subjects received
oscilloscope feedback on force output relative to the target level of 30%) was performed
with the occluded forearm for 30 sec - 1 min starting at the 2nd minute of occlusion
(exercise was terminated when an increase in mean arterial pressure was noted).
Upon release of the 5 min forearm occlusion, brachial artery blood flow velocity
was controlled via downstream arterial compression (finger pressure over brachial pulse
downstream of ultrasound probe site). Briefly, mean blood flow velocity was
continuously displayed on the data acquisition computer as a 3 sec moving average
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Figure 3.1. Panel A: DME protocol. 1 minute of baseline was recorded before
occlusion cuff inflation. An occlusion baseline was recorded 1 min before occlusion
cuff release. After 5 min of occlusion the cuff was released for a duration that
depended on the trial (Full RH, 50 sec, 40 sec, 30 sec, 20 sec, or 10 sec period). Panel
B: PME protocol. 1 minute of baseline was recorded before occlusion cuff inflation.
After 2 min of occlusion subjects performed 30 sec-1min of ischemic forearm
contraction at 30%MVC. 1 minute prior to occlusion cuff release a second baseline
was recorded (occlusion baseline). After 5 min of occlusion, depending on the trial,
the cuff was released completely (Large Peak), released to 50mmHg with arterial
compression to target 75% of the normal peak hyperemia (Medium Peak) or released
to 50 mmHg with arterial compression to target 50% of the normal peak hyperemia
(Small Peak). Reproduced with permission from: Pyke and Tschakovsky. Journal of
Applied Physiology. 102 . Pg 1511. 2007.
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allowing the experimenter to use the velocity feedback to target specific velocities upon
cuff release by varying downstream arterial compression. In order to apply appropriate
downstream arterial compression upon occlusion release the brachial pulse was located
and its position was marked on the skin prior to starting the experiment. Initially a trial
was performed with full release of cuff occlusion and no downstream arterial
compression. This trial was used to establish the “normal” peak shear stimulus
magnitude. For targeting purposes (see below) the peak stimulus was defined as the
velocity in the first 9 sec post cuff release. In subsequent trials subjects were exposed to
3 peak magnitudes; large (L; full occlusion release, no downstream arterial compression
upon occlusion release), medium (M; occlusion release to 50 mmHg cuff pressure and
downstream arterial compression targeting 75% of the normal peak brachial artery blood
flow velocity magnitude for a given subject) and small (S; occlusion release to 50 mmHg
cuff pressure and downstream arterial compression targeting 50% of the normal peak
brachial artery blood flow velocity magnitude for a given subject).
Peak targets were maintained for the first 9 sec post occlusion release. After 9 sec
arterial compression was used to keep brachial artery blood flow velocity from exceeding
the “small peak” magnitude in all trials (see Figure 3.1B). This control was maintained
for 2 min post occlusion release. Thus the first 9 sec post occlusion release (the peak
stimulus) was different between trials (small medium or large), but the post-peak stimulus
magnitude was the same. Subjects underwent 3 trials of each peak magnitude. Baseline
conditions were re-established between trials. For each subject, the like trials were
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averaged to provide a mean response per subject for each peak stimulus manipulation
condition.
Data Analysis

Brachial artery blood flow velocity. Blood flow velocity was analysed off-line in 3 sec
average time bins. Velocity bins from multiple trials were averaged to provide an
average blood flow velocity profile for each subject in every condition.
Brachial artery diameter. Vessel diameter was analyzed using an automated edgedetection software package (FMD/Blood flow Acquisition and Analysis) described in
Woodman et al. (217). This program allows the user to identify a region of interest (ROI)
on the portion of the image where the walls are most clear. It then identifies and tracks
the walls of the artery via the intensity of the brightness of the walls vs. the lumen of the
vessel. The program collects one diameter measurement for every pixel column in the
ROI. It uses the median diameter as the diameter for that frame. The program is
triggered to the ECG signal and provides a diameter measurement for every R wave
(corresponding to end diastole).
The diameter data was averaged into 3 sec time bins allowing multiple trials to be
time-aligned and averaged. This averaged data was then plotted over time and a line of
best fit was applied using custom software that allows the user to select the type of
exponential function and manipulate the function parameters (time delay and time
constant (tau)) to form a curve that is the best fit for the data (see Fig. 3.2B). Using the
function parameters, another custom program was then applied to provide a
corresponding diameter estimate for every 3 sec. Thus a diameter measurement and a
velocity measurement, time aligned for every 3 sec, was obtained.
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Figure 3.2. Panel A: Representative response of brachial artery diameter in the
transition from resting baseline to occlusion cuff inflation to 300 mmHg at time = 0
s typically observed in our laboratory (note the smaller diameter than in the present
study: these data are from a subject involved in a different study, as we did not
record diameter in the baseline to occlusion transition for the present study). Panel
B: Representative response and curve fit of brachial artery diameter following the
release of occlusion (at time = 0 seconds) in the present study. Reproduced with
permission from Pyke and Tschakovsky. Journal of Applied Physiology. 102 . Pg
1512. 2007.
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FMD is reported as the peak % change in diameter (%FMD) from the occlusion baseline
measurement prior to release of forearm occlusion. This baseline measurement was used
as adjustments to the image were often necessary during occlusion and thus the probe
position and image during the occlusion baseline were the same as those during the
release period. The occlusion baseline measurements tended to be slightly smaller than
the pre-occlusion baseline measurements but the pattern of FMD was the same regardless
of which baseline was used in the calculation (data not shown).
Shear rate. Shear rate (an estimate of shear stress without viscosity) was calculated as
mean blood flow velocity/vessel diameter and was used to quantify the stimulus for FMD.
The peak shear stimulus was calculated as the AUC of the shear rate in the first 9 sec post
cuff release. This characterization was selected because it 1) provides a more robust
quantification than the use of a single time point, 2) does not exceed the time frame of the
10s trial in the DME and 3) facilitates comparison with the post-peak stimulus which was
also characterized as an AUC.
Statistical Analysis
One and two way repeated measures analyses of variance were used to compare both the
stimulus (shear rate) and response (% change in diameter) parameters. The level for
significance was set at P < 0.05, and significant differences for ANOVA were further
assessed using Tukey’s post hoc tests. All statistics were calculated using Sigmastat 2.03
(SPSS, Chicago, IL). Values are expressed as mean ±SD. AUC is shear rate · time. This
is s-1 · s, and therefore does not have a unit symbol.
RESULTS

Heart rate and blood pressure
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Average blood pressures and heart rates at baseline, during last minute of occlusion and
following occlusion cuff release are shown in Table 3.1.
DME. There was no main effect of duration of the shear stimulus on the heart rate or the
blood pressure (P= 0.893 and P=0.602 respectively).
PME. There was a main effect of baseline period, as heart rate and blood pressure were
slightly elevated in the occlusion baseline period compared to the pre-occlusion baseline
(P = 0.018 and P≤ 0.001 respectively) (Table 3.1). Average blood pressure and heart rate
post occlusion cuff release returned to levels that were not significantly different from the
pre-occlusion baseline (P = 0.181 and P = 0.517 respectively) (Table 3.1). There was no
main effect of peak shear stimulus magnitude on heart rate or blood pressure (P = 0.970
and P = 0.530 respectively).
Brachial artery baseline diameter
Brachial artery diameter in the DME subjects was slightly but significantly less in
occlusion baseline vs. pre-occlusion baseline (3.63 ±0.27 mm vs. 3.67 ±0.28 mm,
P=0.001). Brachial artery diameter for the PME subjects was also slightly but
significantly less in occlusion baseline vs. pre-occlusion baseline (3.82 ±0.47mm vs. 3.88
±0.48 mm, P=0.009). There was no main effect of trial on baseline diameter for either the
DME or PME in either the pre-occlusion baseline or occlusion baseline conditions (P =
0.843 and P = 0.509 for the pre-occlusion baseline and P = 0.553 and P = 0.247
respectively for occlusion baseline). The absence of an increased occlusion baseline in
the PME indicates that no conducted vasodilation took place as a result of ischemic
exercise in the PME. The within-subjects coefficient of variation for baseline diameter
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Table 3.1. Heart rate and blood pressure. Values are mean ± SD. DME,
duration manipulation experiment; PME, peak manipulation experiment.
HR, heart rate; MAP, mean arterial pressure. * Significantly different from
pre-occlusion baseline; NS, not significant.

PreOcclusion
baseline

Occlusion
baseline

Release
Period

P Value

HR,beats/min

58.5 ±8.9

58.7 ±8.9

58.1 ±8.8

NS

MAP,mmHg

74.6 ±5.3

74.6 ±5.3

74.1 ±5.8

NS

HR,beats/min

59.5 ±8.0

61.6 ±8.1*

60.2 ±8.2

0.018

MAP,mmHg

78.9 ±6.7

82.1 ±6.8*

79.8 ±7.3

<0.001

DME

PME

65
was 0.95 ±0.41% for the DME and 1.01 ±0.74% for the PME. This demonstrates good
repeatability of baseline measures and is similar to other studies using automated
diameter analysis (93).
Shear rate profiles
DME. There was no main effect of shear stimulus duration condition on pre-occlusion
baseline shear rate (P = 0.663; average shear rate: 20.5 ±9.0 s-1). There was also no main
effect of shear stimulus duration condition on occlusion baseline shear rate (P=0.668;
average shear rate: 3.1 ±1.1 s-1). The mean shear stimulus profile created is shown in
Figure 3.3A. As anticipated, there was no main effect of shear stimulus duration
condition on the peak shear rate (9 sec AUC not different across DME trials; range
1173.7 ±245.2 to 1122.4 ±222.4, P=0.326, see Figure 3.4A). As intended, the range of
cuff re-inflation times resulted in a post-peak shear stimulus (defined as the AUC from 9120 sec) that was significantly different between trials (main effect of cuff re-inflation
time P<0.001) (see Figure 3.4B). However, the shear stimulus that could contribute to the
development of the peak %FMD response could only be the shear stimulus occurring
prior to the peak %FMD. We term this the “relevant” shear stimulus. When the shear
stimulus was quantified as the “relevant” post-peak stimulus (9s to the time of peak
diameter measurement), the 40 sec, 50 sec and full RH trials were not significantly
different (see Figure 3.4C).
PME. There was no main effect of peak shear stimulus condition on the pre-occlusion
baseline shear rate (P=0.618; average shear rate: 21.5 ±7.4 s-1 ). There was also no main
effect of peak shear stimulus condition on occlusion baseline shear rate (P=0.367; average
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Figure 3.3. Panel A: DME average shear rate profile for all 6 experimental
conditions. Each data point represents a 3 sec average. Panel B: PME
average shear rate profile for all 3 experimental conditions. Each data point
represents a 3 sec average. Reproduced with permission from: Pyke and
Tschakovsky. Journal of Applied Physiology. 102 . Pg 1513. 2007.
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Figure 3.4. DME Peak shear rate (9 sec AUC) (P=0.326). Panel B: DMETotal post-peak shear rate. Panel C: DME post-peak shear rate until time of
peak %FMD response (“relevant” shear rate). Panel D: PME peak shear rate
(9 sec AUC). Panel E: PME total post-peak shear rate. Panel F: PME postpeak shear rate until the time of peak %FMD response (“relevant” shear
rate). # Significantly different from all other trials; & Significantly different
from Full RH; * Significantly different from 50 sec; ^ Significantly different
from 40 sec. All P<0.05. Reproduced with permission from: Pyke and
Tschakovsky. Journal of Applied Physiology. 102 . Pg 1514. 2007.
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shear rate: 6.1 ±2.2 s-1). The mean shear stimulus profile created is shown in Figure
3.3B. As intended, there was a main effect of peak shear stimulus condition on the peak
shear stimulus (AUC first 9 sec; L: 1049.0 ±285.8, M: 726.4 ±228.8, S: 512.8 ±161.8,
P<0.001, see Figure 3.4D). Post-peak arterial compression was successful in creating a
uniform post-peak shear stimulus magnitude in all trials (defined as the AUC from 9 sec 120 sec; L: 7741.2 ±2026.6; M: 7615.2 ±1930.4; S: 7820.7 ±2141.4, P=0.412) (see
Figure 3.4E). The “relevant” post-peak shear stimulus was also not significantly different
between trials (P=0.342) (see Figure 3.4F).
Stimulus manipulation effect on peak %FMD
DME. There was a main effect of altered duration of the shear stimulus on the peak
%FMD response under conditions of equal peak shear stimulus magnitude (see Figure
3.5A). Post hoc analysis revealed specifically that 10 sec or 20 sec of reactive hyperemia
resulted in a significantly smaller peak %FMD than did the full reactive hyperemia
exposure. Thus at least 30 sec of hyperemia was required to achieve a %FMD response
that was not significantly different from that achieved with a full reactive hyperemia
period. The peak %FMD also increased linearly with the AUC of the shear stimulus
(r2=0.56; P<0.001) (see Figure 3.5C). There was a main effect of shear stimulus duration
on the time to peak %FMD (time from shear stimulus initiation to peak response
measurement in seconds, Fig. 3.6A: 10sec: 21.9 ±5.1; 20sec: 31.2 ±5.9; 30sec: 37.5 ±6.4;
40sec: 44.4 ±11.9; 50sec: 51.9 ±13.4; full RH: 43.5 ±15.7, (P<0.001)).
PME. There was no main effect of altered peak shear stimulus magnitude on the peak
%FMD response when post-peak shear stimulus magnitude was kept constant (L: 7.0
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Figure 3.5. Panel A: Peak % change in diameter (%FMD) for each trial of the
DME. Panel B: Peak % change in diameter for each trial of the PME (P=0.437).
Panel C: Shear rate AUC until the time of peak diameter measurement (“relevant”
shear rate) vs. the peak %FMD response for all trials of the DME. r2=0.56;
P=<0.001. Panel D: Peak shear rate (9s AUC) vs. the peak %FMD response for all
trials of the PME. r2=0.11; P=0.118. # Significantly different from all other trials;
^ Significantly different from 40 sec; & Significantly different from Full RH.
Reproduced with permission from: Pyke and Tschakovsky. Journal of Applied
Physiology. 102 . Pg 1515. 2007.
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Figure 3.6. Panel A: DME time to peak %FMD response. Panel B -PME time to
peak %FMD response. & Significantly different from Full RH; * Significantly
different from 50 sec; ^ Significantly different from 40 sec; @ Significantly
different from 30 sec. All P<0.05. Reproduced with permission from: Pyke and
Tschakovsky. Journal of Applied Physiology. 102 . Pg 1516. 2007.
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±2.7%, M: 7.4 ±2.6%, S: 6.7 ±1.84%, P=0.542, see Figure 3.5B). There was also no
main effect of peak shear stimulus magnitude on the time to peak %FMD (Fig. 3.6B; L:
89.3 ±25.5, M: 101.3 ±19.9, S: 98.0 ±19.9, P=0.361). The peak diameter is typically
reported at ~60 sec and there was also no main effect at this earlier time point (L: 6.3
±2.3%; M: 5.7 ±1.9%; S: 5.1 ±1.9%, P=0.194). There was also a poor correlation
between the peak shear stimulus and the peak %FMD (r2=0.11; P=0.12) (see Figure
3.5D).
Relationship of the peak and the AUC of the reactive hyperemia shear stimulus
In the full reactive hyperemia trial of the DME experiment (the only trial with no stimulus
manipulation) there was no statistically significant relationship between the peak shear
stimulus and the post-peak shear stimulus AUC (r2=0.35, P=0.07, see Fig. 3.7).
Impact of response normalization
DME. When the peak %FMD response was normalized to the “ relevant” shear stimulus
AUC (peak % change/“relevant” shear stimulus AUC) there was no longer a main effect
of shear stimulus duration conditions on peak %FMD (P=0.06, see Figure 3.8A). In
contrast, the main effect of shear stimulus duration on peak %FMD response remained
when %FMD was normalized to the peak stimulus (see Figure 3.8B). No response
normalization was performed for the PME as there were no differences in the %FMD
response or the “relevant” shear stimulus AUC between trials.
DISCUSSION
To date it has not been clearly determined which portion of the shear stimulus
profile is relevant to the development of the peak %FMD response in a reactive
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Figure 3.7. Figure 3.7: DME full reactive hyperemia trial. Relationship between
the peak shear stimulus (9s AUC) and the continued post-peak shear stimulus
AUC (r2=0.35, P=0.07). Reproduced with permission from: Pyke and
Tschakovsky. Journal of Applied Physiology. 102 . Pg 1516. 2007.
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Figure 3.8. All graphs refer to the DME. Panel A: Peak %FMD response
normalized to the shear stimulus AUC until the time of peak diameter
measurement (P=0.06). Panel B: Peak %FMD response normalized to the
peak shear stimulus. # Significantly different from all other trials; ^
Significantly different from 40 sec; & Significantly different from Full RH.
All P<0.05. Reproduced with permission from: Pyke and Tschakovsky.
Journal of Applied Physiology. 102 . Pg 1517. 2007.
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hyperemia test (172). The %FMD response magnitude is taken as an index of endothelial
function and it is critical to discern whether small %FMD responses are the result of a
small imposed stimulus, or whether they are a true indicator of endothelial dysfunction.
The main novel finding of this study was that the independent contribution of the peak
shear stimulus is minimal, and it is the shear rate AUC, and not the peak itself, that is the
critical determinant of the peak FMD response.
This conclusion is supported by four key observations. First, despite a uniform
peak shear stimulus magnitude in all trials, exposure to only the peak hyperemia (10 sec
trial DME) resulted in minimal %FMD, and at least 30 sec of reactive hyperemia was
required to observe a “maximal” %FMD response (Fig. 3.5A) . Second, exposure to the
same post-peak shear stimulus resulted in a uniform %FMD response regardless of the
magnitude of the peak shear stimulus (Fig. 3.5B). Third, when the peak %FMD in the
DME was normalized to the AUC of the shear stimulus until the time of peak diameter
measurement, the differences between trials were eliminated (Fig. 3.8A). Finally, there is
a poor relationship between the peak and the continued shear rate AUC (Fig. 3.7).
Shear stimulus profiles: peak vs. continuation as the determinant of peak %FMD
In this experiment we precisely and independently manipulated the peak shear
stimulus and the shear stimulus duration created with reactive hyperemia (Fig. 3.3).
Previous studies have used techniques including varied occlusion periods, occlusion cuff
positions and ischemic handgrip exercise to create a range of stimulus magnitudes (22;
107; 125). However, none of the experimental approaches used were able to
systematically manipulate one variable and hold the other constant.
Isolated manipulation of peak vs. duration of shear stimulus. Joannides et al. (107)
(radial artery) and Leeson et al. (125) (brachial artery) both manipulated the peak and the
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duration of the shear stimulus created with reactive hyperemia by employing a range of
occlusion periods (30 sec -10 min). Both groups observed that even with no increase in
the peak reactive hyperemia, longer hyperemic durations elicited larger peak %FMD
responses. These results agree with ours in that they demonstrate that increased shear
stimulus duration in the absence of an increase in the peak shear stimulus results in a
larger %FMD response. However our study extends the findings of these previous
studies in several important ways. 1) It applies specifically to the current standard 5 min
occlusion reactive hyperemia test, 2) We have quantified shear rate and isolated the
impact of the peak vs. the continued AUC of the reactive hyperemia shear stimulus on the
peak %FMD, and 3) our design allows for conclusive, specific recommendations
regarding reactive hyperemia peak vs. AUC in %FMD response normalization.
With the DME we found that 10 sec of reactive hyperemia resulted in minimal
%FMD. The peak shear stimulus was the same in all trials so this provides strong
evidence that with a 5 min occlusion reactive hyperemia test, the peak stimulus by itself is
not responsible for determining the %FMD response. In fact, at least 30 sec of hyperemia
was required to see a “maximal” %FMD response which is consistent with the duration of
the hyperemia being an important determinant of the %FMD response. In this study the
shear stimulus decayed rapidly and the majority of the relevant shear stimulus magnitude
had already elapsed by 30 sec post occlusion release. It is quite possible that if the
elevation in shear stimulus was of longer duration, the 40, 50 and full release conditions
would have yielded progressively larger %FMD responses.
In the PME the post-peak shear stimulus (continuation of shear stimulus) was
constant between trials. The peak magnitudes were substantially and significantly
different with the medium and small peak magnitudes at 69% and 48% of the large peak
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magnitude respectively. It has previously been observed in isolated vessels that an
impulse increase in shear stress results in a G-protein dependent burst of nitric oxide
release (70). This previous observation would suggest that the sudden increase in shear
stress at the onset of reactive hyperemia is responsible for initiating the endothelium
dependent vasodilation. In the present study, we observed that the magnitude of the peak
shear stimulus had no impact on the magnitude of the %FMD response under conditions
of equal continued reactive hyperemia. Taken together with the observation in the DME
that the initial 10 sec of reactive hyperemia in isolation result in minimal dilation, it
appears that the independent contribution of this short burst of vasodilator release creates
minimal dilation and is “overwhelmed” by the effect of the continued elevated shear
stimulus. Thus, peak shear stimulus magnitude plays little role by itself in determining
the %FMD response. Rather, this study supports the hypothesis that the magnitude of the
shear stimulus continuation is the key determinant of the %FMD response magnitude.
%FMD: correlation with peak and duration of shear stimulus. Fig. 3.5C and 3.5D
respectively plot 1) %FMD against the “relevant” shear stimulus AUC across the reactive
hyperemia duration conditions in the DME experiment, and 2) %FMD against the peak
shear stimulus AUC in the PME experiment. These correlations reveal that as the
duration of shear stimulus following release of occlusion is allowed to increase from the
10 sec to full reactive hyperemia conditions, %FMD increases proportionally (Fig. 3.5C).
This relationship is a strong one (r2 = 0.56, P<0.001). In contrast, when the peak shear
stimulus is manipulated independently, there is virtually no change in %FMD magnitude
as indicated by a minimal slope and non-significant r2 = 0.11 (Fig. 3.5D, P = 0.118). The
much steeper slope in Fig. 3.5C vs. 3.5D translates into a much greater sensitivity of
%FMD to the duration of shear stimulus than to the peak shear stimulus when each is
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manipulated independently.
Consideration of mean blood velocity to estimate FMD shear stimulus
Wall shear stress (WSS) represents the true stimulus for FMD but is difficult to
quantify in vivo (111). In the current study, the simplest approach for its estimation was
applied in which WSS is proportional to mean blood flow velocity, assuming 1)
Newtonian fluid behavior and 2) laminar flow with a parabolic flow velocity profile that
remains relatively constant across flow conditions. However, blood is a non-Newtonian
fluid. Furthermore, while Silber et al. (192) determined flow velocity profiles during the
peak reactive hyperemia in vivo and found that turbulence does not appear to occur
(parabolic characteristics of the flow velocity profiles appeared preserved), the steepness
of these flow velocity profiles varied between individuals and was greater at high flow.
Steeper velocity gradients can increase error in velocity measurements (136). Finally,
pulsatile flow as occurs in vivo can increase the error in WSS estimation from parabolic
flow velocity profiles (131).
It could be argued that these potential limitations in quantifying actual shear
stimulus for FMD require that a role for the magnitude of the peak shear stimulus in
determining %FMD magnitude should not be completely discounted. While inaccuracies
in WSS estimation could be part of the unexplained variance in %FMD (Fig. 3.5C), we
do not believe these potential inaccuracies have an impact on the interpretation of our
findings. This is because interpretation of the nature of our findings, i.e. 1) little %FMD
occurred with only peak hyperemic shear stimulus being allowed (Fig. 3.5A), and 2)
manipulation of the peak reactive hyperemia shear rate magnitude resulted in virtually
identical %FMD if the AUC was held constant (Fig. 3.5B), is independent of the accuracy
of WSS magnitude estimation. Taken together with previous findings indicating laminar
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flow is likely occurring in the brachial artery during the peak reactive hyperemia (192),
we believe the findings of this study clearly establish a minimal role for peak shear
stimulus magnitude in determining %FMD magnitude.
Consideration of blood viscosity
Because we were unable to measure blood viscosity in this experiment, we could not
quantify shear stress. However, shear stress is simply the product of shear rate and
viscosity. Therefore we used shear rate as an estimate of the shear stimulus. Within a
subject during a given experimental session, viscosity will be stable so changes in shear
rate represent proportional changes in shear stress. It is possible that there were day to
day fluctuations in blood viscosity (DME only, PME had only one test day) that might
have influenced the magnitude of the stimulus (shear stress). However viscosity
fluctuations are unlikely to affect our conclusions for a number of reasons. First, the 3
test days in the DME were performed within a 7 day period, at the same time of day
under the same fasting conditions and this should have minimized variability (209).
Second, all trials were performed each day and averaged together to form a single mean
response for each subject. Thus, even if viscosity did vary between days, it was
accounted for equally in all DME conditions and therefore would not affect our
conclusions. Third, blood viscosity measured 3-5 times per subject over a period of 6-8
weeks demonstrates a very low intra-subject variability (mean CV 2.72% range 0.964.9%) (80).
Consideration of cuff re-inflation effect
In the DME experiment, the duration of the reactive hyperemia was controlled by reinflation of the occlusion cuff at specific timepoints. It could be suggested that this reinflation affects the vessel mechanical environment in a way that initiates a
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vasoconstrictor response, and therefore the blunting of FMD in the 10 and 20 sec reactive
hyperemia trials could be confounded by an activation of vasoconstriction. The basis of
this concern originates in the observations that there is an apparent reduction in vessel
diameter during the downstream occlusion period (127).
There are a number of lines of evidence within the present study however which
argue against a confounding effect of downstream cuff re-inflation-induced
vasoconstriction. With continuous tracking of vessel diameter from baseline through the
first 2 min of occlusion and from the last minute of occlusion until 2 min after occlusion
release, we consistently observe the following as indicated in a representative brachial
artery diameter response in Fig. 3.2A and 3.2B: 1) there is no change in vessel diameter
during the first 2 min of occlusion, 2) the average change in diameter from pre-occlusion
baseline to the last minute of occlusion in the present study was only 1% (3.63 ±0.27 mm
vs. 3.67 ±0.28 mm), 3) the FMD response initiates ~14-20 sec and reaches a peak value
within 60-90 sec which is during a time period where there is no cuff-inflation induced
vasoconstriction, 4) the %FMD in the 10 sec vs. full reactive hyperemia was 2.7 ±1.3 vs.
9.3 ±4.1 which, if explained by a counteracting vasoconstrictor influence, would require
that influence to be substantial. Taken together, these observations argue strongly against
cuff re-inflation induced vasoconstriction as a confounder in this study.
Consideration of ischemic handgrip exercise
The post-peak shear stimulus in the PME was more prolonged than that in the DME due
to the addition of a brief period (30 sec -1 min) of ischemic handgrip exercise. Ischemic
handgrip exercise has previously been shown to increase the duration of reactive
hyperemia (22; 211). The prolonged hyperemia was necessary in order to control the
post-peak shear stimulus magnitude and ensure that it was uniform between trials. The
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prolonged stimulus resulted in a delayed attainment of peak diameter (average 96 sec vs.
the roughly 60 sec that is typically reported in the literature (44)).
The prolonged stimulus and its effect on response development warrants
consideration for several reasons. First, it could be suggested that a long period of postpeak elevated shear stimulus would potentially “wash out” the impact of the brief peak
shear stimulus. However, if this was the case in the current PME study we would expect a
peak shear stimulus effect at the typical peak %FMD time of 60 sec. Instead, the %FMD
was virtually identical between PME conditions at this time. Thus we do not believe that
a “washout” effect can explain our findings.
Second, the prolonged stimulus in our study may have affected the %FMD
response mechanisms responsible for the observed peak %FMD. Mullen et al. (148)
(using a 15 min period of occlusion) and Agewall et al. (2) (using ischemic handgrip
exercise) have shown that a prolonged reactive hyperemia results in a peak %FMD
response that is not (primarily) nitric oxide mediated. This may be due to the engagement
of a second, delayed onset mechanism. This is in contrast to the response that is created
with a 5 min occlusion without ischemic exercise, which is thought to be nitric oxide
dependent (53; 109; 129). However, it must be noted that the timing of the peak %FMD
in these previous prolonged hyperemia studies would have been delayed relative to the
~60 sec time of 5 min occlusion studies (44). As stated above, in the current PME study
the peak %FMD at 60 sec was virtually identical between conditions. Thus, we believe
our findings are relevant for both early and later acting %FMD mechanisms.
A final consideration regarding ischemic handgrip in this study is the potential
effect on sympathetic activation via the muscle chemoreflex. In the PME, heart rate and
blood pressure were transiently elevated by performing ischemic handgrip exercise. This
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has been observed by others in a similar setting (22). The magnitude of the elevation in
these variables (2.1 bpm, and 3.2 mmHg) suggests mild sympathetic activation.
Sympathetic activation created via lower body negative pressure has been reported to
blunt the %FMD response (92). In contrast to these findings, a recent study by Dyson et
al. (55) found no impact of either lower body negative pressure or peak metaboreflexinduced sympathetic activation on the %FMD in healthy young males. In our study, the
increases in heart rate and blood pressure were minor, not different between trials, and
they returned to baseline within seconds of cuff release. Thus, in the unlikely event that
there remained a mild level of sympathetic activation during the FMD response it should
not have affected the response magnitudes and therefore we do not believe sympathetic
activation confounds our findings.
%FMD response normalization recommendations
We have recently stressed the importance of accounting for the magnitude of the
stimulus when interpreting %FMD responses (174) and this approach is beginning to
come into practice (50). However, the practice of stimulus normalization has been
hindered because there has been no clear evidence as to which shear stimulus
quantification should be used to normalize responses. In the current study, %FMD
response normalization with the AUC of the shear stimulus until the time of peak
diameter measurement eliminated the differences in the response seen in the DME
(Figure 3.8A). This time interval was selected because it represents the entire shear
stimulus that could be contributing to the response. In contrast, when the %FMD
response was normalized to the magnitude of the peak shear stimulus, the differences in
%FMD between trials were maintained.
One final consideration with regard to normalization recommendations needs to
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be addressed. In the DME study, the duration of the stimulus was artificially manipulated
by re-inflating the occlusion cuff mid-hyperemia. Perhaps without this intervention the
magnitude of the peak shear stimulus and the continuation of the shear stimulus (postpeak AUC) would be very closely related, making the peak shear stimulus an acceptable
”normalization factor” as is suggested by a previous publication from our laboratory
(172). However, in the full RH trial where the duration of the shear stimulus was not
manipulated, there was a poor relationship between the peak shear stimulus and the postpeak shear stimulus (r2=0.35; P=0.07, see Fig. 3.7). This lack of correlation between the
peak and the continuation of the stimulus has also been reported by others (107). In
addition Ishibashi et al. (105) observed that while healthy subjects and subjects with
multiple risk factors for cardiovascular disease had the same peak reactive hyperemia the
duration of the hyperemia was significantly attenuated in risk factor subjects. This
observation is critical because it has ramifications for the interpretations of
diagnostic/predictive FMD studies performed in high risk groups. Combined, these data
confirm that the peak and the duration of the reactive hyperemia can vary independently
(peak does not always represent duration). Therefore, because the duration of the
stimulus is important (demonstrated by the current study and shown by others (3,15, 20)
it should be measured and used in response normalization.
Conclusions
Independent manipulation of the continuation of reactive hyperemia had an impact on the
peak %FMD response while independent manipulation of peak reactive hyperemia did
not. We conclude that the continued shear rate AUC is the critical determinant of the
peak %FMD response and needs to be accounted for in quantifying the stimulus for
FMD. Therefore, normalization of the peak %FMD response to the total AUC of the
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shear rate stimulus until the time of peak diameter measurement is the appropriate
strategy to account for shear stimulus contributions to %FMD.
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INTRODUCTION
The proper function of the endothelial cells that line the blood vessels is thought
to be vital to both vasoregulation and vascular health. In healthy arteries an increase in
blood flow (resulting in an increase in shear stress) results in an endothelial-dependent
flow mediated dilation (FMD) (170; 179; 193). FMD can therefore serve as an index of
endothelial function and provide insight to vascular health. Originally published by
Celermajer et al. (36) in 1992 the test most commonly performed in humans increases
shear stress in a conduit artery (usually the brachial, radial, femoral or popliteal) via
reactive hyperaemia following the release of temporary limb occlusion (36). The nature
of this test has changed since its inception, but a “standard” technique has emerged which
stipulates a 5 minute occlusion duration, an occlusion cuff position distal to the site of
conduit artery diameter measurement and an absence of exercise performed during
occlusion (174). The primary reason for these constraints is the desire to create a largely
nitric oxide (NO)-dependent FMD response to use as an index of NO bioavailability. NO
is only one of several vasodilators that can be released by the endothelium in response to
shear stress (20; 27; 28). However, it is of particular interest to researchers because of its
atheroprotective qualities, including inhibition of smooth muscle proliferation, leukocyte
adhesion and platelet aggregation and adhesion (42). Individuals with atherosclerosis or
with risk factors have reduced FMD in comparison to healthy controls (20; 35; 45; 63; 83;
129).
Previous studies have demonstrated an NO-dependent FMD response to a
“standard” reactive hyperaemia test (53; 148). These studies reported absent or severely
blunted FMD during infusion of the nitric oxide synthase blocker NG monomethyl-Larginine (L-NMMA). Unfortunately, these studies did not adequately characterize the
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magnitude of the shear stress response to release of occlusion, an important consideration
when infusion of a vasoconstrictor such as L-NMMA may change the nature of the shear
profile following cuff deflation (109). Indeed, few previous studies have investigated the
relationship between the shear stress response to arterial occlusion and the NOdependency of the FMD response.
Additionally, the “standard” technique creates a very small stimulus in some
subject groups (105; 144). When the stimulus is small it becomes difficult to identify
whether a small FMD response is the result of disease or inadequate stimulus magnitude.
To address this problem some researchers have tested modifications of the “standard”
technique aimed at increasing the stimulus magnitude (211). Both ischemic hand grip
exercise during occlusion and longer duration occlusion can increase the peak and the
duration of the hyperaemia upon cuff release (1; 2; 22; 148; 211). However, further
studies have indicated that the FMD in response to these enhanced stimuli may not be
NO-dependent and therefore may not provide insight specific to NO (2; 148).
Based on a mechanistic study of FMD and stimulus duration (148) we reasoned
that it is the prolonged hyperaemia following lengthy cuff occlusion and not the enhanced
early stimulus magnitude that results in a loss of NO-dependence. Therefore we
hypothesized that performing a 10 minute occlusion duration (to create a large early
stimulus magnitude) and then re-inflating the cuff after 30 sec of hyperaemia (to prevent a
long stimulus duration) might enhance the stimulus and FMD response magnitude
without compromising the NO-dependence of the FMD.
The purpose of our experiment was therefore 3 fold:
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1) Determine whether 10 min of occlusion with cuff re-inflation 30 sec post cuff
release results in enhanced FMD compared to a standard 5min occlusion reactive
hyperaemia test.
2) Test the NO dependence of the FMD in response to 10 min of occlusion with and
without cuff re-inflation 30 sec post cuff release.
3) Confirm that the FMD in response to a standard 5 min occlusion reactive
hyperaemia test is NO dependent.
METHODS
General Methods
Subjects -10 non-smoking healthy young male subjects (mean age 23 ± 5yrs) volunteered
to participate. Health status of the subjects was confirmed via verbal interview regarding
medical history and fasting blood cholesterol measurements. Subjects with risk factors
for endothelial dysfunction or who were taking vasoactive medication were excluded
from the study. All subjects provided written consent and all procedures were approved
by the Ethics Committee at Royal Perth Hospital in accordance with the Declaration of
Helsinki.
Preparation - Subjects arrived at the hospital in the morning (study start time 7:30-9:30
am) after a minimum 4h fast. Subjects were also instructed to abstain from caffeine,
alcohol and exercise in the 4h preceding the study Subjects rested supine for a minimum
of 30min prior to commencing the study. Studies were performed in a quiet temperature
controlled room.
Cannulation - At the level of the antecubital fossa a 20-gauge cannula (Arrow;
Pennsylvania, USA) was inserted into the brachial artery of the left arm, under local
anesthesia with <2ml of 1% procaine (Procaine Hydrochloride Injection USP; Mayne
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Pharma; Mulgrave, VIC, Australia). This was used to infuse vasoactive agents (N

G

monomethyl-L-arginine (LNMMA), CA-11, Clinalfa, Switzerland) and sterile saline.
Saline infusion was administered using an infusion pump at a constant rate of 1ml/min.
After cannulation, saline was infused to maintain patency during a ~30 min stabilization
period. During this period a ~10ml blood sample was also drawn for analysis of fasting
cholesterol. Upon collection blood samples were taken directly to the Royal Perth
Hospital Laboratory for analysis.
Specific Experimental Protocol
Reactive hyperaemia-An occlusion cuff was placed around the subject’s wrist to prevent
blood flow into the hand and create a reactive hyperaemia. The occlusion cuff was
inflated to a pressure of 300mmHg in all trials. All parameters were recorded for one
minute prior to cuff inflation, and for the final minute of cuff inflation through to 2
minutes post cuff release. The following reactive hyperaemia trials were performed: i) 51; 5 min of occlusion (“standard” test) (n=10), ii) 10; 10 min of occlusion (n=10), iii) 1030; 10 min of occlusion with cuff re-inflation after 30s of hyperaemia (n=10), iv) 5-2;
repeat 5 min of occlusion (repeat “standard” test) (n=7). The order of trial 10 and 10-30
was counterbalanced between subjects, but the trial order was the same in saline and LNMMA infusion conditions. The “standard” test (5-2) was repeated at the end of the
saline and L-NMMA conditions in a subset of 7 subjects to assess any affect of repeated
trials. 10 min was allowed between trials to re-establish baseline conditions.
Blockade of NO production- After completion of the saline trials, L-NMMA (nitric
oxide synthase inhibitor) infusion (pump model: 770 IVAC) was initiated with a bolus
infusion rate of 99ml/h for 3 min and then maintained at 30ml/h. L-NMMA was prepared
at a concentration of 16µmol/ml and therefore infusion at 30ml/h yielded a constant dose
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of 8µmol/min. At least 10 min of infusion at 30ml/h was performed before the reactive
hyperaemia protocol commenced (Fig. 4.1).
Data Acquisition and Analysis
Radial artery blood flow velocity and diameter assessment - Radial artery diameter and
blood flow velocity were measured using high resolution vascular ultrasonography with
synchronized Doppler velocity assessment. A 12- to 15- MHz multifreqency linear
array probe attached to a high resolution ultrasound machine (Aspen; Acuson) was used
to visualize the artery ~10cm distal to the antecubital fossa, proximal to the placement of
the wrist cuff. Ultrasound parameters were then set to optimize longitudinal B-mode
images of the artery. Probe position remained constant throughout the study with the
assistance of a custom designed probe clamp equipped with micrometer screws to allow
minor adjustments in order to maintain an optimal image. Continuous Doppler velocity
assessment was also performed with the Aspen at an insonation angle of 68 degrees to
allow perpendicular arterial wall imaging and optimize image quality. Standard 3 lead
ECG was connected to the ultrasound machine to allow R-wave triggered diameter
analysis.
Arterial blood pressure (ABP) and distal vascular conductance (DVC) - The arterial
cannula was used for continuous measurement of intra-arterial pressure (Transpac IV;
Abbott Critical Care Systems; Sligo, Ireland; Hewlett Packard 78342A: Idaho, USA).
Baseline ABP and distal vascular conductance (DVC; represents the degree of dilation in
resistance vessels downstream of the radial artery measurement site) were taken as an
average of the 60 sec baseline period. DVC was calculated as: radial artery blood
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Figure 4.1. Panel A: overall study protocol timeline Panel B: timeline for a
single reactive hyperemia bout of 5 minutes or 10 minutes occlusion
duration.
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flow/arterial blood pressure * 100. Blood flow was calculated as: radial artery blood flow
velocity*πr2 where r = radial artery radius.
Radial artery diameter analysis - Images of the radial artery were analyzed using custom
designed edge-detection software. The video signal was taken directly from the
ultrasound machine and saved to a personal computer in Digital Imaging and
Communications in Medicine (DICOM) format. Vessel diameter was analyzed using an
automated edge-detection software package (Reed Electronics, Perth, Western Australia).
This program allows the user to identify a region of interest (ROI) on the portion of the
image where the walls are most clear. It then identifies and tracks the walls of the artery
via the intensity of the brightness of the walls vs. the lumen of the vessel. The program
collects one diameter measurement for every pixel column in the ROI. It calculates the
median diameter as the diameter for that frame and collects data at a frequency of
approximately 20-30 frames per second. The program was triggered to the ECG signal
and provided a diameter measurement for every R wave (corresponding to end diastole).
FMD is reported as the percent change in diameter from the baseline measurement prior
to cuff occlusion (%FMD) and as an absolute change in diameter.
Blood flow velocity - Blood flow velocity was measured as a peak envelope of the
velocity spectrum using the same custom software utilized for radial artery diameter
measurement. This program automatically tracks the peak envelope of the blood flow
velocity signal. Velocity measures are stored for each analyzed frame at 20-30 Hz. Post
analysis blood flow velocity was averaged into 3 sec average time bins.
Shear rate - Shear rate, an estimate of shear stress, was calculated as blood flow
velocity/vessel diameter. Vessel diameter measures were plotted over time and a line of
best fit was determined using custom software to minimize the mean squared error and
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achieve a consistent distribution of residuals above and below the line of best fit. Using
the function parameters, another custom program was then applied to provide a
corresponding diameter estimate for every 3 sec. Thus a diameter measurement and a
velocity measurement, time aligned for every 3 sec, was obtained and used to calculate
shear rate. Shear rate was expressed in two ways, 1) as the peak shear rate (highest 3sec
average time bin) or as an integral (area under the curve (AUC)). An integral was
calculated for the entire 2 min release period (AUC of shear rate to 2min), the first 30 sec
post cuff release (AUC of shear rate to 30s), and until the time of peak diameter
measurement (AUC of shear rate to time to peak FMD) (Fig. 4.2).
Statistics
Two way repeated measures analyses of variance (ANOVA) were used to compare both
the stimulus (shear rate) and response (% FMD) parameters. For the main subject group
(n=10) the factors were trial (5-1, 10 and 10-30) and drug (saline vs. L-NMMA). To
compare only the standard reactive hyperaemia test trials (5-1 vs. 5-2; n=7), two way
repeated measures ANOVA were used with the factors trial (5-1 and 5-2) and drug (saline
vs. L-NMMA). The values reported in the results sections refer to the main data set
(n=10) and the 5-1 vs 5-2 (n=7) comparison is addressed separately. The level for
significance was set at P < 0.01 (more conservative than 0.05 due to universal failure of
the Kolmogorov-Smirnov normality test), and significant differences for ANOVA were
further assessed using Tukey’s post hoc tests. All statistics were calculated using
Sigmastat 2.03 (SPSS, Chicago, IL). All data are mean ± SD.
RESULTS
Subject Characteristics
Subject characteristics are displayed in Table 4.1.
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Figure 4.2. Panel A: 5-1 trial (first 5 minute occlusion trial) shear rate profile.
Panel B: 10 trial (10 minute occlusion trial) shear rate profile. Panel C: 10-30 trial
(10 minute occlusion with cuff re-inflation after 30 sec) shear rate profile. Shear
rate profiles are the average across 10 subjects. Peak shear rate represents the
highest 3 sec average shear rate value. AUC of the shear rate to 30 sec is indicated
by the grey shading. AUC of the shear rate to peak FMD is shown schematically
with hatched lines, and obviously varied between subjects. The AUC of shear rate
to 2 min is unmarked for clarity of the diagram however it is the total area under
the curve post release. AUC – Area under the curve.
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Table 4.1. Subject characteristics. ± SD.
Age
Height
Weight
Blood Plasma Cholesterol

23 ±5 yrs
182 ±5 cm
77.5 ±0.9 kg
3.68 ± 0.63 mmol/L
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Baseline diameter, shear rate, arterial blood pressure and radial artery conductance
These variables are summarized in Table 4.2.
Radial artery diameter - Baseline radial artery diameter was not different in the LNMMA condition vs. the saline condition (P=0.044) and there were no differences
between trials (P=0.183).
Shear rate - There was no difference in baseline shear rate between trials (P=0.787),
however the L-NMMA condition demonstrated a significantly lower baseline shear rate
than the saline condition (P=0.003). There were no differences in the shear rate during
occlusion between trials (P=0.947) or between saline and L-NMMA conditions
(P=0.054).
Mean arterial blood pressure (MAP) - Baseline MAP was not different between the LNMMA vs. saline conditions (P=0.031) or between trials (P=0.275).
Distal vascular conductance (DVC; vascular conductance of resistance vessels
downstream of the radial artery imaging site)) - Baseline DVC was not significantly
different between trials (P=0.772) however it was lower in the L-NMMA condition
(P=0.006). To assess the effect of L-NMMA delivery on baseline conductance more
closely we specifically examined the baseline conductance in the last saline trial and the
first L-NMMA trial as these are the most closely temporally associated with only the
intervening time of drug administration. Baseline conductance in the last saline trial was
18.35 ± 13.02 ml/min/100mmHg and baseline conductance in the first L-NMMA trial
was 9.93 ± 3.59 ml/min/100mmHg. This represents an average 35.20% decrease in
conductance (range - 6 to – 57 %). Baseline flow decreased over this period from 17.7 ±
12.26 ml/min to 9.68 ± 3.59 ml/min.
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Table 4.2. Baseline hemodynamic conditions. ±SD.

Drug Condition
5-1

Saline
Trial
10

L-NMMA
Trial
10
10-30

10-30

5-1

Baseline
Diameter
(mm)

2.46 ±0.31

2.44 ±0.27

2.41 ±0.21

2.34 ±0.35

2.38 ±0.32

2.32 ±0.28

Baseline
Shear Rate
(s-1)

29.4 ±17.4

30.3 ±17.0

34.9 ±27.2

17.1 ±9.3

15.8 ±7.8

19.5 ±6.5

Occlusion
Shear Rate
(s-1)

5.7 ±0.9

6.1 ±0.9

5.9 ±1.5

5.5 ±1.7

5.1 ±1.1

5.5 ±1.6

Baseline
MAP
(mmHg)

94.8 ±9.7

95.4 ±9.9

95.6 ±10.1

98.6 ±12.1

99.9 ±12.1

99.5 ±11.4

Baseline
DVC
(ml/min/100
mmHg)

23.5 ±21.6

19.7 ±8.7

22.5 ±13.7

10.2 ±3.8

10.5 ±3.8

9.1 ±3.8

P values
Drug
P=0.044
Trial
P=0.183
Drug
P=0.003
Trial
P=0.787
Drug
P=0.054
Trial
P=0.947
Drug
P=0.031
Trial
P=0.275
Drug
P=0.006
Trial
P=0.772
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Shear rate stimulus
Four components of the reactive hyperaemia shear rate profile were quantified.
Peak shear rate (Fig. 4.3A) - There was no effect of L-NMMA infusion on the peak shear
rate stimulus (P=0.681). Ten minutes of occlusion resulted in a larger peak shear rate vs.
five minutes of occlusion (10-30 and 10 trials vs. 5-1 trial (P<0.001and 0.006
respectively)).
AUC of shear rate to 2min (Fig. 4.3B) – The AUC of shear rate to 2min was slightly
depressed in the L-NMMA condition but this did not reach statistical significance (main
effect of drug; P=0.051). This AUC was significantly larger in the 10 vs. 10-30 trial
(P<0.001) and the 10 vs. 5-1 trial (P<0.001) but the 5-1 and 10-30 trials were not
significantly different (P=0.084).
AUC of shear rate to peak FMD (Fig. 4.3C) - L-NMMA infusion had no effect on the
AUC of shear rate to peak FMD (P=0.088). The AUC of shear rate to peak FMD was
significantly larger in the 10 trial vs. the 10-30 or 5-1 trials (P<0.001).
AUC of shear rate to 30s (Fig. 4.3D) - The AUC of shear rate to 30s was calculated to
assess the early stimulus magnitude and provide a relevant stimulus quantification that is
unaffected by variability in the time to peak diameter measurement. L-NMMA infusion
did not have an effect on the AUC of shear rate to 30s (P=0.993). However, duration of
occlusion enhanced the magnitude of the AUC of shear rate to 30s as both the 10 and the
10-30 trials had a larger 30s AUC than the 5-1 trial (P=<0.001).
Flow-Mediated Dilation (FMD)
Infusion of L-NMMA did not impair peak %FMD in any of the trials (no main effect of
drug (P=0.158)). The %FMD was not significantly different between trials (P=0.035)
(Fig 4.4A). When flow-mediated dilation was measured as the absolute diameter change
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Figure. 4.3. Panel A: the peak shear rate. Panel B: the AUC of the shear rate to
2min. Panel C: the AUC of the shear rate to peak FMD. Panel D: the AUC of the
shear rate to 30s. Saline and L-NMMA conditions as indicated in the figure. *
Significantly greater than 5-1 trial. ^ Significantly greater than 10-30 trial. Error
bars represent SD.
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Figure 4.4. Panel A: the FMD in %change from baseline. Panel B: the FMD in
absolute change in diameter from baseline. Panel C: the FMD % change
normalized to the AUC of the shear rate to peak FMD. Panel D: the FMD
%change normalized to the AUC of the shear rate to 30s. Saline and L-NMMA
conditions as indicated in the figure. Error bars represent SD.
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(mm), infusion of L-NMMA still had no effect (no main effect of drug P=0.235). As with
%FMD the absolute change in diameter was not significantly different between trials
(main effect of trial P=0.027) (Fig. 4.4B).
Response Normalization - Infusion of L-NMMA still had no statistically significant effect
when the %FMD was normalized to the AUC shear rate to peak FMD (average saline
7.55*10 -4; average L-NMMA 10.9*10 -4 P=0.058). If anything the trend was towards a
greater FMD in the L-NMMA condition (Fig. 4.4C). When the %FMD was normalized
to the AUC of shear rate to 30s there was still no effect of drug (P=0.193) or trial
(P=0.641) (Fig. 4.4D).
Time to peak diameter measurement - Infusion of L-NMMA did not have an effect on the
time to peak diameter measurement (P=0.101). However, the 10 trial had a significantly
longer time to peak than the 10-30 trial (P=0.002). (Fig. 4.5).
Trial 5-1 vs. 5-2 - When only the 5-1 vs. 5-2 trials were compared (n=7) L-NMMA
infusion again failed to have an impact on the %FMD response (P=0.733). In addition
there was no significant difference in %FMD between trials (P=0.895) (5-1 saline 5.83
±5.65%; 5-2 saline 6.04±3.54%; 5-1 L-NMMA 5.31±4.52%; 5-2 L-NMMA 5.56±2.51%).
L-NMMA infusion also had no impact on the absolute change in diameter (P=0.644) and
there was no significant difference in the absolute change in diameter between trials
(P=0.781) (5-1 saline 0.13±0.12 mm ; 5-2 saline 0.14±0.08 mm; 5-1 L-NMMA 0.11±
0.10; 5-2 L-NMMA 0.12±0.06 mm).

For stimulus magnitude values see Table 4.3. The

only effect of L-NMMA infusion was observed in the AUC of shear rate to 2min, where
the L-NMMA trials had a significantly smaller overall stimulus than the saline trials
(P=0.004). There was a significant difference in peak shear rate between trials (5-2
greater than 5-1 P=0.01). When the %FMD was normalized to the AUC of shear rate to
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Figure 4.5. The time to peak diameter measurement. Saline and L-NMMA
conditions as indicated in the figure. * Significantly greater than 10-30
occlusion condition. Error bars represent SD.
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Table 4.3. Comparison of first and second 5 minute occlusion reactive hyperemia
trials with saline and L-NMMA

Saline 5-1

Saline 5-2

L-NMMA 5-1

L-NMMA 5-2

Peak Shear Rate
(s-1)

287 ±61

358 ±78

309 ±71

327 ±63

Significance
Drug P=0.778
Trial P=0.010

AUC of Shear
Rate to 2min
AUC of Shear
Rate to Peak
FMD
AUC of Shear
Rate to 30s
%FMD
Normalized to
AUC of Shear
Rate to Peak
FMD
%FMD
Normalized to
AUC of Shear
Rate to 30s
%FMD
Normalized to
Peak Shear Rate

14017 ±4448

14838 ±16628

11245 ±5064

10060 ±3770

10329 ±4871

11128 ±7610

7486 ±3213

6857 ±2703

6094 ±1380

7380 ±1958

6235 ±1801

6325 ±1366

4.82 x 10-4
±6.15 x 10-4

7.55 x 10-4 ±6.41 x
10-4

9.24 x 10-4
±9.01 x 10-4

9.04 x 10-4
±5.67 x 10-4

Drug P=0.179
Trial P=0.025
Drug P=0.173
Trial P=0.630

8.67 x 10-4
±8.57 x 10-4

8.60 x 10-4 ±5.57 x
10-4

9.24 x 10-4
±9.03 x 10-4

9.23 x 10-4
±4.99 x 10-4

Drug P=0.792
Trial P=0.986

1.82 x 10-2
±1.72 x 10-2

1.79 x 10-4 ±1.12 x
10-4

1.80 x 10-2
±1.83 x 10-2

1.76 x 10-2
±0.89 x 10-2

Drug P=0.958
Trial P=0.955

Drug P=0.004
Trial P=0.772
Drug P=0.090
Trial P=0.945
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peak FMD, the AUC of shear rate to 30s, or the peak shear rate there was no effect of
drug (P=0.173, 0.792, 0.958 respectively) or trial (P=0.630 and 0.986, 0.955
respectively).
DISCUSSION
In this study we used L-NMMA to block endothelial NO synthase at doses that
were the same or higher than previous studies with a similar methodology (109; 148).
The efficacy of the blockade was confirmed by the observation of significant reductions
in baseline blood flow and vascular conductance following L-NMMA infusion. We
performed continuous measurements of diameter and used automated edge detection
software to eliminate operator bias. Under these rigorous experimental conditions the
major findings were: 1) NO is not obligatory for FMD in response to the reactive
hyperaemia following 5 or 10 min of occlusion. 2) Release of a 10 min occlusion
followed by cuff re-inflation after 30 sec of hyperaemia does not result in a significantly
enhanced dilation compared to that following the release of 5 min of occlusion.
FMD following a 5 min occlusion duration
Contrary to our hypothesis we observed NO independent %FMD in our 5
minute occlusion trials (5-1 and 5-2). This is a surprising finding in light of the few
published studies using similar methodology (53; 109; 148) which report severely
blunted or absent FMD during L-NMMA infusion. We are confident that our findings
can be interpreted to indicate that NO is not obligatory for FMD based on close scrutiny
of the following potential alternate explanations.
L-NMMA blockade efficacy. If we had used a dose significantly lower than that reported
by others, or if we had observed no physiological consequence of L-NMMA infusion it
might be suggested that inadequate blockade could explain our results. However the L-
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NMMA dose used in the current study (8µmol/min) is the same as that used by Joannides
et al. (109) (8µmol/min) and twice as high as that used by Mullen et al. (148)
(4µmol/min), both of whom report abolition of FMD with L-NMMA infusion.

Further,

the current study pre-infused the L-NMMA (prior to performing a test) for an equal or
greater duration than the studies mentioned above. With respect to the physiological
evidence for blockade; NO is known to contribute to baseline resistance vessel tone. We
observed a similar reduction in baseline blood flow (indicative of resistance vessel tone)
with L-NMMA infusion as Joannides et al. (109) (from 17.7 ml/min to 9.68 ml/min vs.
24ml/min to 13ml/min in the present study and that of Joannides et al. respectively).
Baseline conductance also represents the state of dilation of the resistance vessels and in
the present study it decreased 35% from the last saline trial to the first L-NMMA trial.
This is in agreement with Ishibashi et al. (104) who found a similar reduction in baseline
conductance with L-NMMA infusion in healthy subjects (34.5%).
Reduced baseline vessel diameter in the L-NMMA condition. We report a smaller
baseline diameter in the L-NMMA condition and, although not statistically significant at
P<0.01, this could contribute to a higher calculated %FMD, masking an effect of NO
synthase blockade. If this were the case we would expect to see a reduced absolute
change in diameter in the L-NMMA trials. However, we found no significant effect of
NO synthase blockade on the absolute change in diameter, indicating that this was not a
confound to our reported %FMD values.
Stimulus magnitude in the L-NMMA vs. Saline conditions. If the stimulus magnitude was
significantly enhanced in the L-NMMA conditions with no enhancement in the %FMD or
the absolute change in diameter, this could indicate an effect of NO synthase blockade.
However, there was no significant difference in the peak stimulus, the AUC of the shear
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rate to 30s, or the AUC of the shear rate to peak FMD between the saline and L-NMMA
conditions. In addition, response normalization to the later two parameters still yields no
significant effect of L-NMMA infusion. Further, we observed a reduced AUC of shear
rate to 2 min in the L-NMMA condition 5 minute occlusion tests.
FMD following a 10min occlusion duration
Unlike previous investigations, despite a larger stimulus in the 10 vs. 5-1 trial,
this study failed to detect a significantly larger FMD response in the 10 trial. The
response magnitudes found in the present study for both 5 and 10 minutes of occlusion
are very similar to those reported by Mullen et al. (148) (5.3% vs. 9.7% respectively) who
did find a significant difference. The conservative level of significance in the present
study prevented the detection of a difference (post hoc analysis reveals that 10 vs. 5-1
P=0.029 and P=0.021 for %FMD and absolute FMD respectively).
Although the failure of NOS blockade to blunt the FMD following 5 min of
occlusion was unexpected and in contrast to previous literature (53; 109; 148) the
observation of a large NO-independent FMD in our 10 trial is consistent with the
observations of others (148). Mullen et al. (148) found that, compared to 5 min of
occlusion, 15 min of wrist occlusion resulted in prolonged stimulus duration and an
enhanced FMD response magnitude that was not blunted with the infusion of L-NMMA.
Mullen et al. (148) also performed distal vasodilator infusion and limb heating to create
even more prolonged stimuli and found that the FMD in response to these stimulus
profiles was also NO-independent. This was in contrast to their observation that NO was
obligatory for FMD in response to short duration stimuli, and led them to hypothesize that
short and long duration stimuli evoke mechanistically distinct FMD responses.
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This conclusion inspired the design of the 10-30 trial in our current experiment.
We reasoned that if the NO-independence with long duration occlusion reactive
hyperaemia was due to a prolonged stimulus duration, re-inflation of the cuff after a short
interval would preserve the NO-dependence of the response but take advantage of an
enhanced early stimulus magnitude. An enhanced stimulus magnitude relative to what is
achieved with 5 min of occlusion is desirable because 1) 5 min of occlusion creates a
small stimulus in some groups (e.g. the elderly) which makes it difficult to determine the
etiology of a small observed FMD response and 2) larger responses (more likely with a
large stimulus) are easier to detect and therefore desirable in all groups. However, reinflation of the cuff following 30s of hyperaemia (10-30 trial) did not result in a
significantly enhanced dilation relative to the 5-1 trial despite a significantly larger shear
rate 30s AUC (Fig. 4.2D). This indicates that although the first 30 sec of the stimulus
was enhanced compared to the 5-1 trial, it was insufficient to enhance the FMD response.
This suggests that the elevated stimulus beyond 30 sec was important to the response
development in the 10 trial which was larger, although still not significantly larger than
the 5-1 trial at a significance of <0.01. Another goal of this experiment was to test the
mechanism of the FMD in response to the 10-30 trial. As with our other trials the
response appears to be independent of NO.
Trial 5-1 vs. 5-2
This experiment required that we perform several trials in succession. This
created concern regarding the possibility of an effect of repeat exposure to reactive
hyperaemia. To address this we performed a second “standard” reactive hyperaemia test
(trial 5-2) at the end of the saline and L-NMMA protocols in a subset of 7 subjects. In
these 7 subjects a standard 5 minute test was performed first and last with the 10 and 10-
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30 trials sandwiched in between. The order was the same in the saline and L-NMMA
conditions. We found no effect of repeat trials on the %FMD or the absolute change in
diameter indicating that there was no effect of repeat exposure to hyperaemia on the
reactivity of the endothelium.
There were also no trial effects for the shear rate stimulus with the following
exception; the peak shear rate was significantly larger in the 5-2 trial vs. the 5-1 trial.
This indicates some enhancement of the early stimulus magnitude following repeat
exposure to reactive hyperaemia. However, when the response was normalized to the
magnitude of either the peak shear rate or the AUC of the shear rate to 30s there was still
no effect of trial. This indicates that even relative to the stimulus magnitude the response
was not different between trials and confirms that endothelial responsiveness was
unaffected by repeated reactive hyperaemia exposure.
FMD and the focus on nitric oxide
FMD is of great interest to clinicians and researchers because of its potential for
identifying the existence of, and predicting the development of, vascular disease (83;
214). FMD following reactive hyperaemia demonstrates a graded response whereby
healthy subjects exhibit the largest FMD, the response diminishes with the presence of
risk factors, and is further impaired in individuals with diagnosed coronary artery disease
(6; 35; 36; 45; 63; 129; 148; 155; 184). Gokce et al. (82; 83) demonstrated that
endothelial dysfunction can successfully predict cardiac events post vascular surgery and
Neunteufl et. al. (155) demonstrated that brachial artery FMD is correlated with the
severity of coronary artery disease.
NO is a major focus of endothelial function research due in large part to its
vasoprotective qualities. The logic for utilizing FMD as a specific assessment of
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endothelial NO function derived from the construct that shear stress is a stimulus for NO
release and observations that FMD could be virtually eliminated under conditions of NO
blockade (109; 148). The current view is that a “standard” 5 min FMD test assesses NO
mediated vasoprotection. The theory is that low NO bioavailability results in a small
FMD response and a low level of NO mediated vasoprotection, explaining the link
between impaired FMD and vascular disease. However, shear stress is recognized to be a
stimulus for release of numerous vasoactive factors in addition to NO. Indeed, slight
increases in the reactive hyperaemia duration (148) indicate that FMD can easily become
dissociated from dependence on NO. Additionally, the present study indicates that NO
may not even be obligatory for the FMD response to a standard 5 min occlusion-evoked
reactive hyperaemia in the radial artery. This brings into question the notion that FMD is
a robust representation of endothelial NO function.
Is NO independent FMD still an index of vascular health?
The current study found that NO is not obligatory for radial artery FMD even
when the “standard” protocol is followed. Given that there is clearly a relationship
between vascular health and FMD (6; 35; 36; 45; 63; 129; 148; 155; 184) this challenges
the theory that NO is the only mechanism responsible for the connection.
Deviations from the “standard” technique have been shown to compromise the
NO-dependence of the response (2; 53; 148). An occlusion cuff position proximal to the
site of diameter measurement has been shown to have a substantial NO-independent
component (53). Importantly, several studies that have demonstrated impaired FMD with
vascular disease/risk have used proximal cuff occlusion (6; 45; 129; 155), in which FMD
is minimally dependent on NO. While it is possible that the impairment in FMD with
disease results from only the NO-mediated portion of the response, two studies
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demonstrate almost complete absence of FMD (≤1.8%) following release of proximal
occlusion in CAD patients (45; 129). This suggests that NO-dependence may not be
required for FMD to correlate with vascular health.
Mullen et al. (148) demonstrated that while the NO-dependent response to a
“standard” reactive hyperaemia test was impaired in patients with hypercholesterolemia,
their NO-independent response to prolonged hyperaemia was intact. This might suggest
that only NO-dependent FMD is impaired with cardiovascular disease progression.
However, to our knowledge this is the only assessment of prolonged hyperaemia in an atrisk population, and it cannot be taken to represent the response in a myriad of other risk
factor groups.
Importantly, NO is not the only vasoprotective molecule released by the
endothelium in response to shear stress. Prostaglandins also have antiatherogenic
properties (156). Further, FMD can provide direct clinical benefit independent of the
vasoprotective effects of the vasodilatory mechanism. In the coronary circulation FMD is
an important part of the exercise response, ensuring adequate myocardial perfusion (54;
77; 78). However diseased coronary arteries may experience impaired FMD or even
vasoconstriction in response to increased flow (54; 78). This exacerbates any existing
ischemia that may be caused by vessel narrowing. Thus a preserved or improved FMD
response can provide clinical benefit via perfusion irrespective of the vasoprotective
qualities of the vasodilators involved (174).
Conclusion
Numerous reactive hyperaemia profiles were examined in this study and none
resulted in an NO dependent FMD response. This challenges the current view that FMD
is a reliable index of endothelial NO function. In addition, our data are relevant to the
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radial artery and should not be generalized to other arteries in which NO-dependency of
the FMD response has been observed (53). These data, combined with the established
relationship in the literature between FMD and vascular disease suggests that non-NO
mechanisms of FMD warrant investigation in the context of vascular disease progression.
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Chapter 5

Bi-Phasic pattern of brachial artery flow mediated dilation in response to a
prolonged step increase in shear rate
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INTRODUCTION
The proper function of the endothelial cells that line the arteries is essential for
vasoregulation and vascular health. In a healthy artery an increase in blood flow
associated shear stress results in an endothelial dependent flow mediated dilation (FMD)
(170; 179; 193). As a result, FMD in response to an increase in shear stress can serve as
an index of endothelial function and therefore is thought to be a bioassay of vascular
health. Originally created by Celermajer et al. (36) the test most commonly performed in
humans creates a large transient increase in shear stress in a conduit artery (usually the
brachial or radial) via reactive hyperemia following the release of a temporary limb
occlusion. When assessed with this reactive hyperemia test individuals with
atherosclerosis or with risk factors for the development of cardiovascular disease have
reduced FMD in comparison to healthy controls (20; 35; 45; 63; 83; 129). The early
discovery of this correlation has resulted in a paucity of studies investigating other
stimulus profiles. However, longer, more moderate increases in shear stress represent
arguably more physiologically relevant stimuli than the large, brief stimulus of reactive
hyperemia.
We have created a technique that uses forearm + hand warming to reduce
downstream vascular resistance combined with brachial artery compression to permit the
creation of controlled step increases in brachial artery shear stress. Unlike the transient
stimulus created with reactive hyperemia, or even the gradual increase in shear stress
created by heating without arterial compression (15; 108; 148), a step increase stimulus
profile allows us to meaningfully characterize and quantify the dynamics of the FMD
response independent of temporal stimulus characteristics.
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Response dynamics include: 1) the time delay between the onset of the stimulus
and the initiation of the response and 2) the rate of increase quantified by the time
constant (tau) of the response (specifically the time to 63% of peak response
development). Response dynamics provide more detailed information about the nature
of control mechanisms than a simple characterization of the peak response to a stimulus.
For example, multi-phased responses indicate that distinct mechanisms or sets of
mechanisms are engaged sequentially over time. If only the peak response magnitude is
measured, the presence of multiple phases cannot be detected. This is important because
it is becoming increasingly appreciated that the mechanisms initiating FMD may be
distinct from the mechanisms that maintain it (70; 148; 188). Characterization of the
time course of the response also allows an assessment of dynamic linearity. If a system
demonstrates dynamic linearity, the same rate of response development occurs regardless
of the magnitude of stimulus increase. Conversely, dynamic non-linearity is present
when a system adapts to different magnitudes of stimulus change at different rates.
Dynamic linearity suggests that the same control mechanisms are responsible for the
adaptation to different stimulus magnitudes.
The purpose of this study was to provide the first characterization of human in
vivo FMD in the brachial artery in response to a sustained step increase in shear stress.
To address the issue of dynamic linearity, FMD was observed in response to both a large
and a small step increase in shear stress.
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METHODS
Subjects.
15 healthy, non-smoking male subjects between the ages of 19 and 27 from the Queen’s
University student population volunteered to participate. Health status of the subjects
was confirmed with a medical screening questionnaire for risk factors associated with
endothelial dysfunction. Each subject served as his own control. The study protocol was
approved by the Health and Sciences Human Research Ethics board at Queen’s
University and all subjects completed a consent form that was approved by the same
board. Subjects were instructed to abstain from alcohol, caffeine and exercise for 12
hours prior to the study, and to abstain from food for 4 hours prior to the study. Each
subject performed both trials on each of three test days at the same time of day (± 2h) in a
quiet temperature controlled room (24° C). Each of the three test days took place over a
10 day period with the exception of one subject where the test days were spread over 15
days.
Subject monitoring- Heart rate was monitored throughout each study via 3 lead ECG.
Blood pressure was measured continuously via arterial tonometry (Colin 7000, Trudell
Medical Inst, London On) or finger photoplethysmography (Finapres, Ohmeda Inc.)
Measurement of Brachial Artery Blood Flow Velocity and Diameter.
Brachial artery blood flow velocity was measured continuously in all experiments with
Doppler ultrasound operating at 4 MHz (GE Vingmed System 5, GE Medical Systems
Inc.). All scans were performed at an insonation angle of 68 degrees which still provides
valid estimates of flow velocity as long as insonation angle is maintained accurately
(116). This angle was selected because it allows the vessel to be perpendicular to the
ultrasound beam and this yields superior image quality.
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The ultrasound probe was oriented over the brachial artery to achieve a clear
arterial blood velocity signal, with no interference from adjacent vein blood flow. Once
in position the probe was secured with a clamp stand and a guide adhered to the skin.
The brachial artery was imaged by 2D greyscale ultrasound imaging in B-mode with the
same probe operating at 10 MHz. The probe operator was able to make minor corrections
to probe placement to maintain an optimal velocity signal and vessel image throughout
the experiment while maintaining consistent insonation angle within subject trials. The
images were recorded in Digital Imaging and Communications in Medicine (DICOM)
format for future analysis with a custom automated edge detection software (217).
Experimental Procedures.
Subjects lay supine with both arms out to their sides. Blood pressure was measured on
the right arm, while ultrasound measurements were performed on the left arm.
Forearm heating. Up to the level of the anticubital fossa the forearm was enclosed in a
custom water bath (empty at baseline). The bath consists of a six inch diameter tube with
an internal plastic sleeve which covered the hand and forearm so that they were not in
direct contact with the water. Warm water (maintained between 43-45 ºC) from an
external water heater was then pumped in to fill the bath. Once full, re-circulation was
started such that the water was continually draining from the bath via gravity into the
water heater to be reheated, and then pumped back into the bath (Fig. 5.1). Skin
temperature was continuously monitored (Barnant thermistor thermometer 600-1070) and
not allowed to rise above 42 ºC. Ongoing confirmation of the subject's comfort level
guided immediate adjustments in water temperature (infusion of cold water) if the subject
began to experience discomfort.
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Figure 5.1. Heating set up. The subject’s arm is enclosed in a plastic sleeve that
prevents direct contact with the water. The sleeve is sealed around the outside of the
bath. Water is heated externally in the water heater and is re-circulated via active
pumping into the bath and passive drainage out of the bath. The arterial
compression acts as a dam and is achieved via linear movement of the stylus
(controlled by custom software). Downward movement of the stylus increases
arterial compression and slows down blood flow velocity therefore reducing shear
stress. Upward movement of the stylus releases arterial compression, allowing
blood flow velocity to increase, thus increasing shear stress.
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Arterial Compression. At the initiation of water bath filling the subject’s brachial pulse
was located just proximal to the anticubital fossa (distal to site of ultrasound
measurement). A custom designed stand equipped with a linear actuator (McMaster
Carr) tipped with a domed stylus was placed over the brachial pulse. Using custom
designed controlling software the stylus was lowered to provide arterial compression.
Manipulation of this compression allowed control of upstream blood flow velocity
through the brachial artery, where increasing compression slowed down blood flow
velocity and controlled release of compression allowed blood flow velocity to increase.
Blood flow velocity was displayed on line as a 5 sec moving average allowing the
experimenter to adjust arterial compression to achieve and maintain a target blood flow
velocity.
Experimental Protocol. Fig.5.2A illustrates the experimental protocol. Baseline
brachial artery images and blood flow velocity prior to filling the water bath were
recorded for 1 minute (pre-compression baseline). Blood flow velocity was monitored
continuously throughout the protocol. Once filling of the water bath was initiated, arterial
compression commenced and blood flow velocity was maintained at ~3cm/s throughout
the heating protocol. To ensure a maximal reduction in forearm vascular resistance,
heating and arterial compression were performed for 30 min prior to starting the first trial.
The first trial was the large step increase in blood flow velocity (and therefore
shear rate). One minute of brachial artery diameter and blood flow velocity were
recorded prior to the large step (compression baseline). The arterial compression was
then fully released and the averaged blood flow velocity observed in the first 15-20 sec
post compression release became the target velocity. Arterial compression was used to
control blood flow velocity at that target for 20 min. The arterial compression was then
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Figure 5.2. Panel A: Protocol timeline. Flow velocity refers to brachial artery
mean blood flow velocity. Panel B: Schematic of response dynamics. TD1 –Phase
I time delay: time between onset of stimulus and initiation of response. Tau1 Speed of phase I response (time to 63% of maximal response). TD2 –final phase
time delay. Tau2- Speed of final phase of dilation.
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increased to bring blood flow velocity back down to ~3cm/s until baseline diameter was
re-established (minimum of 10 minutes). The target for the small step increase in blood
flow velocity was calculated as 50% of the increase that took place in the preceding large
trial. One minute of baseline velocity and brachial artery diameter was recorded prior to
controlled release of arterial compression (compression baseline). Like the large step
trial, the small step duration was 20 min. The order of the trials was not counterbalanced
(large trial always performed first) because quantification of the large trial shear was
required to determine the appropriate small trial shear. Subjects underwent the same
protocol (large step followed by small step) on each of the 3 test days. The 3 large and 3
small trials (one from each day) for each subject were averaged to provide one mean large
step response and one mean small step response profile.
In all three trials for the first subject and two of three trials in the second subject,
stimulus and response parameters were only recorded for 15 min. The missing last 5 min
of data was therefore extrapolated from the exponential equation used to fit the first 15
min as derived from our curve fitting procedure (see below).
Data Analysis

Brachial Artery Blood Flow Velocity. Blood flow velocity data was compiled as 3 sec
time bins for each trial, allowing multiple trials to be time-aligned and averaged. This
resulted in a single representative mean blood flow velocity profile for each subject.
Brachial Artery Diameter. Vessel diameter was analyzed using an updated version of
automated edge-detection software (FMD/Blood Flow Acquisition and Analysis),
described in Woodman et al. (217). This program allows the user to identify a region of
interest (ROI) on the portion of the image where the walls are most clear. It then
identifies and tracks the walls of the artery via the intensity of the brightness of the walls

120
vs. the lumen of the vessel. The program collects one diameter measurement for every
pixel column in the ROI. It uses the median diameter as the diameter for that frame. The
program is triggered to the ECG signal and provides a diameter measurement for every R
wave (corresponding to end diastole).
The diameter data was compiled as 3 sec time bins and combined similar to blood
flow velocity. Missing data due to tracking error in individual trials was interpolated to
facilitate calculation of the average. This mean response profile was then plotted over
time and an exponential function line of best fit was determined using custom software
that allows the user to select the type of exponential function (1, 2 or 3 component) and
manipulate the function parameters (time delay (TD) and time constant (tau)) to form a
curve that is the best fit for the data. The model applied had a separate time delay
determined for each component of the response (Fig.5.2B). Using the exponential
function parameters, another custom program then calculated diameter values along that
function in 3 sec intervals. Thus a diameter measurement and a velocity measurement,
time aligned for every 3 sec, was obtained. FMD is reported as the % change in diameter
(%FMD) from the baseline measured prior to release of arterial compression
(compression baseline).
Shear Rate. Shear rate (an estimate of shear stress without viscosity) was calculated as
mean blood flow velocity/vessel diameter and was used to quantify the stimulus for FMD.
Shear rate was calculated from the 3 sec average velocity bins and the 3 sec average
diameter data calculated from the line of best fit. The shear rate was then averaged into
21 sec time bins. The shear stimulus is reported as the mean shear rate or the mean
increase in shear rate from baseline during the 20 min arterial compression release period.
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Statistical Analysis
Repeated measures analyses of variance and paired t-tests were used to compare the
stimulus and response parameters. The level for significance was set at P < 0.05, and
significant differences for ANOVA were further assessed using Tukey’s post hoc tests. If
the normality test (Kologromov-Smirnov) failed, a Friedman RM ANOVA on ranks or a
Wilcoxan signed rank test was performed and that P value is reported (“ranks” indicated
in results section). All statistics were calculated using Sigmastat 2.03 (SPSS, Chicago,
IL).
RESULTS
Heart Rate and Blood Pressure
Heart rate and mean arterial pressure values are displayed in Table 5.1. In both the large
and small step trials, heart rate was significantly higher during the compression baseline
and the arterial compression release period than during the pre-compression baseline.
Baseline blood pressure was not statistically significantly different compared to the precompression baseline but was ~7 mmHg higher on average (ranks: P=0.074). When
compression was released in the large step, blood pressure fell to levels similar to the precompression baseline. However, in the small step trial, blood pressure remained elevated
(P=0.004).
Brachial Artery Shear Rate
Pre-compression baseline shear rate was 24.5 ±15.0 s-1 and this was significantly higher
than the shear rate during the compression baseline in both trials (P<0.001). The
relatively high shear rate pre-compression was expected due to vasodilation in the skin as
a result of the warm room temperature (24 ºC). Compression baseline shear rate was 8.0
±1.9 and 8.4 ±1.8 for the large and the small trials respectively (P=0.992). The average
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Table 5.1. Heart rate and mean arterial pressure (MAP). Bpm- beats per minute. *
Significantly different from compression baseline. † Significantly different from
pre-compression baseline. ‡ Significantly different from same time period in the
large trial. Values are mean ± SD.

Large step

Heart rate
(bpm)
MAP
(mmHg)

Small step

Precompression
baseline
57.3 ±6.7

Compression
baseline

Release

Compression
baseline

Release

60.6 ±5.6 †

61.5 ±5.1 †

60.7 ±5.8 †

62.06 ±5.2 †

81.8 ±8.3

87.9 ±8.4

82.7 ±7.9*

88.3 ±9.6

88.4 ±9.5 † ‡
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shear rate during the release period was 84.8 ±16.1 s for the large step and 49.7 ±9.1 s
for the small step (P<0.001). This represents an average increase in shear rate of 76.8
±15.6 s-1 and 41.4 ±8.7s-1 for the large and the small trials respectively (P<0.001)
(Fig.5.3). The small step increase in shear rate was 53.9 ±3.0% of the large step
increase, which is very close to our target of 50%.

Large Step (Fig.5.4A and 5.4C). Despite our intention to maintain a stable shear rate, it
declined slightly over time. The average shear rate in the first 5 min was 88.5 ±18.3s-1 vs.
81.4 ±14.5s-1 in the last 5 min (P<0.001). This decline in shear rate was due to a slight
decline in velocity (average velocity in the first 5 min: 37.4 ±5.7 cm/s vs. the last 5 min:
36.2 ±5.0 cm/s; P=0.007) combined with a ~14% increase in brachial artery diameter (see
following section).
Figure 5.4A also reveals an initial overshoot in the shear rate. To assess the
magnitude of the overshoot we compared the shear rate in the first two 21s time bins to
the average shear rate during the initial phase (phase I) of vasodilation. The shear rate in
the first 21sec time bin (102.8 ±28.9 s-1) was larger than the average shear rate during
phase I (88.5 ±19.0 s-1; ranks: P<0.05). The shear rate in the second time bin (91.1 ±23.8
s-1) was not significantly different from the average shear rate during phase I (ranks: P
>0.05). The high shear rate values in the first time bin result from a combination of a
mild overshoot in velocity immediately post compression release (~3cm/s) and the
smaller diameter prior to vasodilation.
Small Step (Fig.5.4B and 5.4D). A stable shear rate was maintained throughout the
small trial (shear rate in the first 5 min: 50.2 ±8.9 s-1 vs. the last 5 min: 49.3 ±8.9 s-1 ;
P=0.06). This is a result of a stable velocity (average velocity in the first 5 min: 20.4 ±2.6
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Figure 5.3. Brachial artery shear rate for each subject (unique symbols) and
the group mean in the large and small step conditions (filled square = large
trial; open square = small trial. (Error bars represent ± between subjects SD)
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Figure 5.4. Panel A: Average brachial artery shear rate profile during the large
step trial. Panel B: Average brachial artery shear rate profile during the small step
trial. Panel C: Average brachial artery mean blood flow velocity profile during the
large trial. Panel D: Average brachial artery mean blood flow velocity profile
during the small trial. Each data point represents a 21 sec average time bin. Error
bars represent ± between-subjects SD.
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cm/s vs. average velocity in the last 5 min: 20.4 ±2.5 cm/s; P=0.809) and a more modest
diameter adaptation (~6%)(see following section). There was also no statistically
significant overshoot in the small trial (first bin: 54.1 ±13.9 s-1 vs. first dilation phase
average shear rate: 50.4 ±8.84 s-1; P=0.076).
Baseline Diameter and FMD
Pre-compression baseline diameter was 3.9 ±0.4mm and the compression baseline
diameters were 3.9 ±0.4mm and 4.0 ±0.4mm for the large and small trials respectively
(ranks: P=0.482). The observation of no significant difference between the precompression and the compression baseline diameters indicates that heating alone, with no
increase in shear rate did not induce a conducted vasodilation. This agrees with previous
results from our group (172). The peak percent change in diameter was 14.5 ±3.8% for
the large step trial and 5.7 ±2.3% for the small trial (P<0.001) (Fig. 5.5A).
Response Dynamics
The average diameter profile is displayed in Fig. 5.5B. In the large step trial an
initial phase of dilation was followed by a middle stage that was characterized in one of
four ways: 1) a plateau (8 of 15 subjects) 2) a minor dilation followed by a plateau (2 of
15 subjects) 3) minor re-constriction (4 of 15 subjects) or 4) a continued dilation followed
by a re-constriction (1 of 15). This middle stage was then followed by a final phase of
dilation in all subjects. In the small step trial the phase I dilation was followed by either a
plateau (10 of 15) or a minor re-constriction (5 of 15). This middle stage was followed by
a final phase of dilation in 12 of 15 subjects. Therefore for comparisons of the large and
small trial final phase of dilation n=12, since three subjects did not demonstrate a final
phase of dilation in the small step trial.
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Figure 5.5. Panel A: Hatched portion of bar represents the proportion of dilation
that occurred during phase I. Panel B: Average FMD response profile. Solid
line – large step trial; dotted line – small step trial. * Significantly different from
the large trial. Error bars represent between-subjects SD.
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The time delay prior to the phase I dilation (time between the initiation of the stimulus
and the onset of the response) was not significantly different between the large and small
step trials (18.9 ±8.3s vs. 22.0±10.1s; P=0.270) (Fig. 5.6A). The time delay for the final
phase of dilation was significantly shorter in the large trial vs. the small trial (300.6
±153.8s vs. 456.7 ±230.0s; P=0.002) (Fig. 5.6B).
The phase I dilation was faster than the final phase of dilation in both the large
and the small trials (ranks: P<0.001). The rate of adaptation of the phase I dilation (tau)
was close to reaching statistical significance between the large and the small trials (23.2
±4.0s vs. 32.6 ±18.5s; P=0.054) (Fig. 5.6C). The individual first dilation phase tau
values are plotted in Figure 5.7A. However, upon closer examination of the individual
data it is apparent that there are two subjects who demonstrate a markedly higher tau for
the small trial, clearly different in nature than the other 13 subjects. Statistical analysis
within these thirteen subjects indicates that there was no significant difference in the
speed of the phase I diameter adaptation (22.6 ±4.0 vs. 26.7± 10.4; P=0.193). For the
rate of adaptation of the final phase of dilation, although the mean response was almost
double in the large vs. small trials it failed to reach statistical significance (large 818.5
±849.1s vs. small 440.2 ±683.9s; ranks: P=0.176) (Fig. 6D). The speed of the final phase
of dilation was quite variable and the individual tau values are plotted in Figure 5.7B.
There were two subjects who demonstrated a markedly higher average tau for the large
trial. When these subjects are removed, it supports the conclusion that for the vast
majority of subjects there was no significant difference between trials (488.8 ±342.7 vs.
510.4 ± 734.0; P=0.892).
The percent change in diameter in the first phase was 10.2 ±3.3% in the large step trial
and 4.7 ±2.0% in the small step trial (Fig. 5.5A hatched portion of bar). The phase I

129

Figure 5.6. Panel A: Time delay until the phase I dilation. Panel B: Time
delay until the final phase of dilation. Panel C: Speed (tau) of the phase I
dilation. Panel D: Speed (tau) of the final phase of dilation. * significantly
different from the large trial. ^ significantly different from the first phase.
Error bars represent between-subjects SD.
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Figure 5.7. Panel A: Individual response speed (tau) values for phase I FMD.
Panel B: Individual response speed (tau) values for the final phase of FMD.
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dilation accounts for 69.7 ±7.8% and 82.0 ±13.7% of the peak percent change in the large
and small trials respectively (ranks: P=0.026). Thus the proportion of the total response
attributable to the first phase of dilation was smaller with the larger stimulus magnitude.
Stimulus Response Relationship
There was a strong relationship between the increase in shear rate and the peak %
FMD (Fig. 5.8A (r2=0.72; P<0.001)), and the initial dilation phase %FMD (Fig. 5.8B
(r2=0.70; P<0.001)). There was a moderate relationship between the increase in shear
rate and the percent change in diameter attributable to the delayed dilation (delayed
dilation magnitude = phase I peak – total response) (Fig. 5.8C (r2=0.39; P=<0.001)).
Small trials where no delayed dilation was present (n=3) were not included in the delayed
dilation regression.
DISCUSSION
This study used a novel approach to control the magnitude and duration of a
brachial artery shear stimulus increase in vivo. It provides the first characterization of
human conduit artery FMD response dynamics in young, healthy humans. The primary
novel findings are as follows. First, conduit artery FMD followed a generally bi-phasic
pattern with a fast initial phase (phase I) of dilation followed by a delayed, slower final
phase of dilation. This is consistent with the existence of two separate mechanisms or sets
of mechanisms in the human brachial artery FMD response to a sustained increase in
shear stimulus. Second, neither the phase I nor the final phase FMD response speed was
affected by the stimulus magnitude, suggesting that FMD control mechanisms exhibit
dynamic linearity. Third, the magnitude of both phase I and the final phase FMD was
related to the shear stimulus magnitude. Thus, both initiating and sustaining mechanisms
of FMD appear to be proportionally sensitive to the magnitude of a step increase in shear.
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Figure 5.8. Panel A: Relationship between the increase in shear rate from
baseline and the peak %FMD over the 20 min stimulus period. Panel B:
Relationship between the increase in shear rate from baseline and the Phase I
%FMD. Panel C: Relationship between the increase in shear rate from baseline
and the delayed %FMD (delayed %FMD=phase I peak – total response). For all
panels: filled circles = large step, open circle s= small step.
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Impact of Shear Stimulus on FMD Response Magnitude
To date, methodological approaches to investigate FMD in human conduit arteries
have focused on the assessment of the amplitude of the response to a transient reactive
hyperemia stimulus (19; 22; 36; 45; 144) or distal heating-evoked gradual increases in
shear stimulus to steady state (15; 108; 148). These groups reported a positive
relationship between the sustained shear stress stimulus magnitude and the FMD response
(15; 108; 148). In agreement with previous findings, we observed that peak FMD was
strongly associated with the magnitude of the shear stimulus (r2=0.72; P<0.001)
indicating that ~70% of FMD could be explained by the shear stimulus magnitude (Fig.
5.8A). However, our study extends these previous findings in two ways. First, we
demonstrate that the magnitude of the phase I FMD is also strongly associated with the
shear stimulus magnitude (r2=0.70; P<0.001) (Fig.5.8B). Second, the magnitude of the
delayed FMD is also impacted by shear stimulus magnitude, (n=12; r2=0.39; P<0.001)
(Fig. 5.8C), although this effect is considerably weaker. Taken together, these findings
suggest that the mechanisms responsible for the initiation of FMD are more strongly
associated with shear stimulus magnitude than those determining the delayed FMD, and
that the impact of shear stimulus magnitude on total FMD is predominantly mediated by
mechanisms responsible for FMD initiation.
The phase I FMD accounted for a larger proportion of the total FMD in the small
vs. large step increase in shear (82.0 ±13.7% vs. 69.7 ±7.8% ; P=0.026). However, closer
examination of the data revealed that this difference was primarily explained by three
subjects who did not have a final phase of vasodilation in response to the small shear step
(phase I contribution of 100%). The relative proportion of phase I FMD to total FMD
when a secondary delayed FMD was expressed (n=12) was not different (72.24 ±5.22%
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vs. 77.51 ±11.38%; ranks; P=0.176). This analysis indicates that the magnitude of the
shear stimulus may influence the presence or absence of a delayed FMD phase, however
it does not appear to impact the relative magnitude of the phase I FMD if a delayed phase
is present.
Impact of Shear Stimulus on FMD Dynamics
Previous studies in humans have been unable to provide information regarding the
temporal characteristics (time delay and tau) of the FMD response due to limitations in
shear stimulus creation (15; 108; 148). Thus, it has remained unknown as to whether
human conduit artery FMD involves temporally distinct sets of mechanisms. This is
important because similar to exercise hyperemia (51; 181; 204), the factors that initiate
the response may not be involved in sustaining it. Further, dysfunction may become
manifest in temporal characteristics before it is manifest in the magnitude of FMD. The
multi-mechanism nature of FMD (15; 148) and potential impairments in the temporal
response characteristics in vivo can only be identified by investigating FMD responses to
controlled step changes in the shear stimulus.
The time course of FMD in response to a sustained step increase in shear has been
reported in isolated rat coronary arteries (8), rat gastrocnemius and soleus arterioles (188)
and rat cremaster arterioles (29) with some conflicting results. In rat coronary arteries
Assawi and Austin (8) found that a sustained (~6 min) step increase in shear stress
resulted in a transient dilation that peaked within ~1-2 min, maintained that peak for an
additional ~1.5-3.5 min, and then re-constricted to near baseline. In rat cremaster
arterioles Butler et al. (29) found that the peak FMD occurred at ~4 min. This was
followed by a pronounced re-constriction and then a modest second phase of vasodilation
that began approximately 15 min after the stimulus onset. In contrast, in rat calf muscle
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arterioles Shipley et al. (188) found that an initial FMD (peak at ~2 min) was maintained
over the full duration of a 20 min stimulus period with no re-constriction. Furthermore,
even within the rat hindlimb, gastrocnemius (fast twitch) and soleus (slow twitch)
arterioles can differ in initial FMD temporal characteristics, with the gastrocnemius
demonstrating a faster diameter adaptation (188).
Our findings indicate that with the onset of an increase in shear stimulus, an initial
“rapid acting” FMD mechanism or set of mechanisms is activated and then followed by a
delayed recruitment of a secondary slower acting mechanism or set of mechanisms. The
time required to initiate the phase I FMD mechanism(s) does not depend on the
magnitude of the shear stimulus (Fig. 5.6A). In contrast, the time to initiate secondary
slower acting mechanism(s) appears to be shortened with increasing shear stimulus
magnitude (Fig. 5.6B). However, the rate of adaptation of FMD for both phases appears
to be independent of shear stimulus magnitude (Fig.5.6C and D).

The latter observation

supports the conclusion that, similar to the exercise hyperemia adaptation (181), the
control mechanisms governing FMD demonstrate dynamic linearity. This also suggests
that the characteristics of the mechanism(s) responsible for either the initial or the delayed
FMD in the human brachial artery are the same regardless of the magnitude of the step
increase in shear stimulus. The contrasting findings in rats, and between rat vessels and
the current study’s human data emphasize the specificity of FMD characteristics across
species and vascular beds.
Temporal Nature of FMD Mechanisms
In rat hindlimb arterioles Shipley et al. (188) observed that nitric oxide (NO)
synthase inhibition did not impact the initial phase (up to two minutes) of FMD, but
completely abolished the sustained FMD. On the other hand, calcium sensitive potassium
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(KCa) channel inhibition reduced the initial response to shear stress by 69% in
gastrocnemius arterioles and 44% in soleus arterioles. Thus in rat hindlimb arterioles NO
appears to be obligatory only for the maintenance of the FMD response while an
endothelial derived hyperpolarizing factor (EDHF) working through KCa channels appears
to be important in the initiation of the response. In contrast, Assawi and Austin (8) found
that in isolated rat coronary arteries NO inhibition resulted in a 50% reduction in the
initial peak FMD. Furthermore, blockade of KCa channels in rat coronary arteries resulted
in almost complete response abolition (8), which contrasts with findings in hindlimb
arterioles (188). Finally, in human umbilical vein endothelial cells Frangos et al. (70)
found that G protein inhibition eliminated an initial burst of NO production, while it had
no effect on sustained NO production. This lends further support to the hypothesis that
the initial change in shear stress (step up) and the maintenance of that shear stress elicit
distinct responses from the endothelium (70). Taken together these results indicate that 1)
initial and maintained FMD are mediated by different mechanisms and 2) The
mechanisms involved in FMD, and their temporal characteristics, are distinct in different
vascular beds.
No human studies have investigated the relative contribution of FMD mechanisms
over time in response to a sustained shear stimulus, however two studies have
investigated the mechanisms involved in the steady state (maintained) response (15; 148).
Mullen et al. (148) found that the peak dilation to a sustained stimulus was unaffected the
NO synthase inhibitor L-NMMA or the cyclooxygenase inhibitor aspirin, indicating an
NO and prostacyclin independent sustained FMD response. This is in contrast to their
finding that FMD in response to a brief shear stress stimulus (reactive hyperemia
following 5 min of occlusion) was mediated by NO. It is tempting to apply these findings
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to the current study and hypothesize that the phase I FMD is NO dependent, while NO is
not obligatory for the final phase of FMD. However, the stimulus during the phase I of
the current study was clearly more prolonged than a 5min occlusion reactive hyperemia
(~30 sec) and it may not be accurate to assume that it constitutes an NO dependent “brief”
stimulus.
Recent work by Bellien et al. (15) contradicts the findings of Mullen et al. (148).
These investigators found that NO synthase inhibition resulted in a ~40% reduction in the
steady state FMD. Further, they also investigated the potential role of an endothelial
derived hyperpolarizing factor (EDHF) in the FMD to a sustained stimulus and found that
infusion of either the KCa channel inhibitor tetraethylammonium chloride (TEA) or the
cytrochrome P450 (CYP 450) inhibitor fluconazole reduced FMD by ~15%. This
suggests that an EDHF synthesized by CYP 450 activates KCa channels to contribute to
FMD in response to a sustained increase in shear stress (15). In addition, radial artery
FMD was reduced by ~70% during combined infusion when both NO synthase and KCa
channels, or NO synthase and CYP 450 inhibition was in effect. This synergistic effect
suggests an interaction between NO and EDHF mechanisms (15), perhaps indicating that
in the absence of NO an increase in EDHF production may occur to partially maintain
FMD (15). This type of compensatory response has been reported previously (99; 145).
Applied to the current study this supports the hypothesis that during the final phase of
dilation the contribution of NO drops off allowing a greater contribution of EDHF.
It is not entirely clear why the human mechanistic studies found conflicting results
regarding the role of NO in FMD in response to a sustained stimulus. Bellien et. al. (15)
stated that it might be due to an insufficient dose of L-NMMA in the study by Mullen et.
al. (148). However, this explanation seems unlikely considering that Mullen et al. (148)
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increased their dose of L-NMMA from 4µmol/min to 16µmol/min in five subjects and
still found no effect on FMD. Alternatively, it is possible that that there is physiological
variability between individuals in terms of the relative contribution of multiple FMD
mechanisms. Thus, in the group of subjects studied by Mullen et al. (148) it may be that
EDHF was able to completely compensate for the lack of NO production under LNMMA infusion.
Collectively, these previous animal and human results indicate the existence of
distinct FMD initiating and maintaining mechanisms. This is in support of the current
study’s interpretation of the bi-phasic nature of the response. Due to the conflicting
findings regarding human steady state sustained FMD it remains unclear what
mechanisms are obligatory. Further studies to resolve these conflicting results and
examine the time course of involvement of the distinct mechanisms are necessary.
Potential Limitations
In the large shear step trial the delayed onset of FMD in combination with the
mild overshoot in target velocity at arterial compression release resulted in a shear rate
with an initial overshoot (Fig. 5.4A). It is possible that the initial overshoot in shear rate
affected the phase I FMD. To explore this, we assessed the relationship between the early
overshoot in shear rate and the phase I tau (r2=0.041; P=0.467), and the phase I time delay
(r2=0.058; P=0.387). The lack of any relationship argues strongly against the contention
that the overshoot had an effect on the response dynamics.
The stimulus magnitude was determined individually for each subject based on
the maximal amount that their blood flow velocity increased following complete release
of arterial compression. This could depend on the size of their forearm skin vascular bed
and its sensitivity to the heat as a stimulus for vasodilation. As a result there was a
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significant amount of between-subject brachial artery shear stimulus variability. This
resulted in a minor overlap between subjects in the large and small shear stimulus
magnitudes (for some subjects, their large stimulus was in the range of the small shear
stimulus of other subjects; see Fig. 5.3).

However, it is clear that there is a significant

difference in the stimulus between the large and the small trials within each individual
subject, thus the two trials represent clearly distinct stimulus magnitudes.
The blood pressure in the release phase of the small shear step trial was slightly
elevated (~7mmHg) from the pre-compression baseline level. It is possible that this
reflects an increase in sympathetic nervous activity (SNA). Increases in sympathetic
nervous activity have in some cases been shown blunt the FMD response to reactive
hyperemia (55; 92), although this appears to depend on how SNA is elevated. Dyson et
al. (55) found that while performing the cold pressor test resulted in decreased FMD,
activation of the muscle metaboreflex did not. Importantly, changes in blood pressure
and heart rate did not predict the effect on FMD (55). In the current study the blood
pressure elevation is minor, and could be mediated by cardiac output (190). It is therefore
unlikely that it indicates a change in SNA that would have blunted the FMD response.
Finally, in this study the magnitude of the large step increase in shear rate determined
the target magnitude for the small step trial. As a result the large trial had to be
performed first, implicating a potential order effect. Arguing against this however, there
was no difference in the dynamics of the response between the two trials. Furthermore,
while no previous studies have examined the effect of repeated exposure to sustained
hyperemia, it has been demonstrated that repeated exposure to reactive hyperemia has no
impact on the peak FMD (89). There is therefore no evidence to indicate the existence of
an order effect.
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Conclusion
Sustained elevations in shear stress represent a more physiologically relevant
stimulus than reactive hyperemia. Developing a clear understanding of the dynamic
characteristics of the FMD response and the mechanisms recruited over time may reveal
important new information about the nature of healthy endothelial function, and the
progression of endothelial dysfunction. This study provides the first characterization of
the time course of human conduit artery FMD in response to a sustained shear stimulus.
The bi-phasic nature of the response indicates the existence of two separate mechanisms
or sets of mechanisms in the human brachial artery FMD response to a sustained increase
in shear stimulus. Furthermore, both sets of FMD control mechanisms exhibit dynamic
linearity. Finally, both initiating and sustaining mechanisms of FMD are proportionally
sensitive to the magnitude of a step increase in shear, although initiating mechanisms
appear predominantly responsible for the peak FMD proportionality with shear stimulus.
These findings set the stage for further investigation into as yet unknown characteristics
of FMD responses and mechanisms in both healthy and diseased populations.
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Chapter 6

Brachial artery flow mediated dilation: impact of maintained forearm heating vs.
forearm exercise-induced elevations in shear stimulus
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INTRODUCTION
A properly functioning vascular endothelium is essential for vasoregulation and
vascular health. In healthy arteries an increase in blood flow associated shear stress
results in the local release of endothelial factors which cause an endothelial dependent
flow mediated dilation (FMD) (36; 170; 179). There are several shear stress elevation
techniques, each with a distinct shear stress profile, that have been employed to
investigate FMD in human conduit arteries. These include: large transient increases in
shear stress following the release of temporary limb occlusion (reactive hyperemia) (36;
44), more moderate, gradual, sustained increases brought about by limb heating or distal
acetylcholine infusion (15; 108; 148), and moderate step increases brought about by limb
heating with the addition of controlled arterial compression (172). These shear stress
profiles differ in their rate of onset, their peak magnitude and their duration. Further,
these disparate stimuli can evoke distinct FMD mechanisms, dynamics and magnitudes
(15; 109; 148). Thus the FMD response characteristics appear to be sensitive to the
nature of the shear stimulus profile (174).
Exercise is arguably the most common mechanism of shear stress increase in
conduit arteries in vivo. Exercise evokes a rapid reduction in vascular resistance in the
muscle vascular bed which results in sustained increases in upstream conduit artery blood
flow that are exercise intensity dependent (51). In addition to being the most
physiologically relevant cause of shear stimulus increase in vivo, exercise provides a
convenient way to study FMD in response to prolonged increases in shear stress without
drug infusion or heating apparatus. Exercise has been used to create the shear stimulus in
a small number of studies examining FMD (72; 165). However, in contrast with shear
stimulus creation techniques employed in most previous FMD studies, exercise creates an
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oscillatory pattern of shear stress with brief periods of reverse flow. This is because
blood flow is impeded (and briefly ejected backwards) during muscle contraction and
enhanced during muscle relaxation. Exposure to oscillatory flow has been shown to
influence endothelial vasodilatory function in vitro and ex vivo (74; 222) and
atherosclerotic lesions tend to localize in areas exposed to reversing oscillatory flow (46;
112; 153). However, it is currently unclear how acute exercise induced oscillations in
shear stress impact the FMD response in human conduit arteries. Specifically it is unclear
whether the endothelium responds to the mean shear stress or whether it is
disproportionately influenced by maxima or minima of the oscillating shear stimulus
profile.
In addition to the distinct characteristics of the shear stress stimulus created with
exercise, there are other factors unique to the exercise condition that might impact conduit
vessel dilation. Exercise increases sympathetic nervous system activity (SNA) (26) and
this might influence conduit vessel tone and potentially blunt the FMD response (55; 92).
Exercise also changes the metabolic environment of the muscle resulting in arteriolar
vasodilation at the site of metabolic demand. Initial vasodilation originating in the
terminal arterioles directly accessible to local metabolic vasodilator influences in
activated skeletal muscle can also conduct up the arterial tree resulting in dilation of more
remote vessels (210). It is currently unknown if this conducted vasodilation can reach the
level of conduit arteries in humans, however, it must be considered as a possible
contributor to observed conduit vessel dilation in response to exercise.
With this as a background, the objectives of the present study were to 1) identify if there
is a distinct FMD response to an increase in brachial artery shear stress via forearm
heating vs. forearm exercise and 2) isolate the effects of the oscillatory characteristics of
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the shear stress pattern created with exercise from the other consequences of muscle
activation. In order to achieve this we created a step increase in brachial artery blood
flow velocity to the same (within subjects) mean target with forearm heating vs. forearm
exercise vs. combined forearm heating and rhythmic mechanical forearm compression.
Our results are consistent with the conclusion that the human brachial artery endothelium
transduces the mean shear stimulus whether it is created passively or via exercise.
METHODS
Subjects.
16 healthy, non-smoking male subjects between the ages of 19 and 35 from the Queen’s
University community volunteered to participate. Health status of the subjects was
confirmed with a medical screening questionnaire for risk factors associated with
endothelial dysfunction. Each subject served as his own control. The study procedures
were approved by the Health Sciences Human Research Ethics board at Queen’s
University which operates under the terms of Helsinki, and all subjects completed a
consent form that was approved by the same board. Subjects were instructed to abstain
from alcohol, caffeine and exercise for 12 hours prior to the study, and to abstain from
food for 4 hours prior to the study. Each subject participated in testing over three days.
The conditions in which blood flow was elevated passively were performed on day 1 and
the exercise conditions were performed on day 2 and repeated on day 3. All experiments
were performed at the same time of day (± 2h) in a quiet, temperature controlled room
(22° C heating; 18° C exercise). Each of the three test days took place over a 10 day
period with the exception of one subject for whom the test days were spread over 16 days.
Subject monitoring- Heart rate was monitored throughout each study via 3 lead ECG.
Blood pressure was measured continuously via Finapres (Ohmeda 2300).
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Brachial Artery Blood Flow Velocity and Diameter.
Brachial artery blood flow velocity was measured continuously in all experiments with
Doppler ultrasound operating at 4 MHz (GE Vingmed System 5, GE Medical Systems
Inc.). All scans were performed at an insonation angle of 68 degrees for reasons as
discussed previously (175). The ultrasound probe was oriented over the brachial artery to
achieve a clear arterial blood velocity signal, with no interference from adjacent vein
blood flow. Once in position the probe was supported with a clamp stand and a guide
adhered to the skin. The brachial artery was imaged by 2D greyscale ultrasound imaging
in B-mode with the same probe operating at 10 MHz. The probe operator was able to
make corrections to probe placement to maintain an optimal velocity signal and vessel
image throughout the experiment. The images were recorded in Digital Imaging and
Communications in medicine (DICOM) format for future analysis with custom automated
edge detection software (217).
Experimental Procedures.
Subjects lay supine with both arms out to their sides. Blood pressure was measured on
the right arm, while ultrasound measurements were performed on the left arm.
Forearm heating
Up to the level of the anticubital fossa, the forearm was enclosed in a custom water bath.
The bath consists of a six inch diameter tube with an internal plastic sleeve which covers
the hand and forearm so that they are not in direct contact with the water. Warm water
(maintained between 43-45 ºC) from an external water heater was pumped in to fill the
bath. Once full, water was continually circulated between the water heater and the
forearm water bath. Skin temperature was continuously monitored (Barnant thermistor
thermometer 600-1070) and not allowed to rise above 42ºC. Ongoing confirmation of the
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subject's comfort level guided immediate adjustments in water temperature (infusion of
cold water) if the subject began to experience discomfort.
Arterial Compression
During the heating trials at the initiation of water bath filling, the subject’s brachial pulse
was located just proximal to the anticubital fossa (distal to site of ultrasound
measurement). A custom designed stand equipped with a linear actuator (McMaster
Carr) tipped with a domed stylus was placed over the brachial pulse. Using custom
designed controlling software the stylus was lowered to provide arterial compression.
The compression acted as a dam allowing control of upstream blood flow velocity.
Increasing compression slowed down blood flow velocity and controlled release of
compression allowed blood flow velocity to increase. Blood flow velocity was displayed
on-line as a 5 sec moving average, allowing the experimenter to adjust arterial
compression to achieve a desired target. Due to subject movement during the exercise
trials, when required arterial compression was achieved via manual experimenter finger
pressure applied to the brachial pulse.
Brachial Artery Shear Stimulus Conditions
Forearm heating-evoked oscillatory brachial artery shear stimulus (FHOscillatory) – To
mimic the pattern of brachial artery blood flow velocity created with forearm exercise, an
inflatable cuff was placed on the forearm just distal to the anticubital fossa during
heating. Upon release of arterial compression the cuff was rhythmically inflated and
deflated (duty cycle: 2s inflation to 3s deflation). Pilot work indicated that the specific
manner of inflation/deflation required to mimic forearm exercise involved immediate
inflation to 150mmHg and a rapid reduction to 100mmHg followed by rapid deflation for
each inflation/deflation cycle.
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Forearm heating-evoked steady brachial artery shear stimulus (FHSteady) – Step increases
in brachial artery blood flow velocity were achieved via controlled release of the arterial
compression stylus. Blood flow velocity was targeted to achieve the same mean blood
flow velocity created in the FHOscillatory condition.
Forearm exercise-evoked brachial artery shear stimulus (FE) – Before the initiation of
forearm exercise trials, subjects first performed three maximum voluntary contraction
(MVC) attempts. Subjects then performed a series of contractions at different intensities
to identify the contraction intensity (%MVC) that elicited the same mean brachial artery
blood flow velocity achieved during the FHOscillatory condition. During the forearm
exercise trials, isometric handgrip force feedback was displayed continuously for the
subjects on a computer data acquisition system (Powerlab; ADInstruments). Subjects
achieved the target force and duration for each contraction by displacing the force readout
line to the desired level in time with a 2s contraction/ 3s relaxation duty cycle beeper.
Brachial artery blood flow velocity was continually monitored throughout the trial and
experimenters coached the subjects through minor increases and decreases in force
production to maintain the desired blood flow velocity target.
Specific Protocols (Fig. 6.1A and B)
There were a total of five different shear stimulus condition protocols, which all had in
common the following. Baseline brachial artery images and blood flow velocity prior to
initiating the increased shear stimulus were recorded for 1 minute (FH pre-compression
baseline and FE baseline). Blood flow velocity was monitored continuously throughout
the protocol and a minimum of 10 minutes was allowed between trials to permit brachial
artery diameter to return to baseline.
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Figure 6.1. Panel A- Day 1 protocol timeline. Panel B- Day 2 and day 3
protocol timeline. Subjects performed each of the two forearm heating (FH)
trials twice on day 1. Subjects performed all three forearm exercise (FE ) trials
on day 2 and repeated them on day 3.
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Specific to the FH trials, once filling of the water bath was initiated, arterial compression
commenced and baseline blood flow velocity was maintained during the initial heating
period. To ensure a maximal reduction in forearm vascular resistance, heating and
arterial compression were performed for 30 min prior to starting the first trial. One
minute of baseline blood flow velocity and blood vessel diameter was recorded prior to
initiating blood flow velocity increases in the forearm heating trial (FH baseline).
Arterial compression was resumed between each trial to return blood flow velocity to
baseline.
FHOscillatory – Arterial compression was fully released and rhythmic inflation/deflation of
the occlusion cuff at a duty cycle of 2s/3s was performed for 10 min.
FHSteady – Arterial compression was controlled to maintain mean blood flow velocity at
the level achieved in the FHOscillatory condition. This shear stimulus was maintained for 10
min.
Subjects underwent two FHOscillatory trials and two FHSteady trials on day 1. The
first and second trials were always FHOscillatory followed by FHSteady. The order of the
second FHOscillatory and FHSteady trials was counterbalanced. It was necessary to perform
an FHOscillatory trial first because its magnitude was determined by the rhythmic cuff
inflation induced reductions in blood flow velocity superimposed on the subject’s dilatory
response to the forearm heating. The two FHOscillatory trials and two FHSteady trials for each
subject were averaged to provide one mean subject response for each condition.
FE — Subjects experienced 3 different exercise shear stimulus conditions on day 2 and
repeated them on day 3. The two trials from each condition were averaged together to
provide one mean subject response for each condition. The specific exercise shear
stimulus conditions were as follows: 1) Forearm exercise step increase in shear stimulus
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(FEStepIncrease)- The brachial pulse was located and finger pressure was used to perform
arterial compression to maintain blood flow velocity at baseline for the first ~5
contractions. Upon arterial compression release a step increase in blood flow velocity
was achieved. This method was employed to ensure the same rapid shear stimulus onset
as was achieved in the FHOscillatory and FHSteady conditions. Contractions were performed
for 10 min. 2) Forearm exercise normal rate of increase in shear stimulus
(FENormalIncrease)- This condition was performed as a control to determine if the
FEStepIncrease FMD response differed from the FMD response to a normal rate of increase
in brachial artery shear stimulus at exercise onset. In this condition no arterial
compression was performed at the onset of contractions and this resulted in the normal,
more gradual increase in blood flow velocity with exercise. Contractions were performed
for 10 min. 3) Forearm exercise where shear stimulus increase is prevented
(FENoIncrease)- This condition was designed to assess whether mechanisms of vasodilation
other than brachial artery shear induced FMD were at work in the conduit artery.
Handgrip exercise (intensity matched to FEStepIncrease condition) was performed for 4.5
min during manual arterial compression (finger pressure) maintaining blood flow velocity
at baseline.
Data Analysis

Brachial Artery Blood Flow Velocity.
Blood flow velocity was analysed off-line in 3 sec average time bins. A mean blood flow
velocity profile for each subject in each condition was obtained from an average of the
two trials per condition.
Brachial Artery Diameter.
Vessel diameter was analyzed using an updated version of the automated edge-detection
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software package (FMD/Blood flow Acquisition and Analysis) described in Woodman et
al. (217). This program allows the user to identify a region of interest (ROI) on the
portion of the image where the walls are most clear. It then identifies and tracks the walls
of the artery via the intensity of the brightness of the walls vs. the lumen of the vessel.
The program collects one diameter measurement for every pixel column in the ROI. It
uses the median diameter as the diameter for that frame. The program is triggered to the
ECG signal and provides a diameter measurement for every R wave (corresponding to
end diastole). The program allows for the removal of erroneous data points due to vessel
wall tracking errors.
The diameter data was compiled as 3 sec time bins allowing multiple trials to be
time-aligned and averaged. Missing data due to tracking error in individual trials was
interpolated to facilitate calculation of the average. This averaged data was then plotted
over time and a line of best fit was applied using custom software that allows the user to
select the type of exponential function and manipulate the function parameters to form a
curve that is the best fit for the data. The function parameters are 1) the number of
phases, 2) the time delay (TD) which is the time between the onset of the shear stimulus
and the onset of the response for that phase and 3) the time constant (tau), an index of
response speed which is the time to 63% of the maximal response (Fig. 6.2). Using the
exponential function parameters, another custom program then calculated diameter values
along that function in 3 sec intervals. Thus a diameter measurement and a velocity
measurement, time aligned for every 3 sec, was obtained. FMD is reported as the percent
change in diameter (%FMD) or absolute change in diameter (FMDabsolute (mm)) from the
baseline measurement prior to release of arterial compression (FHOscillatory and FHSteady) or
prior to commencement of exercise (FEStepIncrease, FENormalIncrease, FENoIncrease).
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Figure 6.2. Schematic of response dynamics. TD1 –phase I time delay: time
between onset of stimulus and initiation of response. Tau1 -Speed of phase one
response (time to 63% of maximal response). Response dynamics following
phase I (dotted line) were not reported due to variability in the response
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Shear Rate.
Shear rate (an estimate of shear stress without viscosity) was calculated as mean blood
flow velocity/vessel diameter and was used to quantify the shear stimulus for FMD. The 3
sec average shear rate was averaged into 21 sec time bins. The shear stimulus is reported
as the mean shear rate or the mean increase in shear rate from baseline during the 10min
shear stimulus period in each condition.
Statistical Analysis
Repeated measures analyses of variance (RM ANOVA) and paired t-tests were used to
compare the shear rate and FMD response (% change in diameter, delta, time delay and
response speed) parameters. To test the hypothesis that the brachial artery would respond
to the mean shear stimulus the FHOscillatory, FHSteady, and FEStepIncrease conditions were
compared.

FEStepIncrease and FENormalIncrease were compared separately to evaluate the

impact of the FENormalIncrease slower shear stimulus onset. To test the hypothesis that
increases in brachial artery diameter during FE were due to FMD and not other
vasodilatory mechanisms, within the FENoIncrease condition parameters were compared
between baseline and during exercise. The level for significance was set at P < 0.05, and
significant differences for ANOVA were further assessed using Tukey’s post hoc tests.
If the normality test (Kologromov-Smirnov) failed a Friedman RM ANOVA on ranks
was performed and the subsequent P value is reported (“ranks” indicated in results
section). Main effects for this test appear as absolute P values while Tukey post hoc
comparisons P values appear as simply greater than or less than 0.05. All statistics were
calculated using Sigmastat 2.03 (SPSS, Chicago, IL). All data are expressed as the mean
± the standard deviation (SD).
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RESULTS
Heart Rate (Table 6. 1)
Baseline heart rate was not significantly different between the two forearm heating
conditions (FHOscillatory vs. FHSteady; (ranks: P >0.05). However, baseline heart rate was
significantly lower in the exercise condition vs. the passive conditions (ranks: P <0.05).
Heart rate only changed significantly from baseline during exercise (P<0.001).
Blood Pressure (Table 6. 1)
Baseline mean arterial pressure (MAP) was not significantly different between trials
(P=0.150). MAP changed modestly during passive elevations in blood flow velocity
(decreased ~3mmHg in FHOscillatory and increased ~2mmHg in FHSteady) while handgrip
exercise (29.19±6.29 %MVC) resulted in a significant elevation in MAP (P<0.001 vs.
baseline).
Brachial Artery Shear Rate Pattern: FHOscillatory vs. FEStepIncrease
A sample raw velocity trace is shown in Figure 6.3. To confirm that the pattern of the
shear stimulus in the FHOscillatory and FEStepIncrease conditions was closely matched we
quantified the mean shear rate during the cuff release (FHOscillatory) or relaxation
(FEStepIncrease) phase and the cuff inflation (FHOscillatory) or contraction (FEStepIncrease) phase.
The shear rate during the cuff release phase of the FHOscillatory condition was 96.00
±25.00s-1 and the shear rate during the relaxation phase of the FEStepIncrease condition was
96.36 ±24.90s-1 (P=0.827). The shear rate during the cuff inflation phase of the
FHOscillatory condition was 11.06 ±6.75s-1 and the shear rate during the contraction phase of
the FEStepIncrease condition was 12.55 ±7.96s-1 (P=0.505). The FHOscillatory cuff inflation
protocol was also designed to mimic the brief period of reverse flow that occurs with
muscle contraction. The nadir of this period of reverse flow was -91.09 ±17.26 s-1 in the
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Table 6.1. End trial values are the average of the last two minutes of the
stimulus period in each condition. * Significantly different than baseline. †
Significantly different from FHOscillatory and FHSteady. Values ± SD.

Condition
FHOscillatory
FHSteady
FEStepIncrease

Heart rate (bpm)
Baseline
61.85±7.08
61.91±6.67
57.76±7.85†

End trial
61.74±7.61
62.12±6.67
63.81±7.16*

Mean Arterial Pressure (mmHg)
Baseline
84.75±10.24
80.73±11.46
84.59±8.57

End trial
81.05±9.75*
82.82±10.24*
96.33±10.98*†
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Figure 6.3. Representative velocity trace from one subject. Arrows indicate
reverse flow due to cuff inflation or contraction.
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FHOscillatory condition and -74.9 ±15.99 s in the FEStepIncrease condition (P=0.016). The
difference in the nadir was unexpected and because it represents only one point in the
period of reverse flow the average shear rate during the reverse period was quantified in a
subset of 10 subjects. The average shear rate of the reverse period was not significantly
different between conditions (FHOscillatory: -45.90 ±13.65 s-1; FEStepIncrease: -43.10 ±8.26 s-1;
P=0.592). This indicates that the overall reverse shear stimulus was similar in the two
conditions.
Brachial Artery Shear Rate
The brachial artery shear rate profile is displayed in Figure 6.4. Baseline shear rate was
not significantly different between the two forearm heating conditions (FHOscillatory:
12.68±3.26 s-1 vs. FHSteady 13.04± 4.21 s-1. P= 0.953). FEStepIncrease baseline shear rate
(16.01±5.82 s-1) was significantly greater than FHOscillatory (P=0.028) but did not achieve
statistical significance vs. FHSteady (P=0.053). Average shear rate during the 10 min shear
stimulus period was slightly but significantly higher in FEStepIncrease 66.15±16.82 s-1 vs.
FHOscillatory 64.37±15.55 s-1 (P=0.018). Average shear rate during the 10 min shear
stimulus period in FHSteady (65.21±15.32s-1) was not significantly different from either
FHOscillatory or FEStepIncrease (P=0.369 and 0.284 respectively). Given that the baseline shear
rate was different between conditions we also calculated the change in shear rate from
baseline. The change in shear rate was not significantly different between trials
(FHOscillatory: 51.69±15.70s-1; FHSteady:52.16±14.10 s-1; FEStepIncrease 50.14±13.03 s-1;
P=0.131).
Due to potential early differences in the shear stimulus magnitude, the area under the
curve (AUC) of the shear rate in first 60s of the shear stimulus period (60s shear rate
AUC) was calculated for each trial. There was no significant difference between
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Figure 6.4. Shear rate profile in 21 sec average time bins. Error bars represent
between subjects variability (± SD).
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conditions (FHOscillatory: 4058.45±1162.22; FHSteady: 4040.74±1008.78; FEStepIncrease:
4108.74±1131.19; P=0.768).
Baseline Brachial Artery Diameter
Baseline diameter was not significantly different between the two forearm heating
conditions (FHOscillatory: 3.83±0.51mm vs. FHSteady: 3.84±0.51mm; ranks:P>0.05). In
addition, baseline diameter prior to heating and arterial compression was not significantly
different than the average FH baseline diameter (pre compression baseline: 3.82±0.49mm
vs. 3.84±0.51mm; P=0.482). However, FEStepIncrease baseline diameter (3.75 ±0.49mm)
was significantly smaller than that in either of the two forearm heating conditions (ranks:
P<0.05 vs. both FHOscillatory and FHSteady).
Flow Mediated Dilation
Response Dynamics
The average response profile is shown in Figure 6.5. Only the phase I FMD dynamics are
reported as variability in the diameter adaptation in the late portion of the trial made
fitting a clear exponential adaptation unreliable. The time delay between the onset of the
shear stimulus and the onset of the FMD response in FHOscillatory was significantly
different from the other conditions (Fig.6.6). However the speed of the FMD response
was unaffected by the mode of shear stimulus increase (Tau1: FHOscillatory: 22.60±16.66s;
FHSteady 27.68±14.38s; FEStepIncrease 25.92±23.29s; ranks:P=0.368).
Response Magnitude
Neither the phase I %FMD or phase I FMDabsolute were significantly different between
trials (P=0.646 and 0.554 respectively) (Fig. 6.7 A and B). The %FMD at the end of the
10 min shear stimulus period was not significantly different between conditions
(P=0.081) (Fig. 6.7 C), however the FMDabsolute was significantly different between the
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Figure 6.5. Panel A- Average %FMD profile. Panel B- Average FMDabsolute
profile
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Figure 6.6. Time delay (TD1) between the onset of the stimulus and the
initiation of the response for the phase I FMD response. * Significantly different
from FHOscillatory. Error bars represent SD.
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Figure 6.7. A- Phase I %FMD. B- Phase I FMDabsolute. C- %FMD at the end of
the 10min stimulus period. D- FMDabsolute at the end of the 10min stimulus
period. * Significantly different from FHOscillatory. Error bars represent SD.
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FHOscillatory and the FEStepIncrease conditions (P=0.035) (Fig. 6.7 D). The phase I response
accounted for 76.26 ±19.13%, 80.63 ±20.26% and 84.20 ±19.90% of the end of trial
response magnitude in the FHOscillatory, FHSteady and FEStepIncrease conditions respectively
(P=0.375).
FEStepIncrease vs. FENormalIncrease
The FEStepIncrease and FENormalIncrease parameter averages are reported in Table 6.2. The
only significant differences were in the 60s shear rate AUC and the TD of the phase I
vasodilatory response. This indicates that the FENormalIncrease condition had a smaller initial
shear stimulus magnitude (as expected due to the slower onset (Fig. 6.8)) which resulted
in a delayed onset of FMD, but had no impact on response speed or magnitude.
FENoIncrease (Figure 6. 9)
Baseline heart rate in the FENoIncrease condition was 57.22 ±8.28 bpm. Heart rate rose
significantly from baseline and was 67.06 ±7.88 bpm in the last 30 sec of exercise
(P<0.001 vs. baseline). Baseline blood pressure in the FENoIncrease condition was 92.89
±8.08 mmHg. Blood pressure rose over the exercise period and was 116.93 ±15.58
mmHg in the last 30 sec of exercise (P<0.001 vs. baseline). Despite the application of
arterial compression, shear rate was significantly higher during exercise vs. baseline
(19.54 ±4.34 s-1 vs. 14.89 ±3.00 s-1 P<0.001). Brachial artery diameter did not change
from baseline during the exercise period (3.74 ±0.52 mm vs. 3.71 ±0.54 mm (-0.80
±1.75%), P=0.094).
DISCUSSION
This study was designed to investigate the FMD response to forearm heating vs.
rhythmic forearm handgrip exercise-induced increases in brachial artery shear stimulus.
Specifically it isolated the effect of the shear stress pattern created by exercise from
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Table 6.2. FEStepIncrease and FENormalIncrease parameters. HR- heart rate.
MAP- mean arterial pressure Values are mean ±SD.

Parameter

FEStepIncrease

FENormalIncrease P Value

Baseline HR (bpm)
End trial HR (bpm)
Baseline MAP (mmHg)
End trial MAP (mmHg)
Baseline Shear rate (s-1)
Average exercise shear rate(s-1)
60s shear rate AUC
Baseline diameter (mm)
Time delay (s)
Tau (s)
Phase I %FMD
Phase I FMDabsolute (mm)
End trial %FMD
Force (%MVC)
Relaxation shear rate (s-1)
Contraction shear rate (s-1)
Nadir in shear rate (s-1)

57.76 ±8.71
63.81 ±7.16
84.59 ±8.57
96.33 ±10.98
16.01 ±5.82
66.15 ±16.82
4108.74 ±1131.19
3.75 ±0.49
34.93 ±9.09
25.92 ±23.29
5.30 ±2.03
0.20 ±0.06
6.68 ±3.04
29.19 ±6.29
96.36 ±24.90
12.55 ±7.96
-74.90 ±16.00

58.57 ±8.71
63.71 ±7.37
87.31 ±4.98
97.59 ±8.97
17.58 ±5.33
65.67 ±15.88
3583.95 ±882.45
3.75 ±0.50
46.30 ±17.78
27.01 ±17.87
5.19 ±1.74
0.19 ±0.06
6.44 ±2.97
28.44 ±7.75
95.67 ±24.87
12.43 ±7.35
-75.64 ±18.35

0.388
0.865
0.133
0.541
0.081
0.271
<0.001
0.940
0.018
0.872
0.665
0.578
0.528
0.229
0.360
0.853
0.777
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Figure 6.8. Stimulus initiation in the FEStepIncrease vs. FENormalIncrease conditions.
Arterial compression resulted in a fast stimulus onset in the FEStepIncrease condition
while the stimulus onset followed a slower profile in the FENormalIncrease condition
where blood flow increased normally in response to exercise. Each data point
represents a 21sec average. Means are ± SD. * indicates that the 60s shear rate
AUC is significantly different between conditions.
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Figure 6.9. Mean arterial pressure (MAP), shear rate and change in brachial artery
diameter during the exercise period of the FENoIncrease condition. Each data
point represents a 3 sec average. Error bars represent ± SD.
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factors associated with muscle activation. The primary finding of this experiment was
that the phase I FMD response magnitude and response speed were determined by the
mean shear independent of the shear stimulus pattern (oscillatory vs. steady) and the
mode of increase (passive vs. exercise). Importantly, the phase I FMD response
accounted for ~80% of the total FMD magnitude and thus represents the majority of the
FMD response to the sustained increase in shear stress. These data strongly suggest that
it is the mean shear stimulus that is transduced by the in vivo human conduit artery
endothelium.
Impact of Oscillatory Shear Stress on FMD
Our group (173) and others (15; 108; 148) have previously shown that sustained
increases in shear stress created with distal heating result in conduit artery (brachial or
radial) FMD that is positively related to the magnitude of the shear stimulus. Previous
studies have also shown that handgrip exercise causes brachial artery vasodilation that is
positively related to shear stimulus magnitude (189; 219). However, to our knowledge no
other study has matched the pattern of shear stress in a forearm heating vs. exercise
condition. In the current experiment the oscillation conditions (FHOscillatory and
FEStepIncrease or FENormalIncrease) consisted of a shear stimulus during relaxation/cuff
deflation that was higher, and a shear stimulus during contraction/cuff inflation that was
lower, than the mean shear. Thus there were marked, rhythmic fluctuations in shear
compared to the mean value (mean ~65 s -1; high phase ~ 96 s -1; low phase ~12 s -1). In
addition, the “low phase” was also characterized by a brief period of reverse flow. If the
endothelium was responding to the “high phase” we would have expected to see greater
FMD in the oscillatory conditions (FHOscillatory and FEStepIncrease or FENormalIncrease) vs. the
steady condition (FHSteady). Conversely, if the endothelium was responding to the “low
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phase” or the reverse flow we would have expected to see attenuated FMD in the
oscillatory conditions vs. the steady condition. Again, the observation that the phase I
FMD was the same in all conditions (and that the %FMD after 10 min was the same in
the FHOscillatory and FEStepIncrease or FENormalIncrease conditions) indicates that with a 2s
contraction/3s relaxation duty cycle the endothelium responds to the mean level of shear
stimulus and is unaffected by transient fluctuations around that mean. Future
investigations are required to determine if this finding is consistent across different
frequencies of oscillation created by different duty cycles.
Although no previous studies have specifically investigated the impact of the shear
stimulus pattern on human FMD, this phenomenon has been investigated in a small
number of animal studies. Snow et al. (194) examined the impact of altering the mean or
the within-cardiac cycle amplitude (diastolic minima to systolic maxima) of the shear
stimulus in the iliac artery of anaesthetized dogs. Increases in the mean and amplitude of
iliac artery blood flow were created by decreasing downstream vascular resistance via
acetylcholine infusion. Left ansa subclavia stimulation was performed to elevate
amplitude only via resultant increases in stroke volume. This study demonstrated
endothelial dependent FMD in the elevated mean + amplitude condition, but no FMD
when only amplitude was increased with no change in the mean. Our study is in
agreement with this principle, but expands on the work of Snow et al. (194) to conditions
where amplitude is manipulated during elevated shear.
The impact of shear direction has also been investigated previously. Prolonged
exposure to forward-reverse shear oscillations has been shown to impair subsequent NO
mediated vasodilation in isolated vessels (74) and to downregulate endothelial nitric
oxide synthase (eNOS) expression in cultured cells (222). Additionally, reduced FMD in
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response to maintained shear stimulus elevation in the reverse vs. forward direction has
been shown in pump perfused iliac arteries of anesthetized dogs (135) and isolated
porcine carotid arteries (132). NOS inhibition attenuates FMD in both forward shear and
reverse shear conditions (135) indicating involvement of nitric oxide. The observation
that a superoxide dismutase mimetic abolishes the difference in FMD between forward
and reverse flow conditions would suggest that elevated oxidative stress occurs with
reverse flow (132). Areas in the vasculature typified by high oscillatory shear and or low
mean shear are also prone to plaque formation, possibly due to a lack of NO mediated
vasoprotection (46; 112; 153).

Taken together, these results suggest that reverse flow

might contribute to the pro-atherogenic state associated with oscillatory shear stress (74;
222) via downregulation and/or oxidative stress impairment of the NO system.
In the current experiment there were cyclic directional changes in shear stress (brief
periods of reverse flow), but this did not result in a blunting of the FMD response. This is
in contrast to what would be predicted from the results of the studies described above.
Two possible explanations for this are 1) the FMD observed in this study was not NO
dependent or 2) the exposure to reverse/oscillatory shear must be more prolonged or in a
different pattern with a lower mean to result in an impairment of endothelial function. In
support of the latter explanation, normal baseline blood flow often has a negative
component during diastole, even in unbranched non-atherosclerotic sections of arteries
(194). Therefore, while Markos et al. (135) and Lu and Kassab (132) demonstrate that
continuous reverse flow has the capacity to interfere with FMD, the results of the present
study extend theirs by demonstrating that periods of reverse flow with handgrip exercise
do not. It is likely that the nature of the reverse flow (magnitude, duration ) and the
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magnitude of the overall mean shear play a large role in determining its functional
significance.
FMD Response Dynamics
The dynamics of the response were only characterized for the first phase of
diameter adaptation (phase I FMD). The speed (tau) of this first phase of dilation was the
same in all conditions and this suggests that the mechanisms of the response were the
same regardless of the pattern of the shear stimulus (oscillatory vs. steady) or the mode of
increase (heating vs. exercise). In contrast, the time delay between the onset of the shear
stimulus and the initiation of the FMD response was significantly different between the
FHOscillatory vs. FHSteady, and FEStepIncrease conditions (Fig. 6.6). This indicates that while the
mechanisms responsible for the FMD response may be the same, the time that it takes to
initiate those mechanisms is dependent on some interaction between the mode and pattern
of shear stimulus increase.
The FHOscillatory condition was characterized by a larger percent overshoot in shear
rate (defined as the percent difference between the first 21sec time bin and the average
shear rate) than the other conditions (FHOscillatory: 20.03 ±11.04%; FHSteady: 3.51 ±5.81%;
FEStepIncrease: 4.15 ±10.61%). This larger initial shear stimulus magnitude might have
contributed to the shorter FMD time delay in the FHOscillatory condition. However, if the
magnitude of the overshoot played an important role in determining the length of the time
delay we would expect to see a negative correlation between the percent overshoot and
the time delay. Arguing against this however, these variables were only very weakly
negatively correlated (r2=0.131). An alternate explanation for these results is that the
oscillatory shear stimulus pattern (FHOscillatory) could have “turned on” the response
mechanisms faster than the steady shear stimulus pattern (FHSteady) and that something
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associated with muscle activation inhibited this accelerating effect of oscillation in the
FEStepIncrease condition. The current data set does not allow further exploration of this
hypothesis and identification of the etiology of the disparate time delays between
conditions will have to await further study.
Step vs. Normal Rate of Increase in Exercise Induced Brachial Artery Shear
This study was designed to match the shear stimulus pattern created by exercise with a
passive shear stress elevation technique (FHOscillatory condition). In normal exercise, blood
flow does not increase in a step fashion at the onset of contractions. However in this
study we compared step increases in the shear stimulus which facilitates the
quantification of the response onset (time delay) and rate of response adaptation (tau).
We compared the FEStepIncrease condition to the normal, slower increase in blood flow that
occurs with exercise (FENormalIncrease) to determine if that slow shear stimulus onset has a
role in the response. We found that there was a clear difference in the rate of shear
stimulus onset (60s shear rate AUC (table 6.2) and Fig. 6.8) and a resultant slower
“turning on” of the mechanisms responsible for FMD (time delay only). Future research
is required to clarify the mechanisms responsible for this response, but our results suggest
that once FMD mechanisms are initiated they are relatively insensitive to small
differences in the rate of shear stimulus onset.
Potential Non-FMD contributions to changes in brachial artery tone
Vasodilation of resistance vessels upstream from the site of elevated muscle
metabolism with contractions can be achieved by rapid cell to cell conduction of
vasodilation (58; 151; 185). In the hamster cremaster muscle Berg et al. (16) observed a
rapid gap junction dependent dilation of upstream arterioles that persisted at least 3
branch points removed from a capillary bed in contact with stimulated muscle. Previous
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studies that have reported brachial artery vasodilation in response to handgrip exercise
acknowledge that it is possible that some of the observed vasodilation may be the result
of this type of signal conducted up the vascular tree (189; 219). However it is currently
unknown if conducted vasodilation can reach the level of conduit arteries.
The goal of our study was to investigate specifically flow mediated dilation.
Therefore it was necessary to identify any possible contribution of conducted vasodilation
in the exercise conditions. In the FENoIncrease condition exercise was performed, creating
the metabolic stimulus for conducted vasodilation, while brachial artery shear rate was
controlled near baseline to eliminate FMD (Fig.6.9). The observation that there was no
vasodilation during the FENoIncrease condition suggests that the vasodilation observed in the
FEStepIncrease or FENormalIncrease conditions is in fact flow mediated and not due to a
conducted vasodilation.
We chose to match the force output in the FENoIncrease condition to that of the
FEStepIncrease and FENormalIncrease conditions. Prevention of the normal increase in blood
flow in response to this level of metabolic demand likely activated the muscle
metaboreflex which resulted in a substantial increase in MAP (~24mmHg) (Fig. 6.9)
raising the possibility that there may have been increased sympathetic nervous activity
directed at the brachial artery. Thus, a possible conducted vasodilation of the brachial
artery may have been masked by an increase in sympathetic vasoconstrictor tone.
However, it seems unlikely that a conducted signal contributed to the vasodilation in the
FEStepIncrease condition given that the magnitude of phase I vasodilation (both %FMD and
DeltaFMD) and the response speed (tau) were not significantly different from the
FHOscillatory and FHSteady conditions where conducted vasodilation would not have
occurred. Further, Shoemaker et al. (190) recently investigated the mechanisms
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responsible for increases in blood pressure in response to ischemic handgrip exercise
performed in the supine position. Their results indicated that the observed increase in
MAP (~20 mmHg) was due to cardiac output mediated by an increase in both heart rate
and stroke volume and with no change in total peripheral resistance or femoral artery
resistance. Therefore, while muscle sympathetic activity was elevated it did not appear to
induce vasoconstriction. In the current study heart rate increased by ~15% and MAP
increased by ~22% during the FE conditions. This supports the position that our
observed increases in blood pressure can largely be explained by cardiac output, thus
minimizing the concern that sympathetically mediated vasoconstriction contributed to the
FENoIncrease response. Thus we believe that the FENoIncrease model provides a valid
confirmation that conducted vasodilation does not contribute to the exercise response in
the brachial artery.
Clinical Significance of FMD in response to Exercise
The majority of previous work demonstrating that FMD is impaired in at
risk/diseased populations has utilized the reactive hyperemia methodology (36; 45).
However, exercise represents a more physiological stimulus for FMD and the findings of
the present study indicate that conducted vasodilation and sympathetic activation do not
confound the results. Currently however, little is known about the relationship between
exercise induced FMD and vascular health. Padilla et al. (165) found that following the
ingestion of a high fat meal, (a known perturbation to endothelial function) FMD in
response to reactive hyperemia was blunted, while FMD in response to handgrip exercise
was unchanged. Importantly the shear stimulus created with reactive hyperemia is brief
while the handgrip exercise results in a sustained elevation in shear stress. It has been
demonstrated that brief vs. sustained stimuli result in the recruitment of different FMD
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mechanisms (15; 148), therefore this disparate response to fat ingestion may be due to
differences in the sensitivity of these mechanisms to this perturbation. However, Gazner
et al. (72) found that both femoral artery FMD in response to cycling exercise and the
brachial artery FMD response to reactive hyperemia were impaired in smokers. This
suggests that the FMD in response to a sustained shear stimulus created by exercise is
sensitive to some factors traditionally associated with endothelial dysfunction. Further
study is required to clarify whether exercise tests can provide distinct clinically relevant
information regarding endothelial function. Pending the results of these future
investigations, exercise may become a valuable new tool with which to evaluate
endothelial function.
Conclusions
The goal of this study was to identify if there is a distinct FMD response to an
increase in brachial artery shear stress created with forearm heating vs. exercise and to
specifically isolate the impact of the oscillatory shear stress pattern created with rhythmic
handgrip exercise. We found that the magnitude and speed of the first (and largest) phase
of dilation (phase I) was unaffected by either the shear stimulus pattern (oscillatory vs.
steady) or mode of increase (forearm heating vs. rhythmic handgrip exercise). Our results
are consistent with the conclusion that the human brachial artery endothelium transduces
the mean shear stimulus whether it is created passively or via exercise. In addition our
results indicate that conducted vasodilation does not contribute to the brachial artery
response to handgrip exercise. Exercise is a physiologically relevant and
methodologically simple means to create a sustained shear stimulus and although future
research is required to investigate the connection to vascular health, our results suggest
that exercise may provide a viable option for human FMD investigations.
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Chapter 7

General Discussion
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The overall goal of this dissertation was to perform a systematic exploration of
specific aspects of human conduit artery FMD stimulus-response specificity. The
primary findings of this dissertation are as follows. 1) The duration of reactive hyperemia
is an important determinant of peak FMD magnitude while the independent contribution
of the peak shear to FMD is minimal (brachial artery). 2) Nitric oxide is not obligatory to
FMD following either a five or a ten minute duration occlusion (radial artery). 3) FMD in
response to a sustained stimulus is characterized by a generally bi-phasic response with a
fast first phase followed by a slower final phase. The system also demonstrates dynamic
linearity (brachial artery). 4) The endothelium transduces the mean shear stress when it is
exposed passive or handgrip exercise induced oscillations in shear stress (2:3 duty cycle)
(brachial artery).
Stimulus profiles
The stimulus profiles created to investigate human FMD can be placed into two
general categories: reactive hyperemia and sustained stimuli. The studies reported in this
dissertation used stimulus profiles from both categories with chapters three and four using
reactive hyperemia and chapters five and six using sustained stimuli. The reactive
hyperemia technique is the most widely used endothelial function test in humans (36; 44).
It is popular for both methodological and physiological reasons. From a methodological
perspective the stimulus is easy to create, the test can be performed quickly and is well
tolerated by subjects (134). From a physiological perspective, this technique consistently
identifies impaired FMD in cardiovascular risk factor/disease groups (35; 36; 45; 129;
155) and has shown some utility in predicting future cardiac events (83; 154). However,
reactive hyperemia creates an uncontrolled non-physiological stimulus. In contrast,
sustained elevations in shear stress created by skin warming or exercise represent more
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physiologically relevant stimulus patterns. However, sustained stimuli have been used
much less frequently than reactive hyperemia in FMD investigations (15; 108; 148). This
is likely due to the early discovery of the connection between vascular health and FMD in
response to reactive hyperemia (36).
Reactive hyperemia
This dissertation addressed two important issues pertaining to the reactive
hyperemia technique; first, the aspects of the transient stimulus profile that are important
to response development (chapter 3) and second, how the mechanism of FMD is effected
by the duration of reactive hyperemia (chapter 4). With respect to the former, stimulus
characterization is important because the magnitude of FMD is related not only to
vascular health status, but also to the magnitude of the imposed stimulus (127; 144; 172;
192). Importantly, the magnitude of the stimulus created with reactive hyperemia may be
quite variable between subjects or between groups (50; 105). Therefore, if a small FMD
response is quantified it is vital to identify if it is the result of a small shear stimulus, or if
it is indicative of endothelial dysfunction. Response normalization (peak FMD
response/shear stimulus) is one way to address this issue (174; 175). However, there
were no clear guidelines in the literature regarding how best to quantify the constantly
changing shear profile created with reactive hyperemia. Further, despite evidence that the
duration of the stimulus was an important response determinant (107; 125), several
studies only characterized the peak stimulus (1; 53). Notably, the distinction between
stimulus peak and duration is important given that individuals with cardiovascular risk
factors have the same peak but a blunted hyperaemic duration compared to healthy
controls (105).

Following independent manipulation of the peak and the duration of

hyperemia, the results described in chapter three identify that it is the duration of the
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stimulus to the time of peak diameter measurement (as an AUC) and not the peak
hyperemia that determines the FMD response (175). This permits the recommendation
that FMD responses be normalized to that AUC in order to account for stimulus
differences and facilitate accurate conclusions regarding the physiological significance of
observed FMD magnitudes.
Reactive hyperemia has previously been shown to elicit a primarily NO mediated
FMD in human conduit arteries (53; 109; 148). The early discovery of the NO
mechanism (109) combined with the observation that reactive hyperemia associated FMD
is impaired in at risk/diseased subjects (36; 45) led to the theory that both the FMD
impairment and the compromised vascular health are due to a loss of NO bioavailabililty.
Due to its anti-atherogenic properties (42), low NO bioavialiabilty could result in a loss of
NO mediated vasoprotection and increased risk for the development of atherosclerosis.
However, slight increases in the duration of reactive hyperemia demonstrate that FMD
can easily become dissociated from dependence on NO (148). The desire to use FMD as
an assay of NO bioavailabilty led to the development of a set of guidelines that were
geared to create a reactive hyperemia stimulus profile that yields an exclusively NO
dependent response (174). The guidelines outline a “standard” test which stipulates that
the occlusion duration be less than or equal to 5 min with no ischemic handgrip exercise
and that the cuff position be below the site of diameter measurement. Failure to meet
these requirements had been shown to result in a loss of NO dependence (2; 53; 148).
Some groups experience a small stimulus following the “standard” reactive
hyperemia procedure (105; 144). The rationale behind the experimental design in chapter
4 was to enhance the reactive hyperemia stimulus and FMD response magnitude without
compromising the NO-dependence of the FMD. However, in contrast to previous reports,
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the results presented in chapter 4 demonstrate that even a standard 5 min occlusion
reactive hyperemia test can result in an FMD response that is independent of NO. The
methodology reported in chapter 4 and in previous studies (109; 148) is very similar and
therefore does not account for the essentially opposite findings. One possible
explanation for the disparate results could be that in a sub-group of humans EDHF may
compensate for an acute absence of NO and allow an uncompromised FMD response.
This is supported by observations in both rats (99) and humans (15; 145) where NO
inhibits EDHF and the removal of NO can remove EDHF inhibition and allow it to
compensate for the loss of NO mediated dilation. Perhaps previous studies and chapter 4
randomly selected groups without and with EDHF compensatory capacity respectively.
Future blockade studies investigating the role of EDHF after NOS inhibition during
reactive hyperemia are required to test this hypothesis.
Although the results presented in chapter 4 challenge the assertion that FMD is a
reliable index of endothelial NO function, they do not challenge the established
relationship between vascular health and FMD (6; 35; 36; 45; 63; 129; 155). This makes
it likely that reduced NO bioavailability is not the only mechanism behind the blunted
vasoreactivity to shear stress with disease. This contention is supported by the
observation that FMD following proximal occlusion (cuff proximal to measurement site)
is virtually absent in coronary artery disease patients (45; 129), despite the fact that this
methodology results in a largely NO independent response (53). Importantly, disease
states associated with endothelial dysfunction are also often characterized by chronically
elevated sympathetic nervous activity (SNA) (57; 98; 103) and upregulation of the proatherogenic vasoconstrictor endothelin (17; 32; 33; 96; 169; 183). Both elevated shear
induced endothelin release and elevated SNA are NO independent candidate mechanisms
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that may contribute to disease progression and blunted FMD in at risk/patient
populations. Future research investigating these mechanisms in combination with NO is
required to clearly understand the etiology of impaired FMD with vascular disease.
Notably, careful attention to the stimulus magnitude with response normalization is
important to these investigations as NO availability, endothelin and SNA may also impact
resistance vessel reactivity and therefore the magnitude of the stimulus achieved with
reactive hyperemia (33; 55; 142).
Sustained Stimuli
In the course of normal daily activity our arteries are exposed to more moderate,
sustained increases in shear stress than that brought about by reactive hyperemia.
Therefore FMD in response to sustained stimuli warrants serious investigation. This
dissertation investigated two important aspects of FMD in response to sustained stimuli;
first, the FMD response dynamics (chapter 5) and second, the impact of passively and
actively elevated shear stress (chapter 6). The novel heating system (Fig. 5.1) combined
with arterial compression as reported in chapters 5 and 6 allows an unprecedented level of
in vivo stimulus control. The procedure was modified from a previous technique reported
in Pyke et al. (172), and it allows automated rather than manual arterial compression and
a more comfortable water bath heating procedure. The arterial compression permitted the
creation of both a step increase in shear stress, which is essential to characterize response
dynamics, and a matching of exercise vs. passive steady elevations in shear stress.
The generally bi-phasic FMD response reported in chapter 5 indicates the
presence of two distinct sets of mechanisms; one set that initiates the response, and
another delayed set of mechanisms involved in the maintenance of the response. It is
currently unclear whether this represents a transition between dominant mechanisms, with
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one dropping off and another taking over, or if it indicates the recruitment of additional
mechanisms superimposed on the continued action of the first set of mechanisms. The
variability between subjects in the transition from the first phase of dilation to the final
phase suggests that there is some variability in the mechanism of this transition. The
observation that one third of the subjects had a period of re-constriction between phases
suggests that at least in some subjects there is an abatement of the contribution of the first
mechanism before the onset of the second mechanism.
The existence of distinct FMD initiating and maintaining mechanisms is supported
by the findings of Mullen et al. (148) in humans which indicate that FMD following brief
and prolonged stimuli is mediated by distinct vasodilators. Mullen and colleagues found
that FMD in response to a brief reactive hyperemia was NO dependent, while NO was not
obligatory for steady state FMD in response to a moderate sustained stimulus (148).
However, the results in chapter 4 indicate that brief stimuli do not always elicit NO
dependent responses. Further research is required to identify whether brief and sustained
FMD is mediated by distinct mechanisms in individuals with NO independent responses
to brief stimuli. Therefore, although the identity of the multiple mechanisms involved in
human conduit artery FMD needs to be clarified, both cell culture (70) and animal data
(188) support the contention that shear onset and shear maintenance result in
mechanistically distinct endothelial responses.
The characterization of response dynamics in chapter 5 also included a
quantification of the speed of the response (time constant, tau) and the time delay
between the onset of the stimulus and the initiation of the response. The phase I time
delay was not different between the large step and small step trials (average 20.5 sec),
indicating that the time to “turn on” the FMD mechanisms was unaffected by stimulus
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magnitude. In contrast, the final phase time delay was shorter in the large step trial,
indicating that the “turn on” of the delayed set of mechanisms is stimulus magnitude
sensitive. The response speed of both the phase I and final phase of dilation was
unaffected by the magnitude of stimulus increase, thus the system appears to demonstrate
dynamic linearity. Dynamic linearity suggests that the mechanisms responsible for the
dilation are unaffected by stimulus magnitude, however, blockade studies are required to
test this hypothesis.
Forearm heating provides an effective passive means to increase shear stress in
order to investigate sustained FMD. However, in vivo, sustained elevations in shear
stress are most typically evoked by exercise. Exercise induced FMD is also clinically
relevant in the coronary circulation, where increases in diameter in response to shear
stress are required to ensure adequate myocardial perfusion (78). FMD is often
investigated in the arm and in contrast to passively elevated shear stress (reactive
hyperemia or heating procedures), forearm exercise creates an oscillatory pattern of shear
stress with brief moments of reverse flow. This pattern occurs because flow is impeded
(and ejected backwards) during contraction and enhanced during relaxation. Reverse
flow has been shown to result in blunted FMD (132; 135) and exposure to oscillatory
shear stress is associated with pathological vessel changes (46; 74; 112; 153). Exercise
also increases SNA (26) and may result in conducted vasodilation, both of which may
influence vascular tone independent of FMD (210).
The study reported in chapter 6 was designed to investigate the FMD response to
forearm heating vs. rhythmic forearm handgrip exercise induced increases in brachial
artery shear stimulus. Specifically it isolated the impact of the shear stress pattern created
by exercise from the factors associated with muscle activation (e.g. SNA and metabolite
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production). Given the distinct shear stress pattern and possible non-FMD influences on
brachial artery diameter we hypothesized that exercise induced elevations shear stress
would result in a blunted FMD magnitude and a different time course vs. passive heating
induced elevations in shear stress. In contrast to our hypothesis we found that the phase I
FMD response magnitude and response speed were determined by the mean shear
stimulus independent of the stimulus pattern (oscillatory vs. steady) and the mode of
increase (passive vs. exercise). The finding that reverse and oscillatory shear created by
handgrip exercise did not blunt the FMD response increases our understanding of the
impact of these types of flow profiles. It suggests that although reverse and oscillatory
shear have the capacity to induce endothelial dysfunction (46; 74; 112; 132; 135; 153),
other conditions, including the duration of reverse flow exposure and the magnitude of
the mean shear, are important determinants of whether or not that capacity will be
realized.
In chapter 6 we also reported that exercise in the absence of increased flow
(FENoIncrease condition) did not result in brachial artery dilation, indicating that conducted
dilation did not contribute to the brachial artery response to exercise. As a whole, the
results presented in chapter 6, suggest that handgrip exercise may provide a viable
methodology to create sustained increases in shear stress to investigate FMD. This is
particularly attractive because 1) it creates a physiologically relevant stimulus 2)
methodologically it is faster and easier to perform than forearm heating and 3) by altering
exercise intensity it is easy to achieve the same stimulus target between and within
subjects. The latter is important because it eliminates the stimulus variability contribution
to response variability. Future studies should be directed at identifying 1) whether
exercise induced FMD is impaired in patient populations and 2) the mechanisms
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responsible for exercise induced FMD. There is already some evidence of the former as
smokers have been found to have impaired femoral artery FMD in response to cycling
exercise (72).
The stimulus in both chapter 5 and the FHSteady condition in chapter 6 was a steady
step increase in shear stress. The FMD response magnitude in relation to the stimulus
magnitude corresponds well between studies (shear rate step magnitude: 77 s-1, 52 s-1, and
41s-1; FMD magnitudes: 15 %, 7% and 6% in the large step, FHSteady, and small step trials
respectively). The response speed is also in agreement as the FHSteady trial had a phase I
tau of 27.6 s which is the same as the average phase I tau reported in chapter 5 (27.9s).
This provides further support to the conclusion that the response speed does not depend
on the stimulus magnitude. However, the phase I dilation time delay of 29.5s was
somewhat longer in the FHSteady condition vs. that reported in chapter 5 (avg. 20.5s). It is
currently unclear why the time delays are substantially different despite virtually identical
methodology. However, the number of subjects in these studies was relatively small (15
subjects in chapter 5 and 16 subjects in chapter 6) and the TD was quite variable between
subjects (chapter 5 time delay SD: ± 9; chapter 6 time delay SD: ±10). It may therefore
be necessary to conduct response dynamics investigations in a larger number of subjects
to generate true “normal” absolute values for healthy subjects.
Potential Limitations
Blood Viscosity
The studies reported in this dissertation used shear rate without measurements of
viscosity to estimate shear stress. In a given experimental session, viscosity will be
stable, therefore changes in shear rate represent proportional changes in shear stress
(175). It is possible that there were day to day fluctuations in shear stress, however the
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impact of this potential fluctuation is minor for the following reasons. 1) measurements
for all but one study were averaged together over repeat days (chapter 1 DME and chapter
5) or performed in one session (chapter 1 PME and chapter 4). 2) In the only study where
measurements taken over separate days were compared (chapter 6: passive measurements
on day 1 vs. exercise measurements as an average of day 2 and 3) the tests were
performed over a period of only 10 days. 3) Blood viscosity measured 3-5 times per
subject over a duration of 6-8 weeks is reported to have a very low intra-subject
variability (mean coefficient of variation- 2.72%; range- 0.96-4.9%)(80).
Sympathetic Activity
The studies in this dissertation did not measure muscle SNA or calculate total
peripheral resistance as an indicator of changes in sympathetically mediated
vasoconstriction. In light of this limitation, blood pressure and heart rate had to serve as
indirect indicators of increases in SNA. The level of SNA in FMD studies conducted in
young healthy subjects is a potential concern because SNA acutely elevated by lower
body negative pressure (LBNP) has been shown to blunt FMD responses (92). However,
the finding that acutely elevated SNA blunts FMD is not universal. Dyson et al. (55)
acutely elevated SNA with LBNP, activation of the muscle metaboreflex, mental stress,
and the cold pressor test. They found that only the cold pressor test resulted in a blunting
of the FMD response. Further, Shoemaker et al. (190) found that increased SNA during
ischemic exercise is due to increased cardiac output and not changes in peripheral
resistance, making it unlikely that exercise induced increases in SNA interfere with FMD.
In this dissertation, reported increases in blood pressure during passively elevated
shear stress were small (~3-7 mmHg) indicating minor, if any, elevations in SNA. Given
that even large increases in SNA have only unreliably been shown to blunt FMD, it is
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unlikely that SNA mediated effects played a significant role in determining our observed
FMD magnitudes. In chapter 6, handgrip exercise resulted in a more substantial increase
in blood pressure (~12 mmHg with non-ischemic and ~24 mmHg with ischemic
exercise). However, given the findings of Shoemaker et al. (190) indicating that SNA
with handgrip exercise does not cause vasoconstriction, combined with the observation
that neither the phase I FMD magnitude or response speed were different between
exercise and passive conditions, it is again unlikely that SNA had an important impact our
reported FMD responses.
Non-invasive Design
With the exception of chapter 4, the studies reported in this dissertation are noninvasive. Therefore, comments concerning the underlying mechanisms based on the
response dynamics in chapters 5 and 6 are speculative. Future human studies involving
pharmacological blockade of the various candidate vasodilators are necessary to confirm
the identity and time course of involvement of endothelial factors over time in response to
both passive and exercise induced increases shear stress.
Oscillation Frequency
The study reported in chapter 6 only investigated a 2:3 duty cycle and it is
possible that different duty cycles may have resulted in a different FMD response.
Recent evidence from cultured BAECs indicates that while potassium and chloride ion
channels are both activated in response to steady shear stress, only potassium channels are
activated in response to oscillations of 1Hz (130). Further, neither channel was opened in
response to oscillations of 5 Hz (130). Although these results from cultured cells cannot
be directly extrapolated to the human in vivo situation, they do suggest that different
frequencies of oscillation may result in different shear stress transduction cascades.
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Future studies employing a range of exercise duty cycles are required to determine if this
phenomenon has an important impact on exercise induced FMD responses.
Homogeneity of subject pool
All of the studies in this dissertation were performed in young healthy male
subjects. This was chosen as the goal of these studies was to characterize healthy
responses and to eliminate any potential variability introduced by cyclic variations in
hormone levels in female subjects. However, this narrow subject pool means that the
results may not be readily extrapolated to women, older subjects or subjects with vascular
disease. Future studies investigating FMD in a wider range of subjects are required to
characterize the populations that were excluded.
Future directions
The vast majority of studies investigating endothelial function have utilized the
reactive hyperemia method. However, it is becoming increasingly clear that brief
(reactive hyperemia) and sustained stimuli represent different challenges to the
endothelium and engage different endothelial vasodilator production pathways. Very
little is known about the relationship between endothelial reactivity to sustained stimuli
and vascular health. Given the important vasoregulatory and vasoprotective roles of
endothelial factors, endothelial function tests that can thoroughly assess the whole range
of FMD responses are essential. Future studies evoking sustained stimuli should focus on
the following: 1) Establishing the identity and time course of action of the mechanisms
involved in FMD in response to passive and exercise induced increases in shear stress. 2)
Quantifying the FMD response in a range of at risk/patient populations. 3) Identifying the
impact of different duty cycles on FMD in response to handgrip exercise. These
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investigations could lead to the development of a new non-invasive test that provides
distinct, clinically relevant information regarding endothelial function.
The mechanistic study reported in chapter 4 challenges the much lauded role of
NO in the human FMD response to reactive hyperemia. As stated earlier in the
discussion the contrasting results between this and previous studies (109; 148) cannot be
explained by methodological differences, and may instead be due to the existence of
distinct endothelial phenotypes within the human population. Given the importance that
is placed on FMD as a bioassay of NO’s vasoprotective capacity (86), it is essential that
future studies with a larger number of subjects re-assess the role of NO in reactive
hyperemia FMD responses. In addition, it would be helpful if future studies could
perform this study in the brachial rather than the radial artery because 1) most human
FMD studies are conducted on the brachial artery and 2) the brachial artery is larger
(~4mm vs. 2.5mm) and thus less vulnerable to measurement error. The radial artery has
been the site of many mechanistic investigations (15; 109; 148) because the infusion
cannula can be placed in the brachial artery just proximal to the antecubital fossa. In
contrast, studies performed on the brachial artery would require more difficult
catheterization (e.g. fed from an access point in the femoral artery) to facilitate drug
delivery proximal to the site of FMD measurement.
The issue of elevated SNA continues to haunt FMD studies. As previously stated
the results regarding FMD during acute SNA elevations are mixed (55; 93) and require
confirmation. In addition, although conditions associated with chronically elevated SNA
are associated with endothelial dysfunction (57; 98; 103), more work is required to dissect
the mechanisms of this interaction. Future studies with direct measurement of muscle

189
SNA should focus on clarifying the interaction between FMD and acutely and chronically
elevated SNA in response to both reactive hyperemia and sustained stimuli.
Summary and Conclusions
The studies in this dissertation have made it clear that the stimulus profile is an
important determinant of the FMD response. The specific conclusions are as follows. 1)
The duration of reactive hyperemia is an important determinant of the FMD response,
while the independent contribution of the peak stimulus magnitude is minimal. 2) NO is
not obligatory for FMD following the release of 5 or 10 min of occlusion. 3) A step
increase in shear stress results in a bi-phasic FMD response that demonstrates dynamic
linearity. 4) When elevated passively or via handgrip exercise, in a steady or oscillatory
pattern, the FMD response is a result of the mean shear stimulus.
These results have important ramifications for future FMD investigations. First, it
is now clear that when performing reactive hyperemia tests, characterization of the peak
stimulus alone is insufficient to account for the stimulus magnitude. Further, it should no
longer be assumed that FMD in response to reactive hyperemia is an assay of NO
bioavailability. Future studies need to re-assess the role of NO in FMD considering the
possible compensatory capacity of EDHF. Finally, FMD in response to sustained stimuli
represent a new avenue for interrogation of human endothelial function. Exercise is a
particularly exciting new direction for FMD research because of the simple methodology
and the highly functional nature of the stimulus. Future studies in patient populations
may result in the development a new non-invasive test that can provide clinically relevant
information distinct from that provided with the reactive hyperemia technique.
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Appendix 1

Individual subject diameter graphs with curve fits

210
Chapter 3-DME subject 1 fit diameters
1 twenty

4.2

4.2

4.0

4.0

3.8

3.8

diameter (mm)

diameter (mm)

1 ten

3.6

3.4

3.2

3.0
-1.5

3.6

3.4

3.2

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

3.0
-1.5

2.5

-1.0

-0.5

0.0

time (min)

0.5

1.0

1.5

2.0

2.5

1.0

1.5

2.0

2.5

1.0

1.5

2.0

2.5

time (min)

4.2

4.2

4.0

4.0

3.8

3.8

diameter (mm)

diameter (mm)

1 thirty

3.6

3.4

3.2

1 forty

3.6

3.4

3.2

3.0
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

3.0
-1.5

2.5

-1.0

-0.5

0.0

0.5

time (min)

time (min)

1 fullRH
1 fifty

4.2

4.0

4.0

3.8

3.8

diameter (mm)

diameter (mm)

4.2

3.6

3.4

3.2

3.0
-1.5

3.6

3.4

3.2

-1.0

-0.5

0.0

0.5

time (mm)

1.0

1.5

2.0

2.5

3.0
-1.5

-1.0

-0.5

0.0

0.5

time (mm)

211
Chapter 3-DME subject 2 fit diameters
2 twenty

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

2 ten

3.8
3.6

3.8
3.6

3.4

3.4

3.2

3.2

3.0
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

3.0
-1.5

2.5

-1.0

-0.5

0.0

time (min)

0.5

1.0

1.5

2.0

2.5

1.0

1.5

2.0

2.5

1.0

1.5

2.0

2.5

time (min)

2 thirty

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

2 forty
4.4

3.8
3.6

3.8
3.6

3.4

3.4

3.2

3.2

3.0
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

3.0
-1.5

2.5

-1.0

-0.5

0.0

0.5

time (min)

time (min)

2 fullRH

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

2 fifty

3.8
3.6

3.8
3.6

3.4

3.4

3.2

3.2

3.0
-1.5

-1.0

-0.5

0.0

0.5

time (min)

1.0

1.5

2.0

2.5

3.0
-1.5

-1.0

-0.5

0.0

0.5

time (min)
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Chapter 3-DME subject 3 fit diameters
3 twenty

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

3 ten

3.8
3.6

3.8
3.6

3.4

3.4

3.2

3.2

3.0
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

3.0
-1.5

2.5

-1.0

-0.5

0.0

time (min)

0.5

1.0

1.5

2.0

2.5

1.0

1.5

2.0

2.5

1.0

1.5

2.0

2.5

time (min)

3 thirty

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

3 forty
4.4

3.8
3.6

3.8
3.6

3.4

3.4

3.2

3.2

3.0
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

3.0
-1.5

2.5

-1.0

-0.5

0.0

0.5

time (min)

time (min)

3 fullRH

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

3 fifty
4.4

3.8
3.6

3.8
3.6

3.4

3.4

3.2

3.2

3.0
-1.5

-1.0

-0.5

0.0

0.5

time (min)

1.0

1.5

2.0

2.5

3.0
-1.5

-1.0

-0.5

0.0

0.5

time (min)
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Chapter 3-DME subject 4 fit diameters
4 twenty

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

4 ten

3.8
3.6

3.8
3.6

3.4

3.4

3.2

3.2

3.0
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

3.0
-1.5

2.5

-1.0

-0.5

0.0

time (min)

0.5

1.0

1.5

2.0

2.5

1.0

1.5

2.0

2.5

1.0

1.5

2.0

2.5

time (min)

4 thirty

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

4 forty
4.4

3.8
3.6

3.8
3.6

3.4

3.4

3.2

3.2

3.0
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

3.0
-1.5

2.5

-1.0

-0.5

0.0

0.5

time (min)

time (min)

4 fullRH

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

4 fifty

3.8
3.6

3.8
3.6

3.4

3.4

3.2

3.2

3.0
-1.5

-1.0

-0.5

0.0

0.5

time (min)

1.0

1.5

2.0

2.5

3.0
-1.5

-1.0

-0.5

0.0

0.5

time (min)
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Chapter 3-DME subject 5 fit diameters
5 ten

5 twenty

4.4

4.4
4.2

4.0

diameter (mm)

diameter (mm)

4.2

3.8
3.6
3.4

3.8
3.6
3.4

3.2
3.0
-1.5

4.0

3.2

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

3.0
-1.5

2.5

-1.0

-0.5

0.0

time (min)

4.2

4.2

4.0

4.0

3.8
3.6

3.2

3.2

3.0
0.0

0.5

1.0

1.5

2.0

3.0
-1.5

2.5

-1.0

-0.5

0.0

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

4.4

4.4

3.8
3.6

3.2

3.2

0.5

time (min)

1.5

2.0

2.5

3.6
3.4

0.0

1.0

3.8

3.4

-0.5

0.5

5 fullRH

5 fifty

-1.0

2.5

time (min)

time (min)

3.0
-1.5

2.0

3.6
3.4

-0.5

1.5

3.8

3.4

-1.0

1.0

5 forty
4.4

diameter (mm)

diameter (mm)

5 thirty
4.4

-1.5

0.5

time (min)

1.0

1.5

2.0

2.5

3.0
-1.5

-1.0

-0.5

0.0

0.5

time (min)

1.0

1.5

2.0

2.5
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Chapter 3-DME subject 6 fit diameters
6 twenty

3.8

3.8

3.6

3.6

diameter (mm)

diameter (mm)

6 ten

3.4

3.2

3.0

2.8
-1.5

3.4

3.2

3.0

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.8
-1.5

2.5

-1.0

-0.5

0.0

time (min)

6 thirty

3.8

1.0

1.5

2.0

2.5

1.0

1.5

2.0

2.5

1.0

1.5

2.0

2.5

6 forty

3.8

3.6

diameter (mm)

3.6

diameter (mm)

0.5

time (min)

3.4

3.2

3.0

3.4

3.2

3.0

2.8
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.8
-1.5

2.5

-1.0

-0.5

0.0

0.5

time (min)

time (min)

6 fullRH
6 fifty

3.8

3.8

3.6

diameter (mm)

diameter (mm)

3.6

3.4

3.2

3.0

2.8
-1.5

3.4

3.2

3.0

-1.0

-0.5

0.0

0.5

time (min)

1.0

1.5

2.0

2.5

2.8
-1.5

-1.0

-0.5

0.0

0.5

time (min)
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Chapter 3-DME subject 7 fit diameters

7 twenty

4.4

4.4

4.2

4.2

diameter (mm)

diameter (mm)

7 ten

4.0

4.0

3.8

3.8

3.6

3.6

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

-1.5

-1.0

-0.5

0.0

time (min)

0.5

1.0

1.5

2.0

2.5

time (min)

7 thirty

4.4

4.4

4.2

4.2

diameter (mm)

diameter (mm)

7 forty

4.0

4.0

3.8

3.8

3.6

3.6

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

-1.5

2.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

1.0

1.5

2.0

2.5

time (min)

time (min)

7 full

4.4

4.4

4.2

4.2

diameter (mm)

diameter (mm)

7 fifty

4.0

4.0

3.8

3.8

3.6

3.6

-1.5

-1.0

-0.5

0.0

0.5

time (min)

1.0

1.5

2.0

2.5

-1.5

-1.0

-0.5

0.0

0.5

time (min)
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Chapter 3-DME subject 8 fit diameters
8 twenty

4.4

4.4

4.2

4.2

diameter (mm)

diameter (mm)

8 ten

4.0

3.8

3.6

3.8

3.6

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

3.4
-1.5

2.5

-1.0

-0.5

0.0

0.5

time (min)

time (min)

8 thirty

8 forty

4.4

4.4

4.2

4.2

diameter (mm)

diameter (mm)

3.4
-1.5

4.0

4.0

3.8

3.6

1.0

1.5

2.0

2.5

1.0

1.5

2.0

2.5

1.0

1.5

2.0

2.5

4.0

3.8

3.6

3.4
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

3.4
-1.5

2.5

-1.0

-0.5

0.0

0.5

time (min)

time (min)

8 fullRH

4.4

4.4

4.2

4.2

diameter (mm)

diameter (mm)

8 fifty

4.0

3.8

3.6

3.4
-1.5

4.0

3.8

3.6

-1.0

-0.5

0.0

0.5

time (min)

1.0

1.5

2.0

2.5

3.4
-1.5

-1.0

-0.5

0.0

0.5

time (min)
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Chapter 3-DME subject 9 fit diameters
9 twenty

5.0

5.0

4.8

4.8

4.6

4.6

diameter (mm)

diameter (mm)

9 ten

4.4
4.2
4.0

4.4
4.2
4.0

3.8

3.8

3.6

3.6

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

-1.5

-1.0

-0.5

0.0

time (min)

0.5

1.0

1.5

2.0

2.5

1.0

1.5

2.0

2.5

1.0

1.5

2.0

2.5

time (min)

5.0

5.0

4.8

4.8

4.6

4.6

diameter (mm)

diameter (mm)

9 thirty

4.4
4.2
4.0

4.4
4.2
4.0

3.8

3.8

3.6

3.6
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

-1.5

2.5

9 forty

-1.0

-0.5

0.0

0.5

time (min)

time (min)

9 fullRH
9 fifty

5.0

4.8

4.8

4.6

4.6

diameter (mm)

diameter (mm)

5.0

4.4
4.2
4.0

4.4
4.2
4.0

3.8

3.8

3.6

3.6

-1.5

-1.0

-0.5

0.0

0.5

time (min)

1.0

1.5

2.0

2.5

-1.5

-1.0

-0.5

0.0

0.5

time (min)
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Chapter 3-DME subject 10 fit diameters
10 twenty

4.0

4.0

3.8

3.8

diameter (mm)

diameter (mm)

10 ten

3.6

3.4

3.2

3.0
-1.5

3.6

3.4

3.2

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

3.0
-1.5

2.5

-1.0

-0.5

0.0

time (min)

10 thirty

4.0

1.0

1.5

2.0

2.5

1.0

1.5

2.0

2.5

1.0

1.5

2.0

2.5

10 forty

4.0

3.8

diameter (mm)

3.8

diameter (mm)

0.5

time (min)

3.6

3.4

3.2

3.6

3.4

3.2

3.0
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

3.0
-1.5

2.5

-1.0

-0.5

0.0

0.5

time (min)

time (min)

10 fullRH
10 fifty

4.0

4.0

3.8

diameter (mm)

diameter (mm)

3.8

3.6

3.4

3.2

3.0
-1.5

3.6

3.4

3.2

-1.0

-0.5

0.0

0.5

time (min)

1.0

1.5

2.0

2.5

3.0
-1.5

-1.0

-0.5

0.0

0.5

time (min)
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Chapter 3-PME subject 1 fit diameters
1 large peak

4.4

Diameter (mm)

4.2
4.0
3.8
3.6
3.4
3.2
3.0
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

1.5

2.0

2.5

1.5

2.0

2.5

time (min)

1 medium peak
4.4

diameter (mm)

4.2
4.0
3.8
3.6
3.4
3.2
3.0
-1.5

-1.0

-0.5

0.0

0.5

1.0

Time (min)

1 small peak
4.4

diameter (mm)

4.2
4.0
3.8
3.6
3.4
3.2
3.0
-1.5

-1.0

-0.5

0.0

0.5

time (min)

1.0
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Chapter 3-PME subject 2 fit diameters
2 large peak

5.0
4.8

Diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

1.0

1.5

2.0

2.5

1.0

1.5

time (min)

2 medium peak
4.4

diameter (mm)

4.2

4.0

3.8

3.6

-1.5

-1.0

-0.5

0.0

0.5

Time (min)

2 small peak

5.0

4.8

diameter (mm)

4.6

4.4

4.2

4.0

3.8

3.6
-1.5

-1.0

-0.5

0.0

0.5

time (min)

2.0

2.5
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Chapter 3-PME subject 3 fit diameters
3 large peak
5.0
4.8

Diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

1.5

2.0

2.5

1.5

2.0

2.5

time (min)

3 medium peak

5.0
4.8

diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-1.5

-1.0

-0.5

0.0

0.5

1.0

Time (min)

3 small peak
5.0
4.8

diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-1.5

-1.0

-0.5

0.0

0.5

time (min)

1.0
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Chapter 3-PME subject 4 fit diameters
4 large peak

4.4

Diameter (mm)

4.2

4.0

3.8

3.6

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

1.5

2.0

2.5

1.5

2.0

2.5

time (min)

4 medium peak

4.4

diameter (mm)

4.2

4.0

3.8

3.6

-1.5

-1.0

-0.5

0.0

0.5

1.0

Time (min)

4 small peak

4.4

diameter (mm)

4.2

4.0

3.8

3.6

-1.5

-1.0

-0.5

0.0

0.5

time (min)

1.0
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Chapter 3-PME subject 5 fit diameters
5 large peak

5.0
4.8

Diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

1.5

2.0

2.5

1.5

2.0

2.5

time (min)

5 medium peak
5.0
4.8

diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-1.5

-1.0

-0.5

0.0

0.5

1.0

Time (min)

5 small peak
5.0
4.8

diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-1.5

-1.0

-0.5

0.0

0.5

time (min)

1.0
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Chapter 3-PME subject 6 fit diameters
6 large peak
4.6

diameter (mm)

4.4

4.2

4.0

3.8

3.6
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

time (min)

6 medium peak
5.0
4.8

diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

1.0

1.5

2.0

2.5

time (min)

6 small peak

5.0
4.8

diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-1.5

-1.0

-0.5

0.0

0.5

time (min)

2.5
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Chapter 3-PME subject 7 fit diameters
7 large peak

5.0
4.8

Diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

1.5

2.0

2.5

1.5

2.0

2.5

time (min)

7 medium peak
5.0
4.8

diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-1.5

-1.0

-0.5

0.0

0.5

1.0

Time (min)

7 small peak
5.0
4.8

diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-1.5

-1.0

-0.5

0.0

0.5

time (min)

1.0
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Chapter 3-PME subject 8 fit diameters
8 large peak

3.4

Diameter (mm)

3.2

3.0

2.8

2.6

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

1.5

2.0

2.5

1.5

2.0

2.5

time (min)

8 medium peak

3.4

diameter (mm)

3.2

3.0

2.8

2.6

-1.5

-1.0

-0.5

0.0

0.5

1.0

Time (min)

8 small peak

3.4

diameter (mm)

3.2

3.0

2.8

2.6

-1.5

-1.0

-0.5

0.0

0.5

time (min)

1.0
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Chapter 4 Subject 1 saline diameter fits

3.0

3.0

2.8

2.8

2.6

2.6

2.4
2.2
2.0

2.4
2.2
2.0

1.8

1.8

1.6

1.6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.0

1.5

2.0

1 Saline 10-30

1 Saline 5-2
3.0

2.8

2.8

2.6

2.6

2.4
2.2
2.0

1.6
2.0

time (min)

2.5

3.0

3.5

3.5

2.5

3.0

3.5

2.0

1.6
1.5

3.0

2.2

1.8

1.0

2.5

2.4

1.8

0.5

1.0

time (min)

3.0

0.0

0.5

time (min)

diameter (mm)

diameter (mm)

1 Saline 10

diameter (mm)

diameter (mm)

1 Saline 5-1

0.0

0.5

1.0

1.5

2.0

time (min)
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Chapter 4- Subject 1 L-NMMA fit diameters
1 L-NMMA 10

3.0

3.0

2.8

2.8

2.6

2.6

diameter (mm)

diameter (mm)

1 L-NMMA 5-1

2.4
2.2
2.0

2.4
2.2
2.0

1.8

1.8

1.6

1.6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.0

0.5

1.0

1.5

2.0

time (min)

time (min)

1 L-NMMA 10-30

1 L-NMMA 5-2

2.5

3.0

3.5

2.5

3.0

3.5

3.0
3.0
2.8
2.6

2.6

diameter (mm)

diameter (mm)

2.8

2.4
2.2
2.0

2.4
2.2
2.0

1.8

1.8

1.6

1.6
0.0

0.5

1.0

1.5

2.0

time (min)

2.5

3.0

3.5

0.0

0.5

1.0

1.5

2.0

time (min)
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Chapter 4- Subject 2 Saline fit diameters
2 Saline 10

3.0

3.0

2.8

2.8

2.6

2.6

diameter (mm)

diameter (mm)

2 Saline 5-1

2.4
2.2
2.0

2.2
2.0

1.8

1.8

1.6

1.6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.0

1.5

2.0

2 Saline 10-30

2 Saline 5-2
3.0

2.8

2.8

2.6

2.6

2.4
2.2
2.0

1.6
2.0

time (min)

2.5

3.0

3.5

3.5

2.5

3.0

3.5

2.0

1.6
1.5

3.0

2.2

1.8

1.0

2.5

2.4

1.8

0.5

1.0

time (min)

3.0

0.0

0.5

time (min)

diameter (mm)

diameter (mm)

2.4

0.0

0.5

1.0

1.5

2.0

time (min)
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Chapter 4- Subject 2 L-NMMA fit diameters
2 L-NMMA 10

3.0

3.0

2.8

2.8

2.6

2.6

diameter (mm)

diameter (mm)

2 L-NMMA 5-1

2.4
2.2
2.0

2.4
2.2
2.0

1.8

1.8

1.6

1.6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.0

0.5

time (min)

1.5

2.0

2.5

3.0

3.5

2.5

3.0

3.5

time (min)

2 L-NMMA 10-30

2 L-NMMA 5-2

3.0

3.0

2.8

2.8

2.6

2.6

diameter (mm)

diameter (mm)

1.0

2.4
2.2
2.0
1.8

2.4
2.2
2.0
1.8

1.6

1.6
0.0

0.5

1.0

1.5

2.0

time (min)

2.5

3.0

3.5

0.0

0.5

1.0

1.5

2.0

time (min)
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Chapter 4- Subject 3 Saline fit diameters
3 Saline 10

3.0

3.0

2.8

2.8

diameter (mm)

diameter (mm)

3 Saline 5-1

2.6

2.4

2.2

2.6

2.4

2.2

2.0

2.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.0

0.5

time (min)

1.5

2.0

2.5

3.0

3.5

2.5

3.0

3.5

time (min)

3 Saline 10-30

3 Saline 5-2

3.0

3.0

2.8

2.8

diameter (mm)

diameter (mm)

1.0

2.6

2.4

2.2

2.6

2.4

2.2

2.0

2.0
0.0

0.5

1.0

1.5

2.0

time (min)

2.5

3.0

3.5

0.0

0.5

1.0

1.5

2.0

time (min)
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Chapter 4- Subject 3 L-NMMA fit diameters
3 L-NMMA 10

3.0

3.0

2.8

2.8

diameter (mm)

diameter (mm)

3 L-NMMA 5-1

2.6

2.4

2.2

2.6

2.4

2.2

2.0

2.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.0

0.5

time (min)

1.5

2.0

2.5

3.0

3.5

3.0

3.5

time (min)

3 L-NMMA 10-30

3 L-NMMA 5-2
3.0

3.0

2.8

2.8

diameter (mm)

diameter (mm)

1.0

2.6

2.4

2.6

2.4

2.2

2.2
0.0

0.5

1.0

1.5

2.0

time (min)

2.5

3.0

3.5

2.0
0.0

0.5

1.0

1.5

2.0

time (min)

2.5
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Chapter 4- Subject 4 Saline diameter fits
4 Saline 10

3.0

3.0

2.8

2.8

diameter (mm)

diameter (mm)

4 Saline 5-1

2.6

2.4

2.2

2.4

2.2

2.0

2.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.0

0.5

1.0

1.5

2.0

time (min)

time (min)

4 Saline 10-30

4 Saline 5-2

3.0

3.0

2.8

2.8

diameter (mm)

diameter (mm)

2.6

2.6

2.4

2.5

3.0

3.5

2.5

3.0

3.5

2.6

2.4

2.2

2.2

2.0

2.0
0.0

0.5

1.0

1.5

2.0

time (min)

2.5

3.0

3.5

0.0

0.5

1.0

1.5

2.0

time (min)
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Chapter 4- Subject 4 L-NMMA diameter fits
4 L-NMMA 10

3.0

3.0

2.8

2.8

diameter (mm)

diameter (mm)

4 L-NMMA 5-1

2.6

2.4

2.2

2.6

2.4

2.2

2.0

2.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.0

0.5

time (min)

1.0

1.5

2.0

2.5

3.0

3.5

time (min)

4 L-NMMA 10-30

4 L-NMMA 5-2
3.0

3.0

diameter (mm)

diameter (mm)

2.8
2.8

2.6

2.4

2.6

2.4

2.2
2.2
0.0

0.5

1.0

1.5

2.0

time (min)

2.5

3.0

3.5

2.0
0.0

0.5

1.0

1.5

2.0

time (min)

2.5

3.0

3.5
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Chapter 4- Subject 5 Saline diameter fits
5 Saline 10

3.0

3.0

2.8

2.8

diameter (mm)

diameter (mm)

5 Saline 5-1

2.6

2.4

2.2

2.4

2.2

2.0

2.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

time (min)

3.0

2.8

2.6

2.4

2.2

2.0
0.0

0.5

1.0

1.5

2.0

time (min)

0.0

0.5

1.0

1.5

2.0

time (min)

5 Saline 10-30

diameter (mm)

2.6

2.5

3.0

3.5

2.5

3.0

3.5
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Chapter 4-Subject 5 L-NMMA diameter fits
5 L-NMMA 10

3.0

3.0

2.8

2.8

diameter (mm)

diameter (mm)

5 L-NMMA 5

2.6

2.4

2.2

2.4

2.2

2.0

2.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

time (min)

3.0

2.8

2.6

2.4

2.2
0.0

0.5

1.0

1.5

2.0

time (min)

0.0

0.5

1.0

1.5

2.0

time (min)

5 L-NMMA 10-30

diameter (mm)

2.6

2.5

3.0

3.5

2.5

3.0

3.5
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Chapter 4- Subject 6 Saline fit diameters
6 Saline 5-1

6 Saline 10

3.0

3.0
2.8

2.8

diameter (mm)

diameter (mm)

2.6
2.6

2.4

2.4
2.2
2.0
1.8

2.2

1.6
2.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.0

0.5

time (min)

2.8

2.8

2.6

2.6

diameter (mm)

diameter (mm)

3.0

2.4
2.2
2.0

1.6

time (min)

3.5

2.0

1.6
2.0

3.0

2.2

1.8

1.5

2.5

2.4

1.8

1.0

2.0

6 Saline 5-2

3.0

0.5

1.5

time (min)

6 Saline 10-30

0.0

1.0

2.5

3.0

3.5

0.0

0.5

1.0

1.5

2.0

time (min)

2.5

3.0

3.5
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Chapter 4- Subject 6 (DM) L-NMMA fit diameters
6 L-NMMA 5-1

6 L-NMMA 10

3.0

2.8

2.8
2.6

diameter (mm)

diameter (mm)

2.6
2.4
2.2
2.0
1.8

2.4
2.2
2.0
1.8

1.6

1.6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.0

time (min)

0.5

1.5

2.0

2.5

3.0

3.5

time (min)

6 L-NMMA 10-30

6 L-NMMA 5-2
3.0

3.0

2.8

2.8

2.6

2.6

diameter (mm)

diameter (mm)

1.0

2.4
2.2
2.0

2.4
2.2
2.0

1.8

1.8

1.6

1.6
0.0

0.5

1.0

1.5

2.0

time (min)

2.5

3.0

3.5

0.0

0.5

1.0

1.5

2.0

time (min)

2.5

3.0

3.5
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Chapter 4- Subject 7 Saline diameter fits
7 Saline 10

3.0

3.0

2.8

2.8

diameter (mm)

diameter (mm)

7 Saline 5-1

2.6

2.4

2.2

2.4

2.2

2.0

2.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

time (min)

3.0

2.8

2.6

2.4

2.2

2.0
0.0

0.5

1.0

1.5

2.0

time (min)

0.0

0.5

1.0

1.5

2.0

time (min)

7 Saline 10-30

diameter (mm)

2.6

2.5

3.0

3.5

2.5

3.0

3.5
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Chapter 4- Subject 7 L-NMMA diameter fits
7 L-NMMA 10

3.0

3.0

2.8

2.8

diameter (mm)

diameter (mm)

7 L-NMMA 5-1

2.6

2.4

2.2

2.4

2.2

2.0

2.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

time (min)

3.0
2.8
2.6
2.4
2.2
2.0
1.8
0.0

0.5

1.0

1.5

2.0

time (min)

0.0

0.5

1.0

1.5

2.0

time (min)

7 L-NMMA 10-30

diameter (mm)

2.6

2.5

3.0

3.5

2.5

3.0

3.5
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Chapter 4- Subject 8 (JL) Saline diameter fits
8 Saline 10

3.2

3.2

3.0

3.0

diameter (mm)

diameter (mm)

8 Saline 5-1

2.8

2.6

2.4

2.6

2.4

2.2

2.2
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

time (min)

3.2

3.0

2.8

2.6

2.4

2.2
0.0

0.5

1.0

1.5

2.0

time (min)

0.0

0.5

1.0

1.5

2.0

time (min)

8 Saline 10-30

diameter (mm)

2.8

2.5

3.0

3.5

2.5

3.0

3.5
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Chapter 4- Subject 8 (JL) L-NMMA diameter fits
8 L-NMMA 10

3.2

3.2

3.0

3.0

diameter (mm)

diameter (mm)

8 L-NMMA 5-1

2.8

2.6

2.4

2.6

2.4

2.2

2.2
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

time (min)

3.2

3.0

2.8

2.6

2.4

2.2
0.0

0.5

1.0

1.5

2.0

time (min)

0.0

0.5

1.0

1.5

2.0

time (min)

8 L-NMMA 10-30

diameter (mm)

2.8

2.5

3.0

3.5

2.5

3.0

3.5
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Chapter 4- Subject 9 Saline diameter fits
9 Saline 10

3.0

3.0

2.8

2.8

diameter (mm)

diameter (mm)

9 Saline 5-1

2.6

2.4

2.2

2.6

2.4

2.2

2.0

2.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.0

0.5

time (min)

1.5

2.0

2.5

3.0

3.5

time (min)

9 Saline 10-30

9 Saline 5-2

3.0

3.0

2.8

2.8

diameter (mm)

diameter (mm)

1.0

2.6

2.4

2.2

2.6

2.4

2.2

2.0
0.0

0.5

1.0

1.5

2.0

time (min)

2.5

3.0

3.5

2.0
0.0

0.5

1.0

1.5

2.0

time (min)

2.5

3.0

3.5
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Chapter 4- Subject 9 L-NMMA diameter fits
9 L-NMMA10

3.0

3.0

2.8

2.8

diameter (mm)

diameter (mm)

9 L-NMMA 5-1

2.6

2.4

2.2

2.6

2.4

2.2

2.0

2.0
0

1

2

3

4

0.0

0.5

time (min)

1.5

2.0

2.5

3.0

3.5

time (min)

9 L-NMMA 10-30

9 L-NMMA 5-2

3.0

3.0

2.8

2.8

diameter (mm)

diameter (mm)

1.0

2.6

2.4

2.2

2.6

2.4

2.2

2.0

2.0
0.0

0.5

1.0

1.5

2.0

time (min)

2.5

3.0

3.5

0.0

0.5

1.0

1.5

2.0

time (min)

2.5

3.0

3.5
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Chapter 4- Subject 10 Saline diameter fits
10 Saline 10

3.0

3.0

2.8

2.8

2.6

2.6

diameter (mm)

diameter (mm)

10 Saline 5-1

2.4
2.2
2.0

2.4
2.2
2.0

1.8

1.8

1.6

1.6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.0

0.5

time (min)

2.8

2.8

2.6

2.6

diameter (mm)

diameter (mm)

3.0

2.4
2.2
2.0

1.6

time (min)

2.5

3.0

3.5

2.0

1.6
2.0

3.0

2.2

1.8

1.5

2.5

2.4

1.8

1.0

2.0

10 Saline 5-2

3.0

0.5

1.5

time (min)

10 Saline 10-30

0.0

1.0

2.5

3.0

3.5

0.0

0.5

1.0

1.5

2.0

time (min)

3.5
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Chapter 4- Subject 10 L-NMMA diameter fits
10 L-NMMA 10

3.0

3.0

2.8

2.8

2.6

2.6

diameter (mm)

diameter (mm)

10 L-NMMA 5-1

2.4
2.2
2.0

2.4
2.2
2.0

1.8

1.8

1.6

1.6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.0

0.5

1.0

time (min)

2.0

2.5

3.0

3.5

time (min)

10 L-NMMA 10-30

10 L-NMMA 5-2

3.0

3.0

2.8

2.8

2.6

2.6

diameter (mm)

diameter (mm)

1.5

2.4
2.2
2.0
1.8

2.4
2.2
2.0
1.8

1.6

1.6
0.0

0.5

1.0

1.5

2.0

time (min)

2.5

3.0

3.5

0.0

0.5

1.0

1.5

2.0

time (min)

2.5

3.0

3.5
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Chapter 5- Subject 1 diameter fits
1 Large step diameter
5.4

diameter (mm)

5.2

5.0

4.8

4.6

4.4

4.2
-5

0

5

10

15

20

25

time (min)

1 Small step diameter
5.4

diameter (mm)

5.2

5.0

4.8

4.6

4.4

4.2
-5

0

5

10

time (min)

15

20

25
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Chapter 5- Subject 2 diameter fits
2 Large step diameter
5.0

diameter (mm)

4.8

4.6

4.4

4.2

4.0
-5

0

5

10

15

20

25

20

25

time (min)

2 Small step diameter

5.0

diameter (mm)

4.8

4.6

4.4

4.2

4.0
-5

0

5

10

time (min)

15
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Chapter 5- Subject 3 diameter fits

3 Large step diameter
5.6

diameter (mm)

5.4

5.2

5.0

4.8

4.6
-5

0

5

10

15

20

25

20

25

time (min)

3 Small step diameter

5.6

diameter (mm)

5.4

5.2

5.0

4.8

4.6
-5

0

5

10

time (min)

15
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Chapter 5- Subject 4 diameter fits
4 Large step diameter
4.4

diameter (mm)

4.2
4.0
3.8
3.6
3.4
3.2
3.0
-5

0

5

10

15

20

time (min)

4 Small step diameter

4.4

diameter (mm)

4.2
4.0
3.8
3.6
3.4
3.2
3.0
-5

0

5

10

time (min)

15

20
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Chapter 5 subject 5 fit diameters

5 Large step diameter
4.4

diameter (mm)

4.2
4.0
3.8
3.6
3.4
3.2
3.0
-5

0

5

10

15

20

25

time (min)

5 Small step diameter

4.4

diameter (mm)

4.2
4.0
3.8
3.6
3.4
3.2
3.0
-5

0

5

10

time (min)

15

20

25
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Chapter 5- Subject 6 fit diameters

6 Large step diameter
4.4

diameter (mm)

4.2
4.0
3.8
3.6
3.4
3.2
3.0
-5

0

5

10

15

20

time (min)

6 Small step diameter
4.4

diameter (mm)

4.2
4.0
3.8
3.6
3.4
3.2
3.0
-5

0

5

10

time (min)

15

20

25
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Chapter 5- Subject 7 diameter fits

7 Large step diameter

4.4

diameter (mm)

4.2
4.0
3.8
3.6
3.4
3.2
3.0
-5

0

5

10

15

20

25

time (min)

7 Small step diameter

4.4

diameter (mm)

4.2
4.0
3.8
3.6
3.4
3.2
3.0
-5

0

5

10

time (min)

15

20

25
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Chapter 5- Subject 8 diameter fits
8 Large step diameter
5.0
4.8

diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-5

0

5

10

15

20

25

20

25

time (min)

8 Small step diameter
5.0
4.8

diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6

-5

0

5

10

time (min)

15
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Chapter 5- Subject 9 diameter fits
9 Large step diameter
4.4

diameter (mm)

4.2
4.0
3.8
3.6
3.4
3.2
3.0
-5

0

5

10

15

20

25

time (min)

9 Small step diameter

4.4

diameter (mm)

4.2
4.0
3.8
3.6
3.4
3.2
3.0
-5

0

5

10

time (min)

15

20

25
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Chapter 5- Subject 10 diameter fits
10 Large step diameter
5.0
4.8

diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-5

0

5

10

15

20

25

time (min)

10 Small step diameter
5.0
4.8

diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-5

0

5

10

time (min)

15

20

25
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Chapter 5- Subject 11 diameter fits
11 Large step diameter
5.0
4.8

diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-5

0

5

10

15

20

25

time (min)

11 Small step diameter
5.0
4.8

diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-5

0

5

10

time (min)

15

20

25
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Chapter 5- Subject 12 diameter fits
12 Large step diameter
5.0
4.8

diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-5

0

5

10

15

20

25

time (min)

12 Small step diameter
5.0
4.8

diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-5

0

5

10

time (min)

15

20

25
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Chapter 5- Subject 13 diameter fits

13 Large step diameter
5.0
4.8

diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-5

0

5

10

15

20

25

time (min)

13 Small step diameter
5.0
4.8

diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-5

0

5

10

time (min)

15

20

25
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Chapter 5- Subject 14 diameter fits
14 Large step diameter
5.0
4.8

diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-5

0

5

10

15

20

25

time (min)

14 Small step diameter
5.0
4.8

diameter (mm)

4.6
4.4
4.2
4.0
3.8
3.6
-5

0

5

10

time (min)

15

20

25
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Chapter 5- Subject 15 diameter

15 Large step diameter
5.4

diameter (mm)

5.2
5.0
4.8
4.6
4.4
4.2
4.0
-5

0

5

10

15

20

25

time (min)

15 Small step diameter

5.4

diameter (mm)

5.2
5.0
4.8
4.6
4.4
4.2
4.0
-5

0

5

10

time (min)

15

20
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Chapter 6- Subject 1 diameter fits
1 FHSteady

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

1 FHoscillatory

3.8
3.6

3.6

3.4

3.4

3.2

3.2

3.0

3.0
-2

0

2

4

6

8

10

12

-2

0

2

4

6

8

time (min)

time (min)

1 FEStepIncrease

1 FENormalIncrease

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

3.8

3.8
3.6

12

10

12

3.8
3.6

3.4

3.4

3.2

3.2

3.0

10

3.0
-2

0

2

4

6

time (min)

8

10

12

-2

0

2

4

6

time (min)

8
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Chapter 6- Subject 2 diameter fits
2 FHSteady

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

2 FHOscillatory

3.8
3.6

3.6

3.4

3.4

3.2

3.2

3.0

3.0
-2

0

2

4

6

8

10

12

-2

0

2

4

6

8

time (min)

time (min)

2 FEStepIncrease

2 FENormalIncrease

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

3.8

3.8
3.6

12

10

12

3.8
3.6

3.4

3.4

3.2

3.2

3.0

10

3.0
-2

0

2

4

6

time (min)

8

10

12

-2

0

2

4

6

time (min)

8
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Chapter 6- Subject 3 diameter fits

5.0

5.0

4.8

4.8

4.6

4.6

4.4
4.2
4.0

4.4
4.2
4.0

3.8

3.8

3.6

3.6
-2

0

2

4

6

8

10

12

-2

4

6

8

3 FEStepIncrease

3 FENormalIncrease
5.0

4.8

4.8

4.6

4.6

4.4
4.2
4.0

3.6
6

time (min)

8

10

12

10

12

4.0

3.6
4

12

4.2

3.8

2

10

4.4

3.8

0

2

time (min)

5.0

-2

0

time (min)

diameter (mm)

diameter (mm)

3 FHSteady

diameter (mm)

diameter (mm)

3 FHOscillatory

-2

0

2

4

6

time (min)

8
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Chapter 6- Subject 4 diameter fits

6.0

6.0

5.8

5.8

5.6

5.6

5.4
5.2
5.0

5.4
5.2
5.0

4.8

4.8

4.6

4.6
-2

0

2

4

6

8

10

12

-2

4

6

8

4 FHStepIncrease

4 FENormalIncrease
6.0

5.8

5.8

5.6

5.6

5.4
5.2
5.0

4.6
6

time (min)

8

10

12

10

12

5.0

4.6
4

12

5.2

4.8

2

10

5.4

4.8

0

2

time (min)

6.0

-2

0

time (min)

diameter (mm)

diameter (mm)

4 FHSteady

diameter (mm)

diameter (mm)

4 FHOscillatory

-2

0

2

4

6

time (min)

8
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Chapter 6- Subject 5 diameter fits

5.0

5.0

4.8

4.8

4.6

4.6

4.4
4.2
4.0

4.4
4.2
4.0

3.8

3.8

3.6

3.6
-2

0

2

4

6

8

10

12

-2

4

6

8

5 FEStepIncrease

5 FENormalIncrease
5.0

4.8

4.8

4.6

4.6

4.4
4.2
4.0

3.6
6

time (min)

8

10

12

10

12

4.0

3.6
4

12

4.2

3.8

2

10

4.4

3.8

0

2

time (min)

5.0

-2

0

time (min)

diameter (mm)

diameter (mm)

5 FHSteady

diameter (mm)

diameter (mm)

5 FHOscillatory

-2

0

2

4

6

time (min)

8
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Chapter 6- Subject 6 diameter fits
6 FHSteady

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

6 FHOscillatory

3.8
3.6

3.6

3.4

3.4

3.2

3.2

3.0

3.0
-2

0

2

4

6

8

10

12

-2

0

2

4

6

8

time (min)

time (min)

6 FEStepIncrease

6 FENormalIncrease

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

3.8

3.8
3.6

12

10

12

3.8
3.6

3.4

3.4

3.2

3.2

3.0

10

3.0
-2

0

2

4

6

time (min)

8

10

12

-2

0

2

4

6

time (min)

8
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Chapter 6- Subject 7 diameter fits
7 FHSteady

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

7 FHOscillatory

3.8
3.6

3.6

3.4

3.4

3.2

3.2

3.0

3.0
-2

0

2

4

6

8

10

12

-2

0

2

4

6

8

time (min)

time (min)

7 FEStepIncrease

7 FENormalIncrease

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

3.8

3.8
3.6

12

10

12

3.8
3.6

3.4

3.4

3.2

3.2

3.0

10

3.0
-2

0

2

4

6

time (min)

8

10

12

-2

0

2

4

6

time (min)

8
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Chapter 6- Subject 8 diameter fits

5.0

5.0

4.8

4.8

4.6

4.6

4.4
4.2
4.0

4.4
4.2
4.0

3.8

3.8

3.6

3.6
-2

0

2

4

6

8

10

12

-2

4

6

8

8 FEStepIncrease

8 FENormalIncrease
5.0

4.8

4.8

4.6

4.6

4.4
4.2
4.0

3.6
6

time (min)

8

10

12

10

12

4.0

3.6
4

12

4.2

3.8

2

10

4.4

3.8

0

2

time (min)

5.0

-2

0

time (min)

diameter (mm)

diameter (mm)

8 FHSteady

diameter (mm)

diameter (mm)

8 FHOscillatory

-2

0

2

4

6

time (min)

8
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Chapter 6- Subject 9 diameter fits
9 FHSteady

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

9 FHOscillatory

3.8
3.6

3.6

3.4

3.4

3.2

3.2

3.0

3.0
-2

0

2

4

6

8

10

12

-2

0

2

4

6

8

time (min)

time (min)

9 FEStepIncrease

9 FENormalIncrease

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

3.8

3.8
3.6

12

10

12

3.8
3.6

3.4

3.4

3.2

3.2

3.0

10

3.0
-2

0

2

4

6

time (min)

8

10

12

-2

0

2

4

6

time (min)

8
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Chapter 6- Subject 10 diameter fits

5.0

5.0

4.8

4.8

4.6

4.6

4.4
4.2
4.0

4.4
4.2
4.0

3.8

3.8

3.6

3.6
-2

0

2

4

6

8

10

12

-2

4

6

8

10 FEStepIncrease

10 FENormalIncrease
5.0

4.8

4.8

4.6

4.6

4.4
4.2
4.0

3.6
6

time (min)

8

10

12

10

12

4.0

3.6
4

12

4.2

3.8

2

10

4.4

3.8

0

2

time (min)

5.0

-2

0

time (min)

diameter (mm)

diameter (mm)

10 FHSteady

diameter (mm)

diameter (mm)

10 FHOscillatory

-2

0

2

4

6

time (min)

8
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Chapter 6- Subject 11 diameter fits
11 FHSteady

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

11 FHOscillatory

3.8
3.6

3.6

3.4

3.4

3.2

3.2

3.0

3.0
-2

0

2

4

6

8

10

12

-2

0

2

4

6

8

time (min)

time (min)

11 FEStepIncrease

11 FENormalIncrease

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

3.8

3.8
3.6

12

10

12

3.8
3.6

3.4

3.4

3.2

3.2

3.0

10

3.0
-2

0

2

4

6

time (min)

8

10

12

-2

0

2

4

6

time (min)

8
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Chapter 6- Subject 12 diameter fits
12 FHSteady

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

12 FHOscillatory

3.8
3.6

3.6

3.4

3.4

3.2

3.2

3.0

3.0
-2

0

2

4

6

8

10

12

-2

0

2

4

6

8

time (min)

time (min)

12 FEStepIncrease

12 FENormalIncrease

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

3.8

3.8
3.6

12

10

12

3.8
3.6

3.4

3.4

3.2

3.2

3.0

10

3.0
-2

0

2

4

6

time (min)

8

10

12

-2

0

2

4

6

time (min)

8
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Chapter 6- Subject 13 diameter fits
13 FHSteady

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

13 FHOscillatory

3.8
3.6

3.6

3.4

3.4

3.2

3.2

3.0

3.0
-2

0

2

4

6

8

10

12

-2

0

2

4

6

8

time (min)

time (min)

13 FEStepIncrease

13 FENormalIncrease

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

3.8

3.8
3.6

12

10

12

3.8
3.6

3.4

3.4

3.2

3.2

3.0

10

3.0
-2

0

2

4

6

time (min)

8

10

12

-2

0

2

4

6

time (min)

8
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Chapter 6- Subject 14 diameter fits

5.0

5.0

4.8

4.8

4.6

4.6

4.4
4.2
4.0

4.4
4.2
4.0

3.8

3.8

3.6

3.6
-2

0

2

4

6

8

10

12

-2

4

6

8

14 FEStepIncrease

14 FENormalIncrease
5.0

4.8

4.8

4.6

4.6

4.4
4.2
4.0

3.6
6

time (min)

8

10

12

10

12

4.0

3.6
4

12

4.2

3.8

2

10

4.4

3.8

0

2

time (min)

5.0

-2

0

time (min)

diameter (mm)

diameter (mm)

14 FHSteady

diameter (mm)

diameter (mm)

14 FHOscillatory

-2

0

2

4

6

time (min)

8
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Chapter 6- Subject 15 diameter fits

5.0

5.0

4.8

4.8

4.6

4.6

4.4
4.2
4.0

4.4
4.2
4.0

3.8

3.8

3.6

3.6
-2

0

2

4

6

8

10

12

-2

4

6

8

15 FEStepIncrease

15 FENormalIncrease
5.0

4.8

4.8

4.6

4.6

4.4
4.2
4.0

3.6
6

time (min)

8

10

12

10

12

4.0

3.6
4

12

4.2

3.8

2

10

4.4

3.8

0

2

time (min)

5.0

-2

0

time (min)

diameter (mm)

diameter (mm)

15 FHSteady

diameter (mm)

diameter (mm)

15 FHOscillatory

-2

0

2

4

6

time (min)

8
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Chapter 6- Subject 16 diameter fits
16 FHSteady

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

16 FHOscillatory

3.8
3.6

3.6

3.4

3.4

3.2

3.2

3.0

3.0
-2

0

2

4

6

8

10

12

-2

0

2

4

6

8

time (min)

time (min)

16 FEStepIncrease

16 FENormalIncrease

4.4

4.4

4.2

4.2

4.0

4.0

diameter (mm)

diameter (mm)

3.8

3.8
3.6

12

10

12

3.8
3.6

3.4

3.4

3.2

3.2

3.0

10

3.0
-2

0

2

4

6

time (min)

8

10

12

-2

0

2

4

6

time (min)

8
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Appendix 2

Sample Statistics

280

Paired t-test
Peak %FMD- chapter 5

281
Linear Regression
%FMD vs. average shear during the 20 min stimulus period- chapter 5

282
Repeated Measures ANOVA
“Relevant” post-peak shear rate AUC (DME)- chapter 3

283
RM ANOVA continued

284
Friedman Repeated Measures ANOVA on Ranks
Tau1- chapter 6

285

Wilcoxon Signed Rank Test
Phase I %FMD as a percent of the peak response-chapter 5

