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Abstract
Exercise training is known to increase endothelial function and provoke arterial
remodelling both locally and systemically. This thesis was designed to further
examine these relationships by investigating the acute response to different
exercise intensities, with and without
shear rate modification.
Shear rate
modification was also used to examine the impact of systemic exercise training on
brachial haemodynamics. Finally, the effect of inactivity on vascular function and
arterial remodelling were studied using novel models of inactivity.
The aim of Study 1 was to examine the effect of shear stress on upper limb brachial
artery dilation during acute cycle exercise of different intensities. The impact of
three randomised bouts of 30 mins leg cycling (50, 70 and 85% HRmax)on brachial
artery blood flow, shear rate (SR) and brachial diameter, was measured bilaterally
and simultaneously. SR was further manipulated in one arm via forearm heating
(40±1°C) in a water bath (+0C) throughout the exercise bouts. Exercise induced
stepwise increases in SR in the unheated arm (~0C) (P<0.05). In the +OCarm, SRwas
significantly greater than in the ~OClimb. Brachial artery diameter increased postexercise in ~OCby 3% (50%HRmax;P>0.05 vs. baseline), 7% (70%HRmax;P<0.05) and
9% (85%HRmax;P<0.05). In the +OCarm, post-exercise brachial diameter increased at
all exercise intensities (P<0.05) and was significantly greater (P<0.05) than in the ~OC
limb at 50% (12%), 70%HRmax(14%) and 85%HRmax(15%). In conclusion, increases in
shear rate during incremental lower limb exercise are associated with increases in
brachial artery diameter. This response is exaggerated with larger SR induced by
localised heating, indicating that leg exercise has systemic effects on arterial
diameter and that SR is an important stimulus to vasodilation during exercise in
humans.
The second study examined brachial artery flow mediated

dilation

(FMD) (using

high resolution echo-Doppler) pre, and post (0, 1, 2, 24hr) 3 bouts of acute 30 min
exercise at different (50, 70 and 85% HRmax)intensities. Shear rate area-under-thecurve (from cuff deflation to peak dilatation; SRAUdwas calculated as the eliciting
stimulus for FMD. Both baseline diameter and SRAUC
were elevated by exercise. With
covariate-control
of these variables, the change in brachial artery FMD was
negligible after exercise (~5 minutes post exercise) at 50% HRmax(6.3±2.6 vs.
5.9±2.S%; 95%CI for difference: -0.59 to 1.34%) whilst a larger changes in FMD were
noted after the exercise bouts at 70% (6.1±1.8 vs. 4.7±1.9%; 95%CI for difference:
0.08 to 2.58%) and at 85% HRmax(6.6±1.6 vs. 3.6±2.2%; 95%CI: 0.41 to 5.42%). A
further 2-way ANOVA revealed there were no changes in FMD at any other timepoint post exercise (1, 2, 24hrs) and FMD normalised by 1hr post. These data
indicate, for the first time, a 'dose-response' relationship between exercise intensity
and the reduction in FMD, even when exercise-mediated changes in shear and
baseline diameter are accounted for.
The purpose of Study 3 was to examine the contribution

of shear stress to changes

in vascular function in the non-exercising upper limbs in response to lower limb
(systemic) cycling exercise training. Subjects participated in an 8-week cycle training
study undertaken at 80% HRmax,with unilateral cuff inflation around the forearm
ii

during each exercise bout. FMD, partly NO-mediated endothelial function (Le.
ischaemic handgrip exercise (iEX)), and endothelium-independent
dilation to a NO
donor (Le. glyceryl trinitrate (GTN)) were measured at 2, 4 and 8 weeks. Cycle
training increased FMD in the non-cuffed limb at week 2 after which, responses
returned towards baseline levels (5.8±4.1, 8.6±3.8, 7.4±3.5, 6.0±2.3 at 0, 2, 4 and 8
weeks, respectively; ANOVA: P=0.04). No changes in FMD were observed in the
cuffed arm. In addition, no changes were evident in response to iEX or GTN in either
the cuffed or non-cuffed arms (P>0.05) across the 8 week intervention period.
These data suggest that lower limb cycle training induces a transient increase in
upper limb vascular function in healthy young humans which is, at least partly,
mediated via shear stress.
Exercise training is associated with rapid changes in endothelial function, which
occur within days of starting training. Whilst long-term physical inactivity has a
strong effect on vascular structure, little is known about the immediate impact of
inactivity on vascular function. Therefore, Study 4 measured changes in vascular
function before, during (day 4) and after 8 days of unilateral forearm inactivity
induced by wearing a sling on the non-dominant arm. Maximal handgrip strength of
the inactive forearm decreased after 8 days, confirming physical deconditioning.
There were no significant changes in brachial artery baseline diameter, FMD, iEX or
GTN across the 8 days in either arm (P>O.OS).A significant decrease in peak blood
flow was found in the intervention
suggestive of remodelling of forearm

arm (2-way interaction:
P=0.03) that is
resistance vessels. However, measures of

(largely and partly) NO-mediated endothelial
altered across an 8 day period of inactivity.

conduit

artery function

were not

Whilst increases in mean arterial shear stress are known to induce improvements in
arterial function and remodelling in humans, animal data have demonstrated that
retrograde shear is associated with pro-atherogenic effects. However, relatively
little is known regarding the effect of retrograde shear rate on vascular function in
humans in vivo. In order to provoke retrograde shear, subjects wore a compression
sleeve on one forearm for 8 days. Measurements were taken before and during
acute (lhr) exposure to a compression sleeve on baseline day o. Measurements
were taken after 4 and 8 days exposure to the compression sleeve. There were no
significant changes in mean or antegrade shear rate during exposure to the
compression sleeve. However, the compression sleeve resulted in an immediate
increase in retrograde shear rate in 6 subjects (P<O.OS, intervention-group),
but
remained near resting levels in the other 6 subjects (P>O.OS, control-group)i.e.
subjects in whom the compression sleeve did not increase retrograde shear were
the control group. The intervention group demonstrated a significant decrease in
FMD after 1 h compression sleeve (P<O.OS),but not in the control group (P>O.OS).
After 8-days using the compression sleeve, no significant changes in FMD, iEX, or
GTN-response in the intervention and control group (all P>O.OS)were observed. In
conclusion, short-term increases in retrograde shear rate decrease FMD, but not
chronically.
Data in this thesis provide evidence for the role of blood flow and shear stress, as a
result of exercise and inactivity, and its immediate effects upon the vasculature.
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Chapter 1

I

Genera/Introduction

1

1.1. Physical activity, inactivity and cardiovascular
Physical

inactivity

atherosclerosis

is

an

independent

and subsequently

risk

factor

risk
for

the

progression

of

cardiovascular disease (CVD) (Blair et al., 1995).

Endothelial dysfunction is also one of the earliest markers of vascular abnormalities
observed

in cardiovascular

augmentation
dysfunction

of

disease and ageing.

vasoconstrictor

pathways

observed after physical inactivity

It has been suggested

contributes

to

the

that

endothelial

(Green et al., 1997). However, it is

well recognised that moderate and high intensity exercise training is associated with
considerable

reductions

in the incidence of cardiovascular

events (Green et al.,

2004; Mora et al., 2007). More specifically, exercise training is known to increase
fitness levels, improve

endothelial

progression of atherosclerosis

function,

and cardiovascular

CVD, and to an extent, asymptomatic
2004; Green

the

diseases (CVD) in patients with

individuals (Green

et ol., 2003; Green et al.,

et al., 2011). Nevertheless, reductions in traditional risk factors do not

appear to fully explain the reduction
following

exercise capacity, and prevent

exercise training.

in cardiovascular

Collectively,

both animal (Jasperse & laughlin,

morbidity

and mortality

data from exercise training studies from

2006) and humans (Green

et al., 2004; Tinken et

at., 2008) suggest that functional and remodelling adaptations of the vasculature in
response to exercise training alter with training duration,

intensity and the vessel

beds involved. Exercise exerts direct effects on the vasculature by the impact of
repetitive

pulsatile increases in shear stress on the vascular endothelium,

respond by transducing
decrease
dependent

atherosclerotic
improvements

functional

and remodelling

vascular adaptations

et al., 2008). Consequently,

risk (Laughlin
in endothelial

function
2

and remodelling

which
which

exercise-

represent

a

conditioning

effect to the vasculature, which provides a credible explanation for the

cardia-protective
traditional

benefits of exercise, independent

CV risk factors (Green

of the impact of exercise on

et al., 2004; Thijssen et al., 2010).

There is evidence that the link between physical inactivity and cardiovascular risk is
explained by changes in endothelial function (Green
Thijssen

et al., 2004; Mora et al., 2007;

et al., 2010). It is likely that the beneficial cardiovascular adaptations are

caused by changes in blood flow patterns or shear stress through arteries (Thijssen

et al., 2009a). Nevertheless, despite the evidence that physical inactivity is seen as
an independent

cardiovascular risk factor, there are few physiological studies that

have assessed the direct mechanisms that could potentially

cause adaptations

in

response to exercise and physical inactivity conduit artery function and remodelling
in humans. It is clear there are strong links between vascular function, remodelling
and cardiovascular events, however, the mechanisms responsible for NO bioactivity
and the role that other vasodilator

substances play in vascular adaptations

still

remain unclear.

1.2. Aims
Therefore the aims of the studies within this thesis are:

1. Examine exercise intensity dependent and independent
forearm

heating) changes in shear rate at different

(through the use of

exercise intensities on

brachial artery diameter before, during and immediately

post exercise. This

will be achieved through study 1 (Chapter 4).
2.

Determine the effects of shear rate during different
brachial

artery

flow-mediated

dilation

3

(FMD)

exercise intensities on
responses

before

and

immediately

post cycle exercise. This will be achieved through

study 2

(Chapter 5).

3. Examine the role of shear rate upon endothelium
partly)

NO mediated

and endothelium

brachial artery, following
rate attenuated

dependent

independent

(largely and

vasodilation

of the

8-weeks lower limb exercise training, with shear

in one forearm

during the exercise training.

This will be

achieved through study 3 (Chapter 6).

4.

Examine the

impact

of localised

forearm

inactivity

on brachial

artery

endothelium

dependent (largely and partly) NO mediated and endothelium

independent

vasodilation. This will be achieved through study 4 (Chapter 7).

5. Determine

acute and prolonged changes in retrograde

role of shear rate on endothelium
mediated and independent

dependent

vasodilation

shear rate, and the

(largely and partly)

NO-

of the brachial artery through the

use of compression around one forearm. This will be achieved through study
5 (Chapter 8).

4

Cha pter 2

I Review

of the Literature

5

2.1. Background
It is now well accepted that a sedentary lifestyle is a risk factor for cardiovascular
disease (CVD). In 2008, CVDs were responsible for more than 17.3 million deaths in
the world (WHO, 2011). In particular
most common
mortality

coronary artery disease (CAD) is one of the

types of heart disease and is responsible

among men and women. Atherosclerosis

for a high percent of

is the most frequent

underlying

cause of CAD and peripheral vascular disease (PVD) also referred to as peripheral
arterial

disease (PAD). Atherosclerosis

is a chronic, progressive disease in which

plaques (consisting of deposits of cholesterol
inflammatory

cells called macrophages) accumulate in the walls of the arteries. The

plaque formation
accumulate

and other lipids, calcium, and large

stimulates the cells of the artery wall to produce substances that

in the inner layer, producing a build-up of atheroma within the cells,

and ultimately

causing the inner layer of the artery wall to thicken. This in turn

reduces the diameter of the artery causing a decrease in blood flow and oxygen
delivery eventually leading to arterial occlusions, resulting in ischaemia, usually of
the arteries in the lower limbs.

In order to reduce the risk of developing a (VD it is recommended
lifestyle

options

are

chosen,

including

increasing

physical

that healthy

activity,

weight

management and improving diet. Ominously, it has been stated that nearly 40% of
the adult population

subject themselves

to <10 minutes of continuous

physical

activity per week, (Blair & Bradney, 1999), and the prevalence of physical inactivity
is ever increasing. These lifestyle changes are of special interest because physical
inactivity has been proposed as an independent risk factor for atherosclerosis, (VD
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and

diabetes

Reductions

et al., 2004;

(Green

in both primary

Mora

(without

et al., 2007; Thijssen

already established
are associated
physically

active

compared

with

with

individuals
sedentary

physical exercise.

that are less fit (Thompson,

exceeding

that

associated

with

hypercholesterolemia

and obesity (Blair

These

that

indicate

influence

the occurrence

However,

exercise-induced

exercise

2003).

Additionally,

CAD

individuals

lower CVD rates compared

2003), with the relative
elevated

with

risk of being unfit

systolic

blood

pressure,

et al., 1996).

training

and development
reductions

that the most

half the risk of developing

(Thompson,

smoking,

of

et al., 1988; Jolliffe et al., 2001)

fitness demonstrate

individuals

the development

It has been suggested

have approximately
individuals

higher cardiopulmonary

data

(preventing

CVD) vascular events (Old ridge

with regular

et al., 1986; Sesso

existing CVD) (Paffenbarger

et al., 2000; Myers et al., 2002) and secondary

et al., 2010).

and maintenance
of cardiovascular

in traditional

and

account

reduction
therefore

blood

for

30-40%

reductions in CVD events
associated with physical activity that is explained by
risk factors (adapted from Mora et al., 2007)
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(VD

approximately

pressure
of

the

risk,

and

65% of the

reductions

remain unexplained

Figure 2.1 Percentage

such as obesity,

high

in total

training-related

fitness

diseases in humans.

risk factors,

diabetes
only

of physical

in CVD

(Figure 2.1).

One current hypothesis is that exercise training may provide a direct stimulus for
adaptations

upon the vasculature, which are likely to playa

modification

of cardiovascular risk (Green

2008b; Thijssen

beneficial role in the

et 0/., 2004; Green, 200Sa; Green et 0/.,

et 0/., 2010). The potential mechanisms for this will be discussed in

more detail within this chapter.

2.2. The Vascular Endothelium
An artery is made up of 3 separate layers; the intima, media and adventitia
2.2). More specifically, the endothelium
important

(Figure

is the inner most layer of an artery, and is

due to its vasoactive and anti-atherogenic

properties. The endothelium

itself consists of a single monolayer of cells that line the interior surface of all blood
vessels. Endothelial cells are located at the interface between the blood and the
vascular wall, and were surprisingly once considered a passive layer of static cells. It
is now well established

that the endothelium

serves as a dynamically

modulator of vasomotor tone and atherogenic development
elastica interna

Lumen

intima
media

adventitia

Figure 2.2 Anatomy overview of a human artery.
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active

through the secretion of a number of paracine substances that playa
regulating

vascular

vasoregulation

tone,

cell

and vasoprotection

growth,

platelet

and

key role in

leukocyte

inhibition,

(Moncada et ol., 1991).

2.2.1. The Identification of endothelium derived re/axing factor (EDRF)
In the 1980's, Furchgott and Zawadski first demonstrated
essential for vasodilation.

Results from their study which, apparently

chance, revealed that when acetylcholine
some with endothelium

that the endothelium

occurred by

(ACh) was applied to rabbit aorta strips,

abolished and some with endothelium

only occurred when the endothelium

intact, vasodilation

was present (Furchgott & Zawadzki, 1980).

This study led to the (at the time misguided) observation that ACh stimulated
endothelium

to release an agent that either relaxed or contracted

smooth muscle, depending on whether the endothelium
The contradictory

response outlined

was

the

the vascular

was healthy or damaged.

here was, however due to the fact that in

removing the aortic sampling the arteries had been denuded of endothelium.

In

time it was discovered, that this effect was mediated by a labile factor known as
endothelium

derived relaxing factor or EDRF that required an intact endothelium,

with EDRF later suggested being the inorganic molecule, nitric oxide (NO), (Ignarro
et al., 1987). This hypothesis
vascular endothelial

was confirmed

with

a study that demonstrated

cells synthesise NO and that the biological effects of EDRF

could be reproduced by exogenous NO (Ignarro et al., 1987; Palmer et al., 1987). It
is now well established that endothelium
located

in the endothelium

concentration

NO is synthesised by nitric oxide synthase

(eNOS) by the regulation

(Mulsch et al., 1989; Schmidt et al., 1989).
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of intracellular

calcium

2.3. Nitric Oxide: Physiological stimulation from the endothelium
The endothelium

responds to both physical, and pharmacological

stimuli which

result in the release of a variety of vasoactive substances such as NO, prostacyclin,
endothelins,
fibrinolytic

endothelial
factors

cell growth factor, interleukins,

(Laughlin et al., 2008). More

processes associated with
production

the development

adhesion molecules, and

specifically,

given its role in

of atherosclerosis,

the endothelial

of nitric oxide has received much research interest. Nitric oxide has a

number of roles, dependent on interactions

with target cells, and is able to diffuse

freely across cell membranes. The biological effects of NO occur by activation
soluble

guanylate

monophospate

cyclase (SGC) and subsequent

(cGMP) (Ignarro,

1990; Furchgott

elevations

of

in cyclic guanisine

& Jothianandan,

1991), which

promotes a cascade of events leading to smooth muscle dilatation (see below).

It was not until the late 1980's, that Valiance et al. (1989) examined the role of NO
in healthy volunteers, by using a specific inhibitor of the synthesis of endotheliumderived

NO, NGmonomethyl-L-arginine

brachial arteries. They reported

(L-NMMA)

which

was infused

This was the first study to discover the

importance of NO as an essential factor released from the endothelium
control and vasodilation

arterial remodelling

allowing for

in humans. It was later recognised that,

is shear stress and NO-dependent

in a manner that horneostaticallv

(Tuttle et al., 2001) and acts

regulates wall shear stress (Tronc et al., 1996).

These data provided direct evidence that the dilator action of endothelium
NO contributes

to the control

the

a 50% fall in basal blood flow and attenuated

dilator response to infused acetylcholine.

tonic vasomotor

into

of basal and stimulated
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regional

derived

blood flow

in

humans, and therefore

suggested that an impairment

account for the abnormalities

of production

of NO might

in vascular reactivity that characterise a wide variety

of disease states.

2.3.1. Mechanisms that mediate vasodilator function
Endothelial shear stress is the central stress created by the frictional
on the endothelial

surface of the arterial

flow of blood

wall, usually expressed in units of

dvne/crn" (Slager et ol., 2005). The nature of flow through a vessel is dependent on
the velocity of flow and any obstructions.
laminar

or turbulent

undisturbed

flow,

(Slager
it can

Flow is usually characterised

et al., 2005). laminar

sometimes

be known

characterised by areas of reversed flow (Chatzizisis
turbulent

flow

as either

refers to a smooth

as disturbed

laminar

flow,

et al., 2007). On the other hand,

flow is dependent on the velocity and varies continuously

over time. The

pulsatile nature of arterial blood flow provokes constant changes in direction and
magnitude

of flow (Chatzizisis

et al., 2007). Usually, in straight arterial segments,

shear stress is pulsatile and unidirectional

with a magnitude

range of 15 to 70 dyne/cm2 over the cardiac cycle (Slager
regions where disturbed
oscillatory
(Slager

laminar

flow

et al.,2005). In contrast, in

occurs, pulsatile

shear stress, that is usually evident

et al., 2005).
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that varies within a

flow

generates

low or

in the inner areas of curvatures

The importance of the vascular endothelium

in mediating the vasomotor responses

to increases in flow in conduit arteries were examined by Pohl

et al. (1986), in dogs

by investigating the diameter changes of femoral arteries, in response to increases
in flow

before

and after endothelial

removal of the endothelial

damage. Their results demonstrated

that

cells abolished dilation and concluded that endothelial

cells are obligatory for flow-mediated

dilation.

Figure 2.3 (A) Mechanical effects of hemodynamic forces on the vascular wall (Laughin et
al., 2008). (8) Hemodynamic forces that act on blood vessels(Hahn and Schwartz, 2009).

The endothelium

is normally subjected to mechanical deformation

resulting from

shear stress and from strain associated with stretch of the vessel wall. These stimuli
are detected by a mechano-sensor

allowing the influx of extracellular

ions into the endothelial cell, through the opening of ion gates (Olsen

Ca2+ and Na+

et al., 1988).

This initiates a variety of signalling systems responsible for triggering the functional
responses. This results in increases in intracellular

Ca2+ ion concentration

which

activates endothelial nitric oxide synthase (eNOS), resulting in the production of NO
from the semi-essential amino acid L-arginine (Cooke & Dzau, 1997) (Figure 2.4).
Once formed, NO diffuses across the cell membrane and stimulates an increase in
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guanylyl cyclase (GC) concentration,
derived from

resulting in an increase of cGMP levels. cGMP is

guanosine triphosphate

(GTP) via the catalysis of NO on soluble

guanylate cyclase. It acts as a secondary messenger and its likely mechanism of
action is activation

of intracellular

membrane-impermeable

protein

kinases in response to the binding of

peptide hormones to the external cell surface (Vanhoutte

et al., 1986). Additionally,

cGMP also inhibits

the influx of extracellular

(lp3) levels and increased vasorelaxation

decreases inositol triphosphate

Ca2+,

(Vanhoutte

et al., 1986). Once cGMP is produced it has the potential to provide protective
effects against the development
influx of calcium through
sensitive phosphodiesterase

of atherosclerosis, as a result of a reduction in the

L-type calcium channels and by stimulating

a cGMP

which concludes with a reduction in concentrations

of

cGMP.

Vascular smooth muscle cell

Endothelial cell

GTP

Citrulline

L-arginine

NO·haem GC

HO

NOS

Figure

2.4 The L-arginine NO pathway

A further

potential

phosphorylation

mechanism,

critical

of the amino acid Serll77

to

the

production

of

NO

within the eNOS by serine/threonine

kinase Akt (protein kinase b) (Dimmeler & Zeiher, 2003; Hambrecht et
Shear stress-induced

Akt is responsible

for the prolonged,
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is the

at.,

2003).

calcium-independent

activation
stimulation

of eNOS and acts in addition

to the short-term

of eNOS, leading to NO release and relaxation of the vascular smooth

muscle cells. Therefore, the shear stress-induced
a potent vasodilator
mediated

calcium-mediated

of NO is thought to be

in vivo and may also be related to improved endothelial

vasodilator

atherosceloritic

stimulation

function

lesion development

of

arterial

(Hambrecht

conductance

vessels

prone

NOto

et al., 2003).

-----Q

Blood flow

Intima

Figure 2.5 A schematic of EDRF-NO shear stress mediated

An additional

mechanism

which exists as a network

process

could be related to the endothelial
of membrane-bound

proteoglycans

glycocalyx (GCX),
and glycoproteins

that line the surface of the lumen. The endothelial GCX was first visualised by Luft
over 40yrs ago (Luft, 1966). Although, relatively little is known about this layer, it's

et al., 2000;

importance

in vascular biology has recently been acknowledged (Vogel

Nieuwdorp

et al., 2005) as playing an essential role in detecting shear stress from

increases

in

blood

mechanotransduction

flow,

allowing

(biochemical

for

the

transduction

of

force

to

responses (Tarbell & Pahakis, 2006; Tarbell &
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Ebong, 2008). These forces are known to induce secretions of several vasoactive
substances possibly via internal calcium mobilisation

including NO (Furchgott et al.,

1985) (Figure 2.5). Although there is evidence indicating that increases in blood flow
and

shear

stress

endothelium,

induce

the

secretion

which aid in maintaining

of

vasoactive

substance

from

the

the health and tone of the vessel, it is

unclear as to whether acute bouts of exercise or exercise training of the lower limb
provides a potent

stimulus for increases in blood flow and shear stress in the

inactive upper limbs (Le. the brachial artery) to provide beneficial adaptations

to

endothelial function.

2.3.2. The anti-atherogenic
As mentioned

effects of NO

at the beginning of this chapter, atherosclerotic

leading cause of morbidity
processes underlying

and mortality

vascular disease is a

within the UK, and the elucidation

it is of great potential

benefit.

Endothelial

of the

dysfunction

is a

precursor to atherosclerosis resulting from reduced NO bioavailability

which causes

detrimental

NO plays an

effects on the health and function

essential role in maintaining
protective

vascular health and tone and it has many cardio-

roles some of which include regulation of blood pressure and vascular

tone, inhibition

of platelet

aggregation,

smooth muscle cell (SMC) proliferation.
is thought
(laughlin
endothelial

of the endothelium.

leukocyte

adhesion, and prevention

Consequently, reduced bioavailability

to be one of the central factors common

et al., 2008). Decreased endothelial
dysfunction,

to reduce atherogenesis

to cardiovascular

NO production,

leukocyte
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and platelet

of NO
disease

as a result of

occurs in the early phases of atherosclerosis.
by inhibiting

of

NO appears

activation

and by

inhibiting smooth muscle cell proliferation
subjects

at

dysfunction

risk for

atherosclerosis

et al., 2008). Studies examining

(Laughlin
have

demonstrated

(Adams & Nash, 1996), and have demonstrated

responses after pharmacological or physiological stimulation

The pathophysiology
caused by cholesterol

of atherogenesis
deposition,

phases of atherosclerosis

(Anderson

comprises of a combination

is complex,

represents

(Laughlin

dysfunction

of reduced endothelium

development

but endothelial

dysfunction,

marker of the early

mediated dilation, increased
genes of endothelial cells, and

in these types of cells referred to as

et al., 2008). Current evidence

is present throughout

above 'pro-atherogenic'

reduced vasodilator

et al., 1995). Endothelial dysfunction usually

increased oxidative stress, with adaptations
pro-atherogenic

endothelial

of endothelial NO.

an important

expression of adhesion molecules and inflammatory

endothelial

arterial

is suggestive

the atherosclerotic

that

process, and the

factors are known to play a key role in atherosclerotic

(Figure 2.6) (Furchgott & Vanhoutte, 1989; Luscher, 1990; Vita, 2002).

An enhanced uptake of low density lipoproteins

(LOL) and succeeding oxidation

causes an increase in endothelial cell expression of cellular adhesion molecules that
recruit circulating

monocytes to the intima (Geng & Libby, 2002). The monocytes

are then transformed

into the activated tissue macrophages and foam cells, which

promote the development

of the atherosclerotic

plaque (Figure 2.6.) (Geng & Libby,

2002). The release of growth factors leading to SMC proliferation,

together

with

accumulation of lipids, causes a progressive narrowing of the vessel lumen, limiting
blood flow

(Geng & Libby, 2002). However,

suggests that NO serves as an anti-atherogenic
16

evidence from

studies in animals

molecule, and more specifically, it

was reported that exercise appeared to improve endothelial
regulation

eNOS pathway (Laughlin, 1995; Laughlin et al., 2003). In patients with

atherosclerosis,

endothelial

NO production

et al. (2002) upper and lower extremity
patients

function through the

with

is usually deficient. In a study by Gokce
endothelial

CAD. In response to endurance

improved endothelial

function

function

was measured

exercise training,

in

they reported

in peripheral conduit arteries of patients (Gokce et

al., 2002). In another study in similar patients, the effect of regular physical activity
on endothelial

function

was assessed. It was concluded that the exercise training

leads to an improved endothelium-dependent

vasodilatory capacity by upregulating

eNOS expression (Hambrecht et al., 2003). Taken together, these data suggest that
NO may regulate atherogenesis by several mechanisms, including alteration of LDL
modification,

platelet and leukocyte function, and SMC proliferation.

Figure 2.6 Timeline of the stages of atherosclerotic progression within an artery

Raised blood pressure and vasoconstriction

are usually associated with the release

of proteins called endothelins and the over expression of endothelins are known to
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contribute

to hypertension

Endothelin-i

and heart disease (Laughlin et al., 2008). In particular,

(ET-i) is frequently

associated with vasoconstriction

of an artery and

is a key mediator of vascular tone through opposed vasoactive effects (Laughlin et

ol., 2008). Consequently,
cardiovascular
progression
(VCAM-l)

dysfunctions

diseases. An additional

of cardiovascular

of ET-i

signaling

NO bioavailability
atherosclerosis,
reverse/reduce

with

gene which is equally associated with the

disease is the vascular cell adhesion

which mediates the adhesion of lymphocytes

vascular endothelium.

are associated

molecule-i

and monocytes

to the

An increase in VCAM-l levels associated with a decrease in

(Figure 2.7) and therefore
however,

there

is evidence

an increased

risk of developing

to suggest exercise training

can

this risk (Laughlin et ol., 2008), (see section 2.4.).

Figure 2.7 Interactive effects of atherosclerosis and exercise training on markers of

endothelial cell phenotype. e NOS, endothelial nitric oxide synthase; ET-l, endothelin-i;
NO, nitric oxide; O2, superoxide; PGI2, prostacyclin; ROS, reactive oxygen species; SOD,
superoxide dismutase; VCAM-l, vascular cell adhesion molecule-l(Laughlin et al., 2008).
In summary, due to the anti-atherogenic

properties of NO and the stimulus for NO

release being increases in blood flow and shear stress, the endothelium

has been

the target for therapeutic

and non-

interventions,

through
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both pharmacological

pharmacological

(e.g. exercise) options

function/dysfunction

and NO bioavailability

disease or risk (Green
exercise training,

in an attempt

to improve

in individuals

with

endothelial

cardiovascular

et al., 2004). In particular it has been demonstrated

can improve

endothelial

dependent

function

in patients

that
with

cardiovascular risk factors, such as high blood pressure, diabetes and obesity (Green

et al., 2004).

2.4. Effect of exercise training on the vasculature
Exercise training has been consistently
the vasculature in animals (laughlin
cardiovascular

reported as having beneficial effects upon

et a!., 1989; Sessa et al., 1994), patients with

risk factors or disease (Green

healthy subjects (Green

et al., 2004) and to an extent, in

et al., 2011). In this section of the chapter, the effects of

exercise training on conduit artery function and remodelling
populations,
mechanisms

as well

as optimal

exercise

for vascular adaptations

training

in healthy and patient

methods,

and

in response to exercise training

potential
will be

discussed in detail.

2.4.1. Exercise training and endothelial function
Exercise training causes an increase in blood flow through the lumen of the vessel
resulting in an increase in shear stress that stimulates the release of a number of
vasoactive substances, in particular NO. Repeated episodic increases of blood flow
and shear stress are thought to be the stimulus responsible for adaptations in the
vasculature with short and long -term exercise training.
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The majority

of studies within

the literature

that have examined the impact of

exercise training in subjects with CVD report an enhanced endothelial
response to exercise training (Moriguchi
studies indicate that exercise training
regulating

eNOS protein

expression

may improve

endothelial

and phosphorylation.

function

by up-

For example,

twelve

in endothelial function

et al., 2004). For brevity, studies investigating exercise on endothelial

(Edwards

in healthy and CAD patients are presented

reviews on this topic can also be found (Green
Thijssen et al., 2010; Green
cycling in CAD patients,

reported

eNOS phosphorylation,

vasodilator

in Table 2.1. Comprehensive

et al., 2004; Mora et al., 2007;

et al., 2011). Additionally,

higher NO synthase and protein
related

in

et al., 2005; Wisloff et al., 2007). Recent

weeks of endurance exercise training led to an improvement

function

function

capacity (Hambrecht

the impact of 4 weeks of

that exercise was associated with significantly
expression as a results of higher shear stress
which

correlated

et al., 2003).

with

in vivo

ACh-mediated

These data suggest that enhanced

NO bioactivity, in vivo, with exercise training improves endothelial function by an up
regulation of NO synthase protein expression and by increasing phosphorylation
this particular
endothelial

enzyme. On the other

function

hand, in healthy

of

subjects, an increase in

has been observed after endurance training (Clarkson

et al.,

1999; Pullin et al., 2004) but adaptations in the brachial artery were not evident
following

resistance exercise training

2008). Similarly, adaptations
exercise training
improvement

(Moriguchi

(Rakobowchuk

et al., 2005; Potter et al.,

were not evident in older subjects following

cycling

et al., 2005; Thijssen et al., 2007a). The lack of

in brachial artery endothelial

function

following

resistance training

and lower limb exercise could possibly be due to an inadequate
20

shear stress

stimulus

with

resistance

exercise

or

lower

expression and subsequent up-regulation

The studies
adaptations

mentioned

limb

to

enhance

eNOS

of NO bioavailability.

above suggest that

in most populations

exercise

exercise training

induces vascular

and that there is a strong relationship

between

adaptations in the exercising muscle bed and associated blood vessel. However, the
mechanisms for such adaptations
not known as to whether

remains unclear, more specifically it is currently

an increase in shear stress with lower limb exercise

training is responsible for vascular adaptations

in the non-exercising

upper limbs.

Nevertheless, it has been suggested that shear stress is the mechanism responsible
for exercise training
Tinken

related adaptations

of the vasculature

(Tin ken

et al., 2009;

et al., 2010; Naylor et al., 2011). However, the majority of studies to date,

investigating

the concept of shear stress-induced

are based on investigations in animals (Johnson

adaptations

in eNOS expression

et al., 2001; Woodman et al., 2005),

where arterial endothelial cells were shown to exhibit a significant increase in eNOS
expression after 6 hours of exposure to shear stress (Davis

et ol., (2003), confirmed

the exercise training

et al., 2001). Hambrecht

effects on increases in vascular

function and eNOS expression in the human vascular system and suggested that the
increases in eNOS expression were due to increased levels of shear stress, however,
they further go on to state that the exact mechanism by which the endothelial cell
sense changes in flow or blood pressure, is still unknown.
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2.4.2. Exercise training and vascular remodelling of the conduit vessels
To date, studies examining remodelling

adaptations

in the conduit arteries report

changes in resting arterial diameters as an index of remodelling,
interventions.

However, due to vasodilator

following exercise

and vasoconstrictor

influences

upon

resting tone, it has been suggested that baseline diameter is not an optimal index of
vascular remodelling following exercise training (Naylor

et al., 200Sa). Instead, it has

been proposed that the peak artery diameter is a more appropriate
conduit

structure

remodelling

(Naylor

et ot., 200Sa). Studies examining

have found adaptations

assessment of
conduit

artery

after 6 weeks of one legged cycle exercise

training,

in the trained

but not untrained

femoral

artery

of healthy

subjects

(Miyachi

et al., 2001). Such adaptations are abolished following detraining, leading

to the conclusion that such adaptations are localised rather than systemic. Tinken

et

al. (2008) conducted an 8-week training study and was the first to identify that
vascular functional

adaptations

precede structural

adaptations

in humans. These

authors concluded that, exercise training resulted in a rapid increase in endothelial
function between weeks 2 and 4 which subsequently reached near baseline values
by week 8. It was reported that the initial modifications
by remodelling
possibility

in function were replaced

adaptations between weeks 4 and 8 in healthy humans. Whilst the

that late changes occur in the remodelling

of upper limb conduit

or

resistance arteries in response to lower limb cycle exercise cannot be excluded, this
seems unlikely as there is limited
arterial remodelling

evidence for systemic effects of exercise on

in humans (Silber

et al., 1991; Green et al., 2008a). In fact,

comparisons of specific groups of upper or lower limb dominant athletes (Huonker

et al., 2003), including the preferred and non-preferred limbs of racquet sportsmen
22

et ol., 1996; Rowley et al., 2011), indicate that changes in artery size

(Green

predominantly

occur in response to local, rather than systemic, stimuli.

Rapid changes in vascular diameter primarily depend on the contractile
and interaction
Lemus

activation

of actin with myosin in vascular smooth muscle cells (Martinez-

et al., 2009). There are many factors that play a role in the control of

vascular

smooth

muscle

calcium-calmodulin
bridge

cycling,

intracellular

cell contraction,

dependent

together

calcium

vascular

smooth

phosphorylation

with,

muscle

specifically,

(Hirano

this

of the regulatory

changes in ion flux,

concentration

vasodilation or vasoconstriction

more

membrane

includes

the

myosin crosspotential

et at., 2004). Additionally,

and
rapid

are associated with acute increases or decreases in

intracellular

However, the exact mechanisms

calcium

(Martinez-Lemus

for such adaptations

et at., 2009).

in response to systemic

exercise remain unclear.

2.4.3. Are vascular adaptations to exercise training local or systemic?

Studies investigating the effects of localised exercise training have primarily found
increases in the conduit artery in the exercising muscle bed. In an early study an
enhanced endothelial

function

of the radial artery was reported

localised hand-grip training and this improvement
its abolition using an NO blocker (Hornig
using hand
demonstrated

grip

exercise,

with

the

after 4 weeks of

was NO mediated as indicated by

et ol., 1996). Similarly, another study also
addition

of

L-arginine

supplementation,

enhanced Ach mediated radial artery diameter change. Additionally,

in thebrachial artery an enhanced endothelial function response was observed after
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isometric hand grip exercise in patients with primary hypertension
2006). Tinken et al. (2010) demonstrated

improved endothelial function using local

handgrip exercise training has been demonstrated
that was abolished in the contralateral

(McGowan et al.,

to improve endothelial function,

limb (by cuff inflation

on the forearm

[60

mmHg] during handgrip), suggesting that shear stress is the principle mechanism for
adaptation.

In another recent study Wray and colleagues (2011) demonstrated

the relationship

between

shear stress and brachial

artery

vasodilation

that
during

handgrip exercise was abolished when L-NMMA was infused to block eNOS, data
that provides further evidence the link between shear stress and of NO-dependent
vasodilation.
adaptations

Taken together
to endothelial

these data suggest that local exercise training cause

function

of the conduit artery in the exercising muscle

bed only. Conversely, studies examining whole body exercise e.g. running, walking
and cycling illustrate

varied results, with some finding increases (Kingwell et al.,

1997; Higashi et al., 1999; DeSouza et al., 2000; Goto et al., 2003; Pullin et al., 2004)
decreases (Bergholm et al., 1999) or no change (Maiorana et al., 2001; Goto et al.,
2003; Moriguchi

et al., 2005) in upper limb endothelial function following lower

limb exercise training. Additionally,

lower limb exercise training studies performed

in subjects with CVD usually report an increase in upper limb endothelial
(Maiorana

function

et al., 2001; Goto et al., 2003; Moriguchi et al., 2005; Wisloff et al.,

2007). Small muscle group (local) exercise training eliminates the impact of central
hemodynamics on vascular adaptation. Conversely, exercise training involving larger
muscle groups (whole body/systemic)
muscle and a systemic hemodynamic
and peripheral changes in sympathetic

consists of a local stimulus

at the active

influence due to increases in cardiac output
vasomotor tone supplementing
24

the control

of blood flow (Thijssen

et al., 2010). It is apparent that localised and systemic

exercise modes signify different
al., 2009a; Tinken

influences on endothelial

shear stress (Thijssen

et

et al., 2010) and it is likely that the differences in modes of

training for small or large muscle mass exercise reflect these differences.

Results of the studies mentioned
participants

(asymptomatic)

above remain disparate. This could be due to the

or the various forms of exercise interventions

applied.

On the other hand, studies examining the impact of exercise training in participants
with CV disease or risk factors
possible explanation

report

beneficial

effects of exercise training.

for the disparity in the literature

A

may relate to the exercise

modality utilised, more specifically the exercise intensity implemented

(Goto

et al.,

2003; Green et al., 2008b). With this in mind, Goto et al. (2003) suggests that low
intensity exercise may fall below the threshold required for vascular adaptation
healthy

participants,

they

further

function

in response to moderate

report

increases in upper

intensity

increases oxidative

vasodilation

in humans through

of nitric oxide and that high-intensity

stress. Furthermore,

exercise

at higher

underlying

et al., 1999; Goto

exercise likely

intensity

associated with elevated levels of oxidative stress and inflammatory
exercise (Bergholm

endothelial

only, suggesting moderate-intensity

aerobic exercise increases endothelium-dependent
the increased production

limb

in

may be

responses after

et al., 2003)and this may diminish any

shear and hemodynamic-mediated

beneficial adaptations

(laughlin

et

oi., 2008). However, to date the exact mechanisms associated with the large
stimulus in the exercising muscle bed and upper limb adaptations following
limb exercise are less well understood.
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lower

A number of studies have examined the impact of leg exercise training on forearm
vasodilator

capacity and reactive hyperaemic blood flow (RHBF) as an indicator of

resistant vessel remodelling,

in particular, Silber

et al. (1991) reported a systemic

adaptation in RHBF of the forearm vessels in non-exercising upper limbs of subjects
following

cycle ergometer

dependent

training. They also suggested that this effect may be

upon the muscle mass involved in the training stimulus, as handgrip

training studies demonstrate
1986; Green

no change in the contra-lateral

examine conduit

adaptations
(Dinenno

et al.,

et al., 1994). However, although this study reported increases in RHBF

indicating upper limb resistant vessel remodelling,
typically

limb (Sinoway

in the conduit

in healthy subjects, studies that

and resistance vessel remodelling
or resistance arteries

usually report

of the inactive

upper

no

limbs

et al., 2001; Huonker et al., 2003). It has been suggested that remodelling

of vessels is associated with the vascular smooth muscle. A known factor to impact
vascular smooth muscle tone, is the role of blood flow and shear stress for vascular
remodelling
Bouvet et

(Langille & O'Donnell,

1986; Tuttle

et al., 2001; Amiri et al., 2004;

al., 2007; Loufrani & Henrion, 2008). Blood flow and shear stress

mediated release of vasoactive substances (Le. NO) enable the endothelial
playa significant role in causing resistance vessel remodelling

cells to

(Martinez-Lemus

et

al., 2009). However, as to whether lower limb exercise can provide a stimulus for an
increase in upper limb endothelial function, remains disparate.
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2.4.4. Function vs. Remodelling
Studies examining the time-course

of vascular adaptations

to exercise training in

humans have been few. However, there is evidence of time-course
animals, with 2-4 weeks of training in rats increased endothelial
skeletal muscle arterioles and vasodilator

adaptation

in

NO synthesis in

responses to Ach and L-arginine (Sun et

al., 1994). Similarly, in another study, the infusion of L-NMMA partly abolished an
augmented

dilator response in rats (Koller et al., 1995). Additionally,

in a study

examining the effects of a 4 week exercise training protocol, on aortic tissue of rats,
both enhanced vasodilation

via Ach infusions, and increased eNOS protein levels

were found (Oelp et al., 1993; Oelp & Laughlin, 1997; de Groat et al., 2005). In
conduit vessels, improved endothelium-dependent

vasodilation

has been observed

after as few as 7 days of endurance training in pigs (McAllister & Laughlin, 1997).
These findings suggest that increased production of endothelial NO occurs rapidly in
response to exercise training, particularly in arteries supplying the exercising muscle
beds.

Studies in healthy
artery endothelial

subjects indicate that exercise-induced

increases in brachial

function can be seen after 4 weeks training (Pullin et al., 2004)

(Clarkson et al., 1999). However, studies that have been performed

over a longer

duration

function.

example,

have not shown consistent
after

improvements

16-20 weeks training

in endothelial

endothelium-dependent

vasodilation

For
was

unaltered in pigs (McAllister & Laughlin, 1997) or after 16 weeks of exercise training
in rats (Kingwell et al., 1997). Little data exists regarding the time-course of vascular
functional

and structural

adaptation

to exercise training
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in humans. However, as

mentioned

previously,

Tinken

et al. (2008) recently assessed the brachial and

popliteal artery function and structure in healthy young subjects and indicated that
functional

adaptations

precede changes in artery peak vasodilator capacity (Tin ken

et al., 2008) supporting the concept that functional

adaptations

may supersede

structural changes and artery remodelling may normalise shear stress. They confirm
previous reports in animals that endothelial function rapidly adapts to training and
detraining

(Pullin

et al., 2004; Haram et ai., 2006). Enhanced expression of eNOS

protein and improved ACh-mediated
training in pigs (Johnson

were evident after one week of

et al., 2001), whereas changes were not present after 16

weeks (Johnson & laughlin,
training

vasodilation

2000). These data provide evidence that long-term

does not consistently

report

enhanced

vascular function,

since such

adaptation is masked by remodelling of the vasculature.

To summarise

so far, animal studies suggest that

enhances eNOS expression and therefore

short-term

NO production

exercise training

and bioactivity, producing

a short term buffer to the increased shear associated with exercise occurring within
the first 4 weeks of exercise interventions.
beyond), the increased production

After extended training (4 weeks and

of NO (and possibly other mediators)

induces

structural changes in the vessels resulting in an increase in lumen diameter (Brown,
2003). Shear stress may therefore

be normalised by changes in the structure of the

vessel resulting in endothelial NO activity returning towards baseline levels.

2.5. Mechanisms for vascular adaptations to exercise
As mentioned

earlier in this chapter, endothelial

reduced endothelium-dependent

dysfunction

is characterised

by

dilation and a decrease in pathways that produce
28

NO, increases in oxidative stress and inflammatory

responses (Laughlin et al., 2008).

However, as suggested in the above section, exercise or physical activity seems to
improve

or maintain

occurs through
increased

endothelial

adaptations

expression

phosporylation

function.

It is likely that the regulation

in the regulation

(Hambrecht

of eNOS (Hambrecht

et al., 2003) and activation

of this

et al., 2003),
of Akt by the

of eNOS protein (Hambrecht et al., 2003).

Referring back to shear stress as a potential stimulus for vascular adaptations, t has
been suggested that the pulsatile
endothelium,

are the primary

exercise training (Green

nature

of shear stress on the cells of the

stimulus for vascular adaptations

in response to

et al., 2004; Tinken et al., 2009; Thijssen et al., 2010; Tinken

et al., 2010). Evidence is increasing regarding shear stress resulting in increased
eNOS expression
endothelial

and decreases in ET-l and decreased VCAM-l

expression

cells (Laughlin et al., 2008) (Figure 2.7). An early study reported

in

that

endothelial cells that were exposed to 24h of shear stress caused increases in eNOS
expression (Harrison

et al., 1996), with increases observed after as little as 3h

exposure to shear stress, this data providing

direct evidence that shear stress

promotes eNOS expression (Laughlin et al., 2008).

With regards to upper limb adaptations

following

lower limb exercise, a possible

explanation for systemic adaptations in the upper limbs could relate to the impact
of lower limb exercise on blood flow and shear stress patterns
arterial beds. Although there have been arguments for (Green
against (Thijssen & Hopman, 2008; Padilla et al., 20lla)
adaptations

in the inactive

et al., 2008a) and

a systemic shear stress

in non-exercising limbs, it is still suggested that shear stress is a major
29

physiological

signal for improvements

in endothelial

Rubanyi et al., 1986) and remodelling
Tronc et

adaptations

function

(Pohl et al., 1986;

(Langille & O'Donnell,

1986;

at., 1996; Tuttle et al., 2001). It is also suggested that the effect, may in

part be transduced by NO-mediated effects (Thijssen et al., 2010). Additionally,

in a

recent study it was suggested that lower limb exercise such as cycling induces a
change in the pattern
characterised

of blood flow in the brachial artery of the inactive limb

by increases in antegrade

flow

during

systole as cardiac output

increases, as well as large increases in retrograde flow during diastole (Green et ol.,
2002a), and that these altered patterns of flow may provoke divergent adaptations
(Thijssen et al., 2009a).

2.6. Physiological factors affecting blood flow and shear stress
As previously

mentioned,

one

of

the

most

important

blood

flow-induced

mechanical stresses acting on the vessel wall is shear stress. However, there are
other physiological factors, such as blood pressure, that influence blood flow and
the interaction of these factors during exercise is essential.

The length and diameter

of individual

viscosity, flow (laminar vs. turbulent)

vessels, physical characteristics

of blood

and mechanical forces (shear stress) acting

upon the vasculature all impact blood flow through the vessel. More specifically,
changes in vessel diameter are most important

for regulating blood flow as well as

regulating arterial pressure, this enables smaller arteries to adjust blood flow via
changes in vessel diameter

by releasing substances that either dilate or constrict

the vessel (Moncada et al., 1991).
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The baroreflex

is a homeostatic

provides a negative feedback
causes heart

mechanism

for maintaining

blood pressure. It

loop in which an elevated blood pressure inertly

rate to decrease therefore

causing blood

pressure to decrease,

subsequently decreased blood pressure activates the baroreflex, causing heart rate
to increase therefore
arterial
decrease

causing an increase in blood pressure. A decrease in mean

pressure is detected

by the arterial

in parasympathetic

Furthermore,
contraction,

elevated

activity

blood

baroreceptors

and this initiates

and an increase in sympathetic

pressure

initiates

vascular

smooth

a

activity.

muscle

cell

which constricts small resistance arteries to maintain a constant flow of

blood in downstream

capillaries (Hahn & Schwartz, 2009) resulting in a decrease in

blood flow and therefore shear rate through the vessel.

At the onset of exercise, blood flow to the muscle is increased in proportion
intensity of exercise, however, increased sympathetic
resulting in constriction

of the vessel and therefore

to the

nerve activity also increases
reducing blood flow to active

muscles in an attempt to maintain arterial blood pressure (Thomas & Segal, 2004).
Following on from this, the activation
results in vasodilation

and functional

increase in the sympathetic
vasoconstriction

of skeletal muscle fibres, during exercise,
hyperaemia

activation

to the muscles. Therefore

of blood vessels, however this is overcome

vasodilators by a process termed 'functional
vasodilating

substances

sympatholysis'
vasoconstriction

which subsequently

that

associated

limits

the

with

ability

of

sympatholysis'.
contraction
the
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causing the

via the release of

It is suggested that the
promote

sympathetic

in the active muscles (Remensnyder

causes an

a

nerves

'functional
to

cause

et al., 1962). Furthermore,

sympathetic

nerve activity is essential for vasoconstriction

and the maintenance of

arterial blood pressure (Thomas & Segal, 2004). However, elevations in sympathetic
vascular tone
impairments

and peripheral

vascular tone

in brachial artery endothelial

have been associated

function

(Dyson

with

acute

et al., 2006).lt is clear

that blood flow and shear stress increase with exercise, and that an increase in
blood flow and therefore shear stress is beneficial for the endothelium
Zawadzki, 1980; Furchgott
mechanism

for

exercise

& Vanhoutte,
induced

1989), which suggests that the likely

improvements

structure occur due to an up-regulation

(Furchgott &

in endothelial

of NO (Hambrecht

function

and

et al., 2003). Although, it

has previously been reported that lower limb exercise can cause increases in blood
flow and shear stress of the brachial artery (Thijssen

et al., 2009a), whether lower

limb exercise and exercise training can provide a systemic increase in blood flow
and shear stress to cause endothelial

adaptations

in the upper limbs is less well

understood.

2.7. Optimal exercise training programs
The disparity
different

in the literature

subject populations,

exercise employed,

regarding the impact of exercise training amongst
could be explained

by the different

as it has been suggested that different

modalities

types, intensities

of
and

durations of exercise exert distinctly different physiological and health benefits. For
example, recent studies indicate that exercise involving different volumes of muscle
mass or exercise intensity may be associated with different
impacts on vascular function (Goto

shear stress mediated

et al., 2003; Green et al., 2004). This could be

due to increases in pulse pressure and heart rate generated through repeated bouts
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of shear stress during aerobic exercise involving large muscle groups (Green
2004), whereas
hemodynamic
adaptations

small muscle group exercise is not associated with
stimuli.

Recent studies

to exercise of differing

exercise
Bergholm

raise the possibility

may impact

upon

in endothelial

(High Intensity Training) in heart

the

that

different

magnitude

modalities

of vascular

or intensities

adaptation

of

observed.

et al. (1999) reported that 3 months of high intensity running reduced

endothelium-dependent
(Bergholm

modalities

such high

et al., 2007; Tyldum et al., 2009).

failure and healthy subjects (Wisloff

Several studies

also suggest differences

et al.,

function

but

not

endothelium-independent

et 0/., 1999). Endothelium-dependent

function

forearm vasodilation

improved in

a group of healthy subjects at moderate intensity (50% V02max) (Goto

et 0/., 2003),

and in the absence of shear stress. In the same study, when subjects exercised at a
higher intensity

(70% V02max,)

endothelial

function

did not improve,

but in this

instance there was evidence for increased oxidative stress. Generally data suggests
that exercise below 25% V02max

is insufficient

to promote

an improvement

in

endothelial function, whilst moderate intensity exercise enhances NO bioavailability
and any improvement

in vascular function

resulting from high-intensity

may be surpassed by excess oxidative stress (Goto
has reported changes in HIT (Wisloff

exercise

et 0/., 2003), although Wisloff

et al., 2007). However, further research needs

to be undertaken to further explain the impact of oxidative stress following acute or
prolonged exercise upon endothelial function.

33

2.8. Summary: Exercise training, vascular modifications
In summary,
benefit

exercise or physical fitness is associated with

and CV risk
approximately

35%

in terms of decreasing the risk of cardiac events. As described above,

exercise training improves vascular function in the absence of changes in lipid levels
(Lewis
(Bell

et al., 1999), blood pressure (Higashi et al., 1999), glucose tolerance, or BMI

et al., 2007). Significant improvements

been reported,

factors and the improvements

function

have

between changes in any of these risk

in vascular function

studies indicate that improvement

possibility

endothelial

in the absence of changes in plasma lipids, blood pressure, blood

glucose, BMI, with no significant correlations

for improvement

in conduit

(Green

et al., 2004). These

in risk factors is not an obligatory

requirement

in vascular function as a result of exercise training. This raises the

that direct

effects of exercise on the vasculature,

impacts of shear stress, pulse pressure or pulsatility,

due to repetitive

may therefore

the reduction in CV events associated with exercise training (Green
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contribute

et al., 2008b).
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2.9. Effect of inactivity on the vasculature
As discussed in the previous section, the effects of exercise training on endothelial
function are not well established with functional adaptations preceding structure, in
response to both local and systemic stimuli. However, as mentioned
chapter,

previous data have shown that it is likely that functional

precede structural

adaptations,

in response to local handgrip

(Figure 2.8B), however, this is not fully identified

earlier in this
adaptations

exercise training

in vivo in humans using systemic

(whole body) exercise. On the other hand, the effects of inactivity and endothelial
function

are less well

understood.

It has been

hypothesised

that

vascular

adaptations follow a similar pattern to that of exercise but in an opposite manner
(Figure

2.8A),

Additionally,

however,

the figure below

periods of inactivity
training

literature

in conduit

in relation

in this

represents

area

provide

hypothesised

to the adaptations

vessels. It is unknown

inconsistent

results.

vascular adaptations

observed following

as to whether

the figure

to

exercise
below

is

applicable to all exercise training modalities and it is currently uncertain if it would
indicate the same pattern

of adaptation

in resistance vessels following

systemic

exercise training. To date the exercise related adaptations have only been shown in
conduit vessels and in some studies in animal models (Laughlin

et al., 1989; Sun et

al., 1994; McAllister et al., 1996; McAllister & Laughlin, 1997; Johnson & Laughlin,
2000), and the mechanisms for these adaptations have not been fully investigated.
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Figure 2.8 Hypothesised changes in conduit artery function and structure (remodelling)

in

response to (A) inactivity and (B) exercise training in humans (Thijssen et al., 2010).

This section of the chapter will discuss the disparity amongst the area of inactivity
and endothelial function, including possible explanations for the conflicting results,
such as the time-course of inactivity, and the various methods employed to inflict
localised or whole-body inactivity. To date, the methods used to examine inactivity
are varied, ranging from space travel, bed rest, unilateral lower limb immobilisation
(UllS), immobilisation via casting and assessment of subjects with spinal cord
injury.

However, there

have been many limitations

identified

with

these

approaches. For example, spaceflight and bed rest cause changes in plasma volume
(Convertino et ol., 1986) whilst it is thought that the bed rest models do not
completely restrict upper body movement (Bleeker et al., 200Sb). Bleeker et al.
(2004) suggested ULLSis only suitable to study localised deconditioning in one
lower limb and state there is an increased risk of deep venous thrombosis. Finally,
casting of a limb usually follows a fracture and vascular changes to this model of
inactivity may therefore be influenced by the impact of healing and inflammatory
processes(Green et al., 1997).
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2.9.1. Inactivity and endothelial function
Acute and chronic functional
within the literature.

adaptations

to inactivity

illustrate

conflicting

results

For instance, after 5 days of bed rest, no change in brachial

artery FMD was observed (Hamburg

et al., 2007), however, in another study an

increase in brachial artery FMD was reported following 7 days of bed rest (Bonnin

et

al., 2001). These differences could have occurred due to the upper limbs not been
fully restricted
active

with

during the bed rest studies resulting in the upper limbs remaining
shear

stress

levels

increased.

Furthermore,

another

potential

explanation for the disparity in the results in this area could be due to the different
methods used to examine endothelial function, such as the different approaches to
the detection of peak arterial diameter (Hamburg
is suggested that

specific guidelines

should

et al., 2007). More specifically, it

be adhered

to in an attempt

standardise the criterion for reliable and valid FMD measurements
2002; Harris

et 01., 2010; Thijssen et 01., 20lla).

Additionally,

(Corretti

to

et al.,

it has recently been

highlighted that there are many physiological and technical issues that could impact
the validity,
function

reproducibility,

(Hijmering

and interpretation

of the assessment of endothelial

et 01., 2002; Betik et 01., 2004; pyke et 01., 2004; pyke &

Tschakovsky, 2005; Harris & Padilla, 2007; Pyke & Tschakovsky, 2007; Black
200B; Padilla

et 01.,

2009; Kizhakekuttu

200B; Thijssen

et 01.,

et 01., 200Bd; Atkinson et al., 2009; Parker et al.,

et al., 2010).
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In studies

examining

functional

adaptations

periods, results also remain disparate.

In patients with traditional

risk factors an impaired endothelium-dependent
assessment of endothelial
endothelial
(Bleeker

function

function,

of the femoral

in response to chronic

NO-mediated

cardiovascular

function,

has usually been demonstrated.
artery following

inactivity

following

In addition,

bed rest (25 and 52 days)

et al., 2005b), ULLS (28days) (Bleeker et al., 2005a) and in patients with

acute (de Groot

et al., 2006b) and chronic (de Groot et al., 2004; de Groot et al.,

2005) SCI demonstrates

enhanced endothelial function. However, when endothelial

function of the superficial femoral artery in SCI subjects is normalised for prevailing
shear the endothelial
(de Groot
controls

functional

response was, in fact, found to remain preserved

et al., 2004) or only a small increase observed compared with able-bodied
(de Groot

et ol., 2004), a finding that again reinforces the association

between shear and the NO dilator system. Alternatively,
function

response in deconditioned

the preserved endothelial

vessels could be due to an up-regulation

of

smooth muscle cell sensitivity to NO, initiated by a response to decreases in shear
stress and a resultant

decrease in eNOS regulation

example, 28 days of limb suspension (Bleeker
rest (Bleeker

in deconditioned

vessels. For

et al., 2005a) and after 52 days of bed

et al., 2005b) resulted in an increased NO smooth muscle sensitivity in

response to NO donors.

2.9.2. Inactivity and conduit and resistance vessel remodelling
In a study comparing the femoral artery of chronic SCI individuals and able-bodied
subjects, it was demonstrated

that baseline shear rate levels almost doubled in the

femoral artery of chronic SCI individuals when compared with able-bodied subjects
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et al., 2004). Additionally,

(de Groat
conduit

artery diameter

Thijssen et

decreases markedly

al. (2008b) demonstrated

that

in response to physical inactivity,

which coincides with a significant increase in conduit artery shear rate. However,
Olive

et al. (2004) examined chronic SCI individuals and able-bodied controls and

reported

that the significantly

smaller femoral vessel diameter in SCI that was no

longer evident when diameter was expressed per unit muscle mass. In addition, de
Groat

et al. (2006a) also found that when changes in vascular characteristics and

limb volume during the first 6 weeks after a spinal cord injury were examined,
femoral

artery size decreases substantially,

with

a concurrent

decrease in limb

volume was also evident. However, when femoral artery diameter was corrected
for limb volume no differences
values in SCI were comparable
These findings

were evident over the 6 week time period and
with non SCI individuals

suggest vascular

structural

(de Groot

adaptations

et al., 2006a).

are associated

with

a

decrease in muscle atrophy as a consequence of inactivity.

However, it should be noted that baseline diameter reflects functional influences on
vascular tone, as well as artery size, and therefore
an index of structure
function (Thijssen
importance

is potentially

corrupted

the use of baseline diameter as

by factors that regulate vascular

et ol., 2010). In a study by Naylor et al. (Naylor et al., 200Sb) the

of measuring maximal conduit artery diameter

was emphasised as a

marker of structural changes. Near maximal diameter can usually be demonstrated
through the sub-lingual administration

of glyceryl trinitrate

reflect the limits of arterial structure and size (Naylor
with this, there

have been studies indicating
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(GTN) and can therefore

et al., 200Sb). In accordance

that inactivity

is associated with

arterial

structural

remodelling

and decreased conduit

artery dimensions.

These

include, a 9% reduction of maximal femoral artery diameter after 4 weeks of limb
suspension (Bleeker
rest (Bleeker

et at., 2005a), a decrease of 16% after 25 and 52 days of bed

et al., 2005b) and by 35% in chronic SCI individuals (de Groat et al.,

2004).

Recent studies examining the acute and chronic effects of vascular deconditioning
suggest that endothelium-dependent
peripheral conduit arteries (Bleeker
explanation

and -independent

vasodilation

is preserved in

et al., 2005a; Bleeker et al., 2005b). A possible

for the preserved conduit

artery endothelial

function

inactivity may relate to changes in conduit artery dimensions (Bleeker
Bleeker

after physical

et al., 2005a;

et al., 200Sb), through changes in shear rate. As a result of the changes in

shear rate, deconditioning

induces an inward remodelling

preserves or normalises the vascular function (Bleeker

of conduit arteries that

et al., 2005a; Bleeker et al.,

2005b).

Peak reactive hyperaemia can be used as an assessment of peak blood flow and as a
marker for forearm resistance vessel remodelling
Conway, 1963; Sinoway

in humans (Folkow

et al., 1958;

et al., 1986; Silber & Sinoway, 1990; Silber et al., 1991). This

method uses an assessment of the reactive hyperaemic blood flow response to 3
minutes of ischaemic handgrip exercise after 5 minutes of ischaemia (see Section
3.3 General Methods, Chapter 3) and it has been suggested that reactive hyperemia
in human forearms is caused largely by mechanisms other than NO (Tagawa
1994). Furthermore,

et al.,

it has been suggested that the vascular smooth muscle plays a

role in remodelling of vessels and there are many factors that are known to impact
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vascular smooth muscle tone. In particular there is evidence for the important
of blood flow and shear stress for vascular remodelling
Tuttle et

role

(Langille & O'Donnell, 1986;

al., 2001; Amiri et ol., 2004; Bouvet et at., 2007; Loufrani & Henrion, 2008).

Blood flow and shear stress mediated
enable the endothelial
remodelling

cells to playa

(Martinez-Lemus

release of vasoactive substances (Le. NO)
significant

role in causing resistance vessel

et al., 2009).

Studies investigating the effect of inactivity on vascular adaptations usually report a
decrease in peak reactive hyperaemia
vessel remodelling
Bleeker et

blood flow, which is suggestive of forearm

(Takeshita & Mark, 1980; Sinoway et al., 1986). For instance,

al. (2005b) report a 28% decrease in peak reactive hyperaemia after 52

days of bed rest. Similarly, after 14 days of bed rest a 31% decrease in peak reactive
hyperaemia was observed in the forearm (Shoemaker et ol., 1998). In the 1990's,
Silber and Sinoway conducted a study examining reactive hyperaemia after 29 days
of cast immobilisation

of the wrist. As with the other studies mentioned

above

reactive hyperaemia decreased in the casted arm but did not change in the control
arm

(Silber

& Sinoway,

1990),

further

supporting

hyperaemia is decreased in response to deconditioning.

the

notion

that

reactive

It has been reported that

reactive hyperaemia is 40-60% lower in the legs of SCI compared with controls (de
Groat

et al., 2004). Taken together,

these

data provide

evidence

for

rapid

remodelling adaptations by reductions in peak reactive hyperaemia after periods of
inactivity/deconditioning

(Thijssen et al., 2010).
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2.9.3. Are vascular adaptations to inactivity local or systemic?
In studies examining whole body inactivity using experimental
flight and bed rest, it has been demonstrated
throughout

the body (Bonnin

models such as space

that vascular adaptations are evident

et al., 2001; Bleeker et al., 200sb). However, inactivity

is also associated with changes in systemic cardiovascular parameters (Hamburg

al., 2007). On the other hand, localised inactivity
immobilisation

employed

by ULLS and cast

associated with vascular adaptations are only specific to the region

of inactivity (Sugawara

et al., 2004; Bleeker et al., 200sa; de Groot et al., 2005), do

not provoke systemic changes. In studies examining SCI individuals,
demonstrated

it has been

that in the inactive paralysed legs, vascular adaptations

observed (de Groot

are still

et al., 2006b; Sabatier et al., 2006), while upper extremity

vascular function and structure are similar to able-bodied controls (Hopman
2002; de Groot

et

et al.,

et al., 2004; de Groot et al., 2005). These data suggest that vascular

adaptations are a result of localised physical inactivity only.

2.9.4. Function vs. Remodelling
Prolonged inactivity is associated with a dose-dependent
arterial diameter (reviews (de Groot

al., 2011b)). Adaptations
remodelling
evidence

structural

remodelling

of

et al., 2006a; Thijssen et al., 2010; Thijssen et

in peak blood

flow,

a marker

for

resistance

vessel

have been observed in a number of different studies, providing further

for

remodelling

response to inactivity

adaptations

(Folkow

Silber & Sinoway, 1990; Silber

that

precede

functional

adaptations

in

et al., 1958; Conway, 1963; Sinoway et al., 1986;
et al., 1991). However, the NO-mediated endothelial

function shows no change or even an increase after prolonged inactivity (Bonnin
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et

al., 2001; de Groot et 01./ 2004; Bleeker et al., 200Sa; Bleeker et al., 200Sb).
Referring

back to Figure 2.7, it still remains

adaptations

in response to periods of inactivity

unclear as to whether

functional

precede vascular remodelling,

as

data in the literature are disparate. In the study mentioned earlier by de Groot et al.

et al., 200Gb), conduit artery characteristics

(de Groot

examined in SCI patients and findings reported

and limb volume

were

a rapid decrease in femoral artery

diameter which approached vessel size of chronic SCI subjects after only 3 weeks
post injury. In another study, rapid adaptations to inactivity were also established in
conduit

artery size (Sugawara

et al., 2004; Bleeker et al., 200Sa; Bleeker et al.,

200Sb). Taken together these data indicate that physical inactivity provides a strong
stimulus

for rapid structural

remodelling

of human conduit

arteries,

which

is

The benefits of exercise training on the NO pathway are well established (Green

et

suggestive that remodelling adaptations precede function.

2.10. Mechanisms for vascular adaptations to inactivity

al., 2004; Green et al., 2011), however, the mechanisms for deconditioning

effects

upon the vasculature are less well known. Studies examining the effects of inactivity
on the NO-pathway
NO-pathway

in conduit and resistance vessels found no alterations

(Thijssen et

to the

al., 2010). There is a possibility that functional vascular

adaptations during physical inactivity may be driven through a pathway, other than
the NO-pathway. For example, the powerful vasoconstrictors
II are demonstrated
physical inactivity

to contribute

(Thijssen

ET-l and angiotensin-

to the increased vascular tone after chronic

et ol., 2007b; Groothuis et ol., 2010). Moreover, ET-l

4G

and angiotensin-II

are demonstrated

to have pro-atherogenic

effects (Laughlin

et

al., 2008).

Changes in blood flow patterns, in particular, increases in retrograde flow and shear
rate, have been shown to produce opposing effects to endothelial
(Guo

gene expression

et al., 2007). For example, it is reported that oscillatory shear rate and

increases in retrograde shear rate result in increased expression of ET-1 (Ziegler

et

al., 1998) and an increase in adhesion of molecules, such as VCAM-1 (Chappell

et

al., 1998; Himburg et al., 2007), consequently
expression. Taken together,

resulting

by assessing and manipulating

in decreased

eNOS

changes in blood flow

and shear rate during localised inactivity, this could go some way to explaining the
deconditioning

effects of localised inactivity on the vasculature.

2.11. Summary: Inactivity, vascular modifications and cardiovascular
risk
To summarise, the impact of physical inactivity on traditional
adequately

explain

deconditioning,

the

as mentioned

inactivity may demonstrate
partially
lifestyles.

explaining

in cardiovascular

associated

with

it is possible that

a direct effect upon the vasculature, which could lead to

cardiovascular

risk associated
data mentioned

that have been adopted,

and resistance vessel structure

increased cardiovascular

mortality

earlier in this chapter. Therefore,

Despite the conflicting

models of inactivity
conduit

increase

risk factors may not

mortality

with

above, including

or sedentary
the various

it remains likely that changes in

and function

and morbidity

inactive

may help to explain the

associated with deconditioning.

This interesting hypothesis will be examined, in this thesis (Chapters 7 and 8).
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2.12. Summary and Hypotheses
In summary,

physical inactivity

atherosclerosis

is an important

and cardiovascular

diseases. However,

direct impact of activity and inactivity
potent stimulus to improvement
with decreased cardiovascular

and independent
little

on vascular function.

risk factor for

is known about the
Exercise training

is a

in vascular function and is consequently associated
risk. Animal studies indicate that episodic increases

in shear stress are an important

stimulus for vascular adaptation.

Furthermore,

exercise in humans are not only associated with changes in arterial shear stress, but
also with large changes in blood pressure which is another potential haemodynamic
stimulus for vascular adaptations.

Below are the aims and hypotheses for each study that will make up the chapters in
this thesis:

Study 1. The purpose of study 1 is to determine exercise intensity dependent and
independent

(heating of one forearm using a heated water-bath)

rate at different
immediately

increases in shear

exercise intensities on brachial artery diameter before, during and

post exercise. This objective will be achieved through study 1 (Chapter

4). Hypothesis. Brachial artery dilation is dependent
stress manipulation

upon the magnitude of shear

during cycle exercise.

Study 2. To determine the effects of shear rate during different exercise intensities
on brachial artery flow-mediated

dilation (FMD) responses before and immediately

post cycle exercise. This objective

will be achieved through
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study 2 (Chapter 5).

Hypothesis. The magnitude

of decrease in FMD is dependent

on the intensity

of

cycle exercise and shear-stress.

Study 3. To examine the role of shear rate upon endothelium
and partly) NO mediated and endothelium

dependent

(largely

independent vasodilation of the brachial

artery, following 8-weeks lower limb exercise training, with shear rate attenuated

in

one forearm during each exercise training session. This objective will be achieved
through

study

improvements

3 (Chapter
in endothelial

6). Hypothesis.
function

Cycle exercise

training

leads to

in the brachial artery of the non-exercising

upper limb and that such adaptation would be shear stress mediated.

Study 4. Bilateral assessments of the brachial artery will be examined following
acute period of localised inactivity
through

in one forearm. This objective will be achieved

study 4 (Chapter 7). Hypothesis.

impairment

of endothelial

an

function,

without

Forearm inactivity

leads to an acute

the presence of a change in vascular

structure.

Study 5. Acute and prolonged

changes in retrograde

retrograde shear rate on endothelium
and independent

vasodilation

shear rate, and the role of

dependent (largely and partly) NO-mediated

of the brachial artery will be explored following the

acute and prolonged use of compression around one forearm. This objective will be
achieved through study 5 (Chapter 8). Hypothesis. Retrograde shear rate, induced
by the compression sleeve, leads to an acute impairment

of endothelial

which is persistent when the compression sleeve is worn for 8 days.
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function,

Chapter 3

I General Methods

so

The measurements

and protocols

undertaken

are applied across the majority

of

studies in this thesis. Therefore, the general methods chapter describes information
regarding

participants,

techniques

of measurements

assess vascular function. The specific experimental

and the measures used to

designs and protocols employed

for each study can be found within the respective method section in each chapter.

3.1. Inclusion criteria
All participants were provided with relevant information

regarding each study, both

verbally and through the use of a participant information

sheet. Before participating

in any experimental

measures, all participants

consent. All participants
reported
resistance

included

having been diagnosed
or

hypertension.

cardiovascular

were required to sign an informed

in this study were healthy young men; none
with cardiovascular

risk

factors

such

as

diseases, diabetes,
hypercholesterolemia

Subjects who smoked or were on medication

excluded. All subjects were recreation ally active, typically

engaging in low (e.g.
none

athletes. All participants were instructed to refrain from any

exercise and the consumption
overnight

or

of any type were

walking) and moderate intensity (e.g. jogging) aerobic activities (2-3days/wk);
were elite/competitive

insulin

of alcohol for 24h, caffeine

for 12h and food

prior to morning testing sessions or 4-6h prior to daytime sessions. All

study procedures were approved by the liverpool
and adhered to the Declaration of Helsinki.
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John Moores Ethics Committee

3.2. Experimental Procedures
All assessments were performed
23°C) laboratory,
environment

in a dedicated and temperature

controlled

(21-

which allowed testing to be undertaken in a relaxed and isolated

to reduce any stress to the participant.

3.2.1. Heart rate and blood pressure
Initially all participants
least 20-minutes
Heart

rate

were asked to rest in a supine position for a period of at

to facilitate

and mean

sphygmomanometer

baseline assessment of heart rate and blood flow.

arterial

pressure

were

determined

by an automated

(Dinamap; GE Pro 300V2, Tampa FL).

3.3. Assessment and relevance of arterial function and structure in
humans
Arterial function can be measured invasively or non-invasively. Generally it has been
observed that individuals who are less fit, older, or have chronic diseases, have
lower vascular reactivity than fitter, younger and healthier individuals (Green

et al.,

1994).

Venous occlusion plethysmography

was one of the first methods

used to study

human vascular physiology

in vivo. The technique is typically combined with intra-

arterial drug administration,

usually into the forearm vascular bed to assess changes

in forearm

blood flow. This was an ideal method to assess the local effect of

vasoactive drugs on peripheral resistance vessels without

invoking systemic effects.

These vasoactive substances include those highlighted in a study by Vallance (1989)
which utilised

intrabrachial

infusion of NG-monomemethyl-L-arginine

which is a nitric oxide blocker, to examine basal NO bioactivity
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(L-NMMA),

in resting muscles

and the contribution

of NO to exercise. Similarly, dose-response curves to intra-

arterial infusion of endothelial-dependent
endothelial-dependent

ACh leads to

vasoconstriction
Celermajer,

such as ACh, which is

and NO mediated (Newby et al., 1997) have been used to

assay changes in the stimulated
Typically,

NO vasodilators

release of NO induced

a measurable

in states of endothelial

vasodilation
dysfunction

2000). Sodium nitroprusside

by exercise training.

in healthy

subjects

or denudation

but

(Raitakari &

(SNP), a nitric oxide donor,

infusion

is

commonly undertaken to assess endothelium-independent

NO vasodilator function.

Evaluating

and

the

responses

to

endothelium-dependent

vasodilators and NO blockade provides information
flow control

of different

components

-independent

about the contribution

of the NO-dilator

NO

of blood

system (Benjamin et al.,

1995).

Plethysmography

has been demonstrated

changes induced by pharmacological
2001).

However,

temporal

resolution

measurements

and

high

agents to a resting muscle bed (Joyner et al.,

does entail
sensitivity

several limitations
to

movement,

of blood flow during and following

2004). Nevertheless,
hyperemia,

this method

to be a reliable assessment of relative

current

information

and the mechanisms

studies utilising plethysmography

affect

surrounding

exercise

for this, have been derived from

(Joyner et al., 2001).
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could

poor

exercise bouts (Green et al.,

in the literature

responsible

which

including

3.3.1. Terason T3000 (Burlington, MA) high-resolution duplex ultrasound
machine
The most commonly
ultrasound.
determine

technique

utilises high-resolution

duplex

Ultrasound can be used to evaluate artery diameter and blood flow to
functional

assessment provides
temporal

used non-invasive

and structural changes of single conduit arteries. Ultrasound
absolute

blood flow

resolution of measurement

down

a single artery,

improves

the

during exercise (Green et al., 2002c) and it is

suggested that this method is less likely to be affected by movement artefacts when
compared with the method of plethysmography

(Green et al., 2004).

Across all the studies in this thesis two Terason T3000 machines were employed to
simultaneously

assess artery diameter

and blood flow. A 12-MHz multi-frequency

linear array probe was attached to each of the high resolution ultrasound machines
(T3000; Terason, Burlington, MA). When an optimal image was obtained, the probe
was held stable throughout

the entire assessment. The ultrasound parameters were

set to optimise the longitudinal,

B-mode images of the lumen-arterial

wall interface.

Continuous Doppler velocity was acquired using the lowest possible isonation angle,
this was always <60·. Images were captured

using Camtasia screen recording

software and were saved as .avi files which were then transferred

to external hard

drives.

3.3.2. Assessment 0/ brachial artery /Iow mediated vasodilator (FMD)
responses to ischaemia
This technique
reported

emerged from

a brachial

arterial

early work

vasodilation

by Anderson

and Mark (1989) who

in response to hyperaemia

following

forearm cuff occlusion. This was later followed by work by Celemajer and colleagues
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(1992) who introduced
technique

the assessment of flow-mediated

is now the most common

conduit artery endothelial

function.

non-invasive

dilation

method

(FMD). This

used to determine

To briefly describe the technique,

tissue distal to the artery being imaged is made ischaemic through

a region of

cuff inflation.

When the cuff is released the reactive hyperaemia results in an increase in blood
flow and shear rate down the targeted artery. In response to the increased shear
stress, the artery releases vasoactive substances and dilates. When measuring FMD
with ultrasound, the image quality of both artery diameter and Doppler velocity is
essential. Additionally,
(Logason

the velocity

trace is modulated

by the isonation

angle

et al., 2001), therefore it is important to ensure this is always set to less

than 60°. Furthermore,

the calculation

of FMD using reliable analysis software

equally relevant. It has been suggested that it is important
means of analysis that uses edge-detection

is

to utilise an appropriate

and wall tracking,

as this markedly

improves the sensitivity of the technique and is less observer dependent (Woodman

et al., 2001; Green et al., 2002c).

ss

Figure 3.1 Terason 13000 (Burlington, MA) high-resolution duplex ultrasound machine used

to assessvascular function during all studies.
For the FMD to be performed
the scanned artery.
demonstrated
observed

correctly the occluding cuff has to be placed distal to

This was highlighted

that dilation

following

after wrist occlusion,

by Doshi et al. (2001) (Figure 3.2) who

upper arm occlusion is greater than that

despite a similar

infusion revealed that FMD following

peak flow

stimulus.

wrist occlusion is mediated

L-NMMA

largely by NO,

while dilation following upper arm occlusion is only partially mediated by NO (Doshi

et al., 2001).
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Figure 3.2 FMD following wrist and upper arm cuff occlusion during control and L-NMMA
infusion (Doshi et al., 2001).

The duration

of cuff inflation

and the impact of this on NO bioactivity

essential when assessing endothelium-dependent

function, as it was revealed that 5

minute periods of ischaemia resulted in a vasodilation
infusion

of L-NMMA.

is also

that was abolished by the

However, this was not the case following

15 minutes of

ischaemia, suggesting sustained cuff occlusion elicits a response largely dependent
on other vasodilator factors, not only NO (Figure 3.3) (Mullen et al., 2001).
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Figure 3.3 Fifteen minutes

of hand ischemia resulted

reactive hyperaemia (A) and a significantly

in a more prolonged

episode of

increased FMD of the radial artery (8) compared

with 5 minutes of ischaemia (Mullen et al.,2001).

Therefore,

for the technique

to be a valid index of conduit artery endothelium-

dependent NO function the cuff must be placed distal to the imaged region with a
period of 5 minutes occlusion (Doshi

et al., 2001; Mullen et al., 2001; Kooijman et

al.,2008).

Data in the literature have highlighted the importance of determining the shear rate
as the most important

stimulus for FMD. Pyke

experiments and determined

et al. (2004) undertook a series of

that the shear rate area under the curve {SRAUd, that

is the shear rate stimulus from the point that the cuff is released until the maximal
dilation, was important
that the FMD should

for determining the FMD and subsequently it was suggested
be normalised
However,

more

for the eliciting
recently,

Tschakovsky,

2007).

normalisation

of the data is not required as the relationship
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it

SRAuc stimulus
was

(Pyke &

recommended

that

between SRAUC and

FMD is often non-linear or varied between samples (Atkinson

et al., 2009). As such,

the SRAUC is reported in this thesis but the FMD is not normalised for it.

In summary, the above information

reinforces the importance

of following specific

protocols to assess FMD to elicit responses which are primarily
Any

deviation

substances

from

other

combination

this

than

protocol

the

contribution

NO, such as EDHF, adenosine

of these (Green

of

vasoactive

or prostaglandins

or a

et al., 2004).

For all assessments of FMD within
positioned

increases

mediated by NO.

at an angle of "'80

0

this thesis, both arms were extended

from the torso. A rapid inflation

and

and deflation

pneumatic cuff (D.E. Hokanson, Bellevue, WA) was positioned on the forearm of the
imaged arm immediately
forearm

distal to the olecranon process to provide a stimulus to

ischaemia (Corretti

et al., 2002). An image of the brachial artery was

obtained in the distal one third of the upper arm. A baseline recording of 1-minute
was taken before

the forearm

cuff was inflated

(>200 mmHg) for 5-minutes,

recordings were not obtained during cuff inflation.

Diameter and flow recordings

were resumed 30 seconds prior to cuff deflation

and continued

for 3-minutes

thereafter.

3.3.3. Assessment of brachial artery responses to ischaemic exercise (iEX)
To determine
recording

endothelial-dependent

(partly) NO vasodilation

of brachial artery diameter,

a 1-minute baseline

flow and shear rate was taken. For this

particular assessment, in contrast with the FMD assessment, the occluding cuff was
positioned above the imaged part of the brachial artery, Le. proximally on the upper
arm, and was inflated to >200 mmHg for 5-minutes. During the middle 3-minutes of

cuff inflation,

ischaemic handgrip exercise (3kg weight) was performed to the beat

of a metronome

(30-contractions/min);

with no recording during this time. Brachial

artery diameter and flow recordings resumed 30 seconds prior to cuff deflation and
continued

for 3 to 5 minutes thereafter.

This protocol

dilation of the brachial artery in humans (Naylor
assessment mentioned
hyperaemic

et al., 200Sb). In addition to the

above, it is suggested that changes in the peak reactive

blood flow response (RHBF) initiated

exercise is associated with remodelling
contribute

results in near maximal

from the ischaemic handgrip

of resistance vessels. Resistance vessels

to systemic levels of vascular resistance and blood pressure as well as a

downstream

supply of blood flow and there is evidence to suggest that adaptations

to the peak reactive
cardiovascular

RHBF provides a prognostic

diseases (Anderson

assessment is traditionally

marker for predicting

et al., 2011; Lind et al., 2011). Peak RHBF

used to assess resistance vessel remodelling

(Takeshita & Mark, 1980; Sinoway

future

in humans

et al., 1986). The peak RHBF response to this

stimulus in humans provides a valid and accepted index of resistance artery size or
remodelling

(Naylor

et ol., 200Sb) which has been used extensively the past 2

decades in human investigations (Sinoway et al., 1986; Sinoway et al., 1987).
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Figure 3.4 Ischaemic hand grip exercise using a handgrip

dynamometer

and ischaemia via

cuff inflation to induce a maximal dilator response.

3.3.4. Assessment of brachial artery endothelium-independent
vasodilation to glyceryl trinitrate (GTN)
To assess brachial

artery

NO-independent

vasodilation

an additional

l-minute

baseline recording of brachial artery diameter was obtained, this was followed
glyceryl trinitrate

(GTN) administration

GTN, 400ug). Measurements

by

sublingually (single spray under the tongue;

of the artery diameter and blood flow were recorded

for a further 10 minutes after administration.

GTN is a pharmacological

stimulus for NO-independent

vasodilation

(Moncada

et

al., 1991) as it is a NO donor. When administered sublingually it results in a dosedependent

increase in the level of cGMP (cyclic guanosine

smooth muscle (Rees
relaxation

in

et al., 1990). It is now widely accepted that smooth muscle

is associated

phosphorylation.

monophosphate)

with

the

activation

cGMP

which

As such GTN provides an endothelial-independent
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induces

protein

source of NO

with which it challenges the integrity of the smooth muscle and thereby provides an
insight of smooth muscle sensitivity and subsequent vasodilation.

3.4. Artery diameter and blood flow analysis
Baseline diameter,

blood flow, and shear rate were calculated

analysis. To enable this, a custom-designed
was used to perform

post-test

edge detection

analysis of brachial

at "'30Hz for all

wall tracking software

artery function

and artery

diameters were used. The initial phase of image analysis involved the identification
of regions of interest (ROI; Figure 3.5) on the first frame of every individual study.
These ROl's allowed automated calibration for diameters on the B-mode image and
velocities on the Doppler strip.

A ROt was then drawn around the optimal area of the B-mode image and within this
ROI a pixel-density algorithm automatically
far-wall

identified the angle-corrected

e-lines for every pixel column within

the ROI. The algorithm

dividing the ROI into an upper half, containing the near wall lumen-intima

near and
begins by
interface,

and a lower half containing the far wall interfaces. The near-wall intimal edge is
identified by a Rake routine that scans from the bottom to the top of the upper half
of the ROI. The position of the edge is established determining
pixel intensity

changes most rapidly. Therefore,

approximately

200-300 diameter

the point where the

typical B-mode ROl's contained

measures per frame, the average of which was

calculated and stored. This process occurred at 30 frames per second.

A final ROI was drawn around the Doppler waveform

and automatically

detected

the peak of the waveform. The mean diameter measures derived from within the B-
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mode ROI (above) were then synchronised with the velocity measure derived from
the Doppler ROI at 30 Hz. Ultimately, from this synchronised diameter and velocity
data, blood flow (the product of lumen cross-sectional area and Doppler velocity)
and shear rate (4 times velocity divided by diameter) were calculated at 30 Hz. The
shear rate patterns

(antegrade and retrograde)

were assessed by calculating the

area under the curve for all of the antegrade

blood flow and shear recordings

(Thijssen et al., 2009b).
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Figure 3.520 B-Mode Ultrasound image recording of the brachial artery diameter and
velocity in the analysis software with regions of interest (ROI) highlighted

It has been previously shown that reproducibility
this semi-automated

in yellow.

of diameter measurements using

software is significantly better than manual methods, reduces

observer error significantly, and possesses an intra-observer

CV of 6.7% (Woodman

et al., 2001). Furthermore,

assessment is closely

this method

of blood flow

correlated with actual flow through a "phantom"
2002c) .
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arterial flow system (Green et ol.,

3.5. Data analysis
Baseline diameter,

flow

and shear rate were calculated

acquired across the 1 minute preceding the cuff inflation

as the mean of data
period. Peak diameter

following

cuff deflation was automatically

identified

the maximum bracket of data subsequent to performance

window

smoothing

function.

from 100 consecutive

detected according to an algorithm that

This smoothing

of a moving

routine calculates the median value

samples, before the window

shifts to the next bracket of

data, which shares 20% overlap with the preceding bracket. The maximum value of
all the calculated

median values is then automatically

detected

and chosen to

represent the peak of the post deflation artery diameter curve. FMD, iEX and GTN
were calculated as the absolute (mm) and relative (%) rise of the peak diameter
from the preceding baseline diameter.

The time to peak diameter
deflation or administration

(in seconds) was calculated from the point of cuff
of GTN to the maximum diameter. Calculations of the

FMD (Figure 3.6), iEX (Figure 3.7) and GTN (Figure 3.8) time to peak were therefore
observer-independent

and based on standardised algorithms, applied to data which

had undergone automated edge-detection
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and wall tracking.

Review

study

lolldstudy
Sl:F~

"..

A_M_I$-02·Z01
A_M_ETlI

t_~1

bienoclif

1 fmc! oSf

a.cs·-

.... 6.csv

aa.el,r.2(cm)
GTNPea](

''''''
0.000

FMD PetJk ("f.)
GTNPe.lI<.('I'.)
fIIooo:f\owResuls

Figure 3.6

Continuous brachial artery diameter and velocity recordings represented in the

analysis software during calculation of the FMD. Red lines represent selection of baseline;
green placed from cuff release to after peak dilation; orange lines automatically detect
peak and calculate the percent change from baseline to peak dilation; area highlighted in
red refers to SRAuc calculation.

In accordance with recent findings (Pvke & Tschakovsky, 2005) shear rate stimulus
was calculated

for endothelium-dependant

data, derived from simultaneously
Hz, was used to determine

FMD. The post-deflation

shear rate

acquired velocity and diameter measures at 30

the area under the shear rate curve (SRAUcl. This is

calculated for data up to the point of maximal post-deflation

diameter (FMD) for

each individual using the trapezoid rule. Peak blood flow (ml.rnlnl)

in response to

ischaemic exercise stimuli, was calculated from diameter (cross-sectional area) and
velocity data, which was recorded as the highest area under the blood flow curve
data across a 30 second period following

each stimulus, this epoch being selected

on the basis of results of previous studies utilising the use of plethysmography.
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Figure 3.7 Continuous
analysis software

brachial artery diameter and velocity recordings represented

during calculation

of the iEX. Red lines represent

green placed from cuff release to after peak dilation;

in the

selection of baseline;

orange lines automatically

detect

peak and calculate the percent change from baseline to peak dilation.
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Figure 3.8 Continuous

brachial artery diameter and velocity recordings represented

analysis software during calculation

in the

of the GTN. Blue lines represent selection of baseline;

yellow lines placed from GTN administration

to end point; orange lines automatically

peak and calculate the percent change from baseline to peak dilation.
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detect

3.6. Statistical analysis
Once the data collected
spreadsheet,

statistical

Illinois) software.

for this thesis had been analysed and placed into a

analysis was performed

using SPSS 17.0 (SPSS, Chicago,

This sample size was similar to those recruited

for previous

studies on the effects of exercise intensity, and it was estimated that a 2% change in
FMO would be detected with 10 participants assuming that the standard deviation
of this change is 2% with statistical power of 80%. All data were reported as mean ±
SO unless stated otherwise, statistical significance was assumed at P<0.05. Specific
analyses are highlighted in each experimental chapter.
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Aims and Outcomes

Chapter4

of Chapter 4

Chapter4

Aim: Examine the systemic effect of shear
rate during exercise on post exercise

~

brachial diameter.

Outcome: Dose-dependent increase in
shear rate = Dose-dependent increase in
brachial artery diameter.
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Cha pter 4

I Systemic effect

of shear rate during
exercise on post-exercise conduit artery diameter in
humans.
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4.1. Introduction

Exercise reduces primary (Paffenbarger
2002) and secondary cardiovascular

et al., 1986; Sessa et al., 2000; Myers et al.,
events (Old ridge

et al., 1988; Jolliffe et al.,

2001), an effect that cannot be fully explained by reductions in risk factors (Mora
al., 2007). It has therefore

et

been suggested that exercise may have a direct anti-

et al., 2008b; Joyner & Green, 2009). It

atherogenic effect on the vasculature (Green

is we" established that exercise is associated with increases in blood flow and shear
stress across the

endothelium.

Endothelial

cells respond

to shear stress by

producing localised factors, such as nitric oxide (NO), which is a potent vasodilator
and anti-atherogenic

agent.

It has been established that lower limb exercise in humans increases blood flow and
shear stress in arterial beds distant from the working muscle (Green

et al., 2002b;

Green et al., 20D2c) and that exercise training of the lower limbs improves upper
limb arterial function (Green et al., 2D08a; Tinken et al., 2008). It has been observed
that increases in blood flow and shear stress during leg exercise are associated with
production
providing

of NO in the brachial artery (Green et al., 2002b; Green et al., 2005),
a mechanistic

vascular adaptation.

explanation

for systemic

exercise training

effects

on

More recently, it has been established that changes in blood

flow and shear rate during exercise are obligatory for adaptations
exercise training (Tin ken et al., 2009; Tinken

in response to

et al., 2010). The impacts of antegrade

and retrograde blood flow and shear rate during exercise on arterial diameter have
also been confirmed by others (Simmons et al., 2011).

70

Despite these previous findings, little is known regarding the systemic impact of
shear rate changes during exercise on conduit arterial diameter. The purpose of this
study was to examine the effect of increasing shear rate on brachial artery diameter
during cycle ergometer
70 and 85% HRmax)

exercise undertaken

at increasing exercise intensities

and to better understand

increases in shear stress during lower-limb

the association between

exercise on immediately

(50,

systemic

post exercise

diameters of the non-exercising upper limbs. In addition, unilateral forearm heating
was utilised to increase shear stress independently
exercise bout. The heating intervention
blood flow and therefore
exercise intensity.
continuous

of exercise intensity during each

provides a stimulus to cause an increase in

shear stress in one forearm independent

The increased rise in temperature

increase in blood flow and therefore

of exercise and

to the forearm

causes a

shear stress, resulting

in the

vessels dilating during the entire exercise bout regardless of the exercise intensity.
Therefore,

it is hypothesised

that upper limb brachial artery dilation

dependent upon the magnitude of shear stress manipulation

would

be

during cycle exercise.

4.2. Methods

4.2.1. Subjects

Ten young male subjects (21 ± 2 years) were recruited. Subjects were healthy; none
reported
resistance

having been diagnosed
or

hypertension.

cardiovascular

risk

with

cardiovascular

factors,

such

disease, diabetes,

insulin

as hypercholesterolemia

Subjects who smoked or were on medication

or

of any type were

excluded. All subjects took part in ~2 hrs of physical activity per week. Informed
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consent was gained from all subjects prior to the experimental

procedures. The

study procedures were approved by the Liverpool John Moores Ethics Committee
and adhered to the Declaration of Helsinki.

4.2.2. Experimental

design

Brachial artery diameter
immediately

and velocity

was measured

in both arms before and

after cycling exercise. Exercise was performed for 30 minutes at 50, 70

and 85% of maximal

heart rate, in a randomised

order.

During exercise, one

forearm was randomly assigned for submersion in a heated water bath (40°C). Once
an arm was selected, this was kept consistent

within

each subject across the 3

exercise intensities.

4.2.3. Experimental procedures

Subjects were instructed to abstain from strenuous exercise for 24 hrs and from
caffeine and alcohol ingestion for 18 hrs before attending the laboratory. They were
also asked to fast for 6 hrs prior to each visit. All tests within
performed

at the same time of day. First, subjects rested in the supine position for

20 minutes, followed
automated
followed

subjects were

by assessment of heart rate and blood pressure using an

sphygmomanometer
by

Subsequently,

bilateral

(GE Pro 300V2, Dinamap, Tampa, FI). This was

assessment

participants

cycled

of
for

brachial

artery

30 minutes

on

diameter

and velocity.

an electrically

braked

ergometer (Monark 874E, Sweden), with resistance adjusted to maintain stable, and
individually determined exercise intensity at 50, 70 and 85% HRmax.
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During each exercise bout, participants submerged one forearm into a heated water
bath maintained at 40±1°C {Figure 4.1}. The water bath was placed on an adjustable
table so that the subject could comfortably
during the entire cycling intervention.
temperature

by a thermostatically

place their forearm

into the water

The water bath was maintained at a constant
controlled

unheated arm (~0C) rested comfortably

circulating

heater pump (+0C). The

on an adjustable table for assessment of the

brachial artery diameter and velocity. Upon cessation of exercise, the arms were
removed from the water bath.

Figure 4.1 Temperature controlled heated waterbath (~40°C)

Duplex ultrasound {T3000; Terason, Burlington, MA} was utilised to simultaneously
image brachial
ultrasound

artery

diameter

and velocity

in both

arms. Settings on both

machines were identical. Recordings were performed

during the final 15 minutes of cycling and immediately
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post-exercise.

at baseline and

4.2.4. Brachial artery diameter, blood flow and shear rate analysis

Analysis of brachial artery diameter, blood flow and shear rates before, during and
after the intervention
wall-tracking

were performed

using custom-designed

edge-detection

and

software. This is fully described in Sections 3.4 and 3.5 in the General

Methods, Chapter 3.

4.2.5. Statistical analysis

A two-factor

ANOVA with

repeated

measures (pre and post time-points

intensity) was performed for each arm. A further two-factor
measures (intensity and arm) was performed
collected

during exercise. A one-factor

changes in diameter

and

ANOVA with repeated

separately for the data of shear rates

ANOVA was performed

for the percent

data. Post-hoc analysis t-tests were used when significant

values were found.

4.3. Results
Participants

completed

the 3D-minute

cycle exercise bout at 101±6, 135±4 and

162±4 bpm. There were no significant differences in mean arterial pressure (MAP)
pre vs. post exercise across the intensities

(Table 4.1). There was a significantly

higher heart rate after exercise at 70% and 85% (Table 4.1).
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Table 4.1 Mean arterial blood pressure (MAP) and heart rate (HR) pre and post exercise at
all exercise intensities (50, 70, and 85% of HRmax).

70%

50%

85%

Pre

Post

Pre

Post

Pre

Post

MAP (mmHg)

91±4

91±3

93±8

92±6

90±6

88±6

Heart Rate (bpm)

67±14

65±11

62±13

75±13*

62±11

90±11 *

Data are presented as mean ± SO. *Significant from pre-exercise at P<0.05.

4.3.1. Acute effects of cycle exercise on brachial artery shear rate

Shear rate data for

3 subjects, across all intensities,

due to inadequate

brachial

exercise

diameter

(Table 4.2, Figure 4.2). Mean

the same pre-exercise
(Table

artery

4.2,

Figure

exercise demonstrated
way ANOVA;

In the

a graduated

with

P<0.05, Figure 4.2). Larger increases

two-way

AN OVA; P<0.01),

between

arms for mean and antegrade

4.2, Figure 4.2).

arms (two-way

ANOVA;

arm compared

to

arm as a result
and post-hoc

increasing

Retrograde

shear

shear

exercise

(significant

revealed

shear rate at 50 and 85%
rate was significantly

P=0.02). Post hoc t-test

revealed

HRmax (Table 4.2).
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intense

arms was
intensities

rate

during

intensity

(one-

SR were

interaction

a significant

by

difference

HRmax (P<0.05,

different

this to be lower

",oC at 70% HRmax (P<O.05), but no statistical

at 50 and 85%

exercise

in mean and antegrade

of heating

analysis

during

shear rate in both

increase with increasing

in the contra-lateral

evident

and antegrade

from the analysis

recordings

",oC arm, mean and antegrade

evident

Table

and velocity

and rose progressively

4.2).

were removed

between
in the +OC

differences

were

Table 4.2 Antegrade and retrograde

brachial artery shear rate at all exercise intensities (50,

70,85% HRmax)in the unheated and heated arms. (~O(, unheated; +0(, heated;

SR, shear

rate). Pre; n=10, 50%; n=9, 70%; n=10, 85%; n=7.

Antegrade SR (5_1)

~oC
+oC

85%

P-value

328±46*:j:

0.01

365±94*

468±92*t

<0.01

-13±13

0.80

-1±2

0.34

Pre

50%

70%

161±98

235±60

308±66*

168±114

391±154*t

:j:

Retrograde SR (S_l)

~oC
+oC

-8±9

-21±25

-16±15

-12±19

-5±15

-6±9t

Data are presented mean±SD. Post hoc analysis; *Significantly
Significantly different

from

~0c. t Significantly

different

different from pre; t

from 50%HRmax(P<0.05). P-value

represents, one-way ANOVA.

o ~oC

_cC VS.+·C: P=O.07
Intensity: P=O.Ol
Interaction: P<O.Ol

600

.+·C

*t

;1500
I

~
CD

*t

c
.;: 400

*

:::s
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Figure 4.2 Brachial
arms during
heated).
from

exercise

mean shear rate (SR) data in the unheated

at 50, 70 and 85% (white

Data are presented

pre exercise.

50%HRmax

artery

as mean

tSignificantly

bars,

,,",oe, unheated;

black bars,

± SE. Post hoc analysis; *Significantly

different

(P<0.05).
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from

~0c. :f:Significantly

and heated

+oe,

different

different

from

4.3.2. Brachial artery diameter pre vs. post cycle exercise
Brachial artery diameter demonstrated

a significant increase across time in both the

+OC and ~oC limbs (P<O.OS,Figure 4.3, Table 4.3).

Table 4.3. Brachial artery diameter pre and post exercise at all exercise intensities (50, 70,
85% HRmax) in the unheated and heated arms. (~OC, unheated; +oC, heated).
....oc

Diameter (mm)

+oC

Pre

Post

Pre

50%

4.1±0.4

4.1±1.4

4.2±0.7

4.6±0.5*t

70%

3.9±0.4

4.2±0.4*

4.0±0.6

4.5±0.4*t

85%

4.1±0.4

4.4±0.4*

4.1±0.5

4.7±0.4*

Post

Data are presented as mean ± SD. Post hoc analysis; * Significant from pre; t Significant
from ~OC at P<0.05.

Post-exercise brachial artery diameter was significantly increased compared to preexercise at 70 and 85% in the ~OC arm and at all intensities in the +OC arm (P<0.05,
Table 4.3). Post-exercise brachial artery diameter was significantly larger in the +OC
compared to the ~OC arm at 50 and 70% (P<0.05, Table 4.3).
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Figure 4.3 Percent change between pre

vs. post exercise brachial artery diameters

in unheated and heated arm (white bars,
50, 70 and 85%HRmax•
tSignificant

~O(,

Data are presented

difference ~oC

unheated; black bars,

+0(,

heated) at

as mean ± SE. Post hoc analysis;

vs. +0c. tSignificantly different from 50%HRmax (P<0.05).

4.4. Discussion
The purpose of this study was to examine the systemic effects of leg cycling exercise
on brachial artery shear rate and diameter.
were induced

by 3 step-wise

elevations

forearm heating during simultaneous
was utilised to induce additional
principle

finding

Incremental

elevations in shear rate

in exercise intensity,

bilateral monitoring

increments

whilst

unilateral

at all exercise intensities

in brachial artery shear rate. The

of the present study is that an 'exercise intensity-dependent'

increase in brachial artery shear rate in the unheated arm was observed, which
resulted in a concomitant

'exercise intensity-dependent'
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increase in brachial artery

diameter.

This observation

fundamental

suggests

an important

role

of

shear

rate

as a

stimulus for the systemic increase in brachial diameter after leg cycling

exercise. To support this notion, heating of the contralateral
exercise bout

induced

a significantly

compared to the unheated

forearm during each

higher mean and antegrade

shear rate,

arm. This, in turn, resulted in a larger post-exercise

brachial diameter in the heated arm. This indicates that cycling exercise leads to a
systemic exercise-intensity

dependent increase in brachial artery diameter, which is

primarily explained by increases in brachial artery shear rate during exercise.

Exercise is a well-known

stimulus to induce systemic changes in conduit

artery

diameter and shear rate, with the change in shear rate being dependent on the type
of exercise (Green

et ol., 2002c; Green et al., 2005; Thijssen et al., 2009a) and the

duration of exercise performance

(Simmons

et al., 2011) and the present findings

are in agreement with these previous studies. Data from this study extend previous
observations
different

by demonstrating

shear rate stimuli.

changes in brachial artery diameter in response to
The importance

stimulus to long term arterial adaptation

of shear stress as an endothelial

in function

and structure

has previously

been established in both animals (Langille & O'Donnell, 1986; Laughlin
and humans (Green

oi., 2010).

et al., 2008)

et al., 2004; Tinken et al., 2008; Thijssen et al., 2010; Tinken et

However, the effects of acute exercise on immediate changes in diameter

have not been well described. Interestingly,

in line with a recent study (Simmons

al., 2011), in the present study an increase in artery diameter
also observed. More importantly,
the magnitude

this demonstrates
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after exercise was

a strong relationship

of shear rate during exercise and magnitude

et

between

of the post-exercise

artery diameter.

Therefore,

data from the present study provides support for a

central role of shear stress in acute adaptations

of conduit

arterial

diameter

to

exercise in humans.

Shear stress stimulates the endothelium
nitric oxide (Pohl

et 0/., 1986; Laughlin et 0/., 2008). It has therefore been suggested

that shear stress mediated
vasodilation

NO production

with exercise (Green

2010; Simmons

to release several vasodilators, in particular

is a key stimulus for conduit

artery

et 0/., 2004; Tinken et 0/., 2009; Tinken et 0/.,

et 0/., 2011) and that a functioning,

healthy

endothelium

is

necessary for this shear-stress mediated vasodilation to occur (Langille & O'Donnell,
1986). However,
changes which
Laughlin

exercise is a complex
may influence

stimulus,

resulting

brachial artery vasodilation

in several systemic
(Green

et 0/., 2004;

et 0/., 2008). For example, recent data provide evidence that changes in

arterial wall thickness occur as a result of systemic, rather than localised and shearinduced adaptation

(Rowley

et 0/., 2011). In order to focus on, and specifically

manipulate, shear stress during exercise, forearm heating was utilised to locally and
unilaterally

elevate shear rate during simultaneous

bilateral

shear elevation in the heating limb occurs independently

assessments. Excess

of the effect of exercise

and any systemic or reflex impact on the vasculature is effectively eliminated by the
simultaneous

measurements taken in both arms. Heating resulted in an additional

increase in shear rate across all intensities

and associated additional

increase in

brachial artery diameter. This observation further supports a central role of shear
stress as a principal stimulus for systemic vasodilation
a non-exercising vascular bed during exercise.
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in conduit arteries supplying

In a recent study it was suggested that lower limb exercise such as cycling induces a
change in the pattern
characterised

of blood flow in the brachial artery of the inactive limb

by increases in antegrade

flow

increases, as well as increases in retrograde
2002a). Simmons

that the

flow during diastole (Green

cutaneous

returns

vasodilation

increases in diameter

towards

during

shear rate is hypothesised

baseline values due to

prolonged

exercise, suggesting

post exercise are more likely associated

increases in antegrade shear rate rather than retrograde.

humans (Thijssen

et al.,

et al. (2011) report an increase in brachial artery retrograde SR at

the onset of leg cycling subsequently
thermoregulatory

during systole as cardiac output

as a strong stimulus

Additionally,

for endothelial

with

retrograde

dysfunction

in

for vascular adaptations

to

et al., 2009b).

These data help to clarify the underlying

stimulus

exercise training. It is likely that the increases in shear stress and vasodilation with
acute exercise are the triggers for long-term
training.

More specifically the exercise-induced

up-regulate
demonstrated

NO-mediated

function

(Gielen

vascular adaptations

with exercise

increases in flow and shear stress

et al., 2010). It has previously been

that eNOS mRNA levels can be increased very soon (2-4 hours) after

in vitro increases in blood flow (Woodman

et al., 1999) and eNOS protein

expression can increase after a week of exercise training (Wang
further support of this, recent studies in humans (Tinken
2010) have demonstrated

et al., 1993). In

et al., 2009; Tinken et al.,

that acute and chronic adaptations to exercise are only

evident when there is an increase in shear rate (Tinken
2011).
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et al., 2010; Simmons et al.,

Observations from the present study raise the question why such marked elevations
in blood flow and shear rate are present in a vessel supplying a non-exercising
vascular bed. As special care was taken to ensure that the subjects did not perform
any hand gripping
contribution

from

exercise, forearm
increased arterial

exercise cannot

explain this increase. A

blood pressure is likely, but may not fully

explain the changes observed in the present study. Recently, an important
skin vasodilation,

consequent

heating

to thermoregulatory

demand,

was demonstrated

et al., 2011). Increased cutaneous blood flow to the forearm

(Simmons

mediated

secondary

role for

increase in brachial artery shear rate may contribute
brachial dilation

and

to the shear

observed in the present study, as supported

by the

a recent

heating

data. In addition,

study involving

repeated

forearm

resulted in chronic changes in upper limb arterial function and structure (Green
al., 2010; Naylor

et

et al., 2011).

During exercise the activation of skeletal muscle fibres by somatic nerves results in
vasodilation

and functional

sympathetic

nerve activity is essential for vasoconstriction

arterial

blood

sympathetic

pressure.

hyperaemia

Therefore,

(Thomas & Segal, 2004). In addition,

the

interaction

and the maintenance of
between

somatic

and

pathways is essential for blood flow control to skeletal muscle during

exercise (Thomas & Segal, 2004). The notion that systemic changes in blood flow
and shear rate occur in non-exercising

regions has been discussed extensively

(Green, 200Sb; Thijssen & Hopman, 2008; Padilla

et ol., 2011a). However, it has

been reported that haemodynamic stimuli play an important

role in endothelial and

vascular smooth muscle cell adaptations to exercise training (Laughlin
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et al., 2008).

Nevertheless, the impacts that exercise-induced
pulse

pressure,

endothelial

transmural

and smooth

pressure

have on

changes in hemodynamic
systemic

adaptations

muscle cells still remain unclear (Newcomer

profile,
of

both

& Padilla,

20ll), therefore, subsequent studies to determine this would be of interest.

Limitations. The present study took advantage of a within subject approach (i.e.
different

exercise

measurements

intensities

causing different

shear responses)

(i.e. heated and unheated arm to induce different

and bilateral

shear responses)

to isolate the role of shear rate in brachial dilation during leg exercise. Additionally,
it may have been beneficial to assess forearm heating as a control independent
exercise, however,
independent

it has previously

been reported

of

that heating of the forearm

of exercise is a potent stimulus to replicate increases in shear stress,

observed during exercise, to induce vascular improvements

(Naylor et al., 20ll). A

potential

limitation

male volunteers

recruited.

These findings cannot be extrapolated

of the present study is that healthy

were

to subjects with cardiovascular

disease, particularly that affecting cardiac output.

4.5. Conclusion
In conclusion, progressive lower limb cycling exercise causes an increase in brachial
artery shear rate which was associated with a dose-dependent
artery diameter.

When unilateral

localised forearm

increase in brachial

heating was combined

with

cycling exercise, an additional increase in brachial artery blood flow and shear rate
was observed, and brachial artery dilation was enhanced. These data indicate that
cycle exercise has systemic effects on arterial dilation, with an increase in shear rate
being an important stimulus to artery vasodilation during exercise in humans.

83

Aims and Outcomes

Chapter 4

Chapter4
Aim: Examine the systemic effect of shear
rate during exercise on post exercise

~

Outcome: Dose-dependent increase in
shear rate = Dose-dependent increase in
brachial artery diameter.

brachial diameter.

Chapter 5

Chapter 5
Aim: Address the role of shear rate on
endothelial function following acute leg
cycling exercise.

of Chapter 5

-

84

Outcome: Impairment in FMD post
exercise is exercise intensity-dependent.
FMD is only decreased immediately post
exercise.

Chapter 5

I Effect of exercise

intensity on brachial
artery flow mediated dilation in healthy humans.
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5.1. Introduction
Exercise reduces primary

(Blair & Morris,

2009) and secondary

cardiovascular

events (Taylor et al., 2004), effects which cannot be fully explained by reduction in
traditional

risk factors (Maiorana

et al., 2003; Mora et al., 2007).

suggested that exercise has a direct anti-atherogenic

It has been

impact on the vasculature

(Green et al., 2008b; Joyner & Green, 2009), which may be mediated through shearstress induced improvement

in endothelial function (Tuttle

2004).

of exercise

Whilst

documented,

the

effects

training

et al., 2001; Green et al.,

on the

vasculature

are well

less is known about acute changes in vascular function in response to

exercise which may provide the foundation for these adaptations.

Previous studies which have examined the acute effect of exercise on endothelial
function have reported conflicting results (Padilla
Harris

et al., 2006; Dawson et al., 2008;

et al., 2008; Tinken et al., 2009; Jones et al., 2010; Varady et al., 2010; Zhu et

al., 2010; Johnson et al., 2011). In a series of experiments,

it was found that the

magnitude and pattern of shear rate modulate endothelial function (Thijssen et al.,
2009b; Tinken et al., 2009; Tinken et al., 2010), and that shear rate patterns during
exercise depend on the mode of the exercise performed

(Green

et al., 2005;

Thijssen et al., 2009a). Exercise intensity may also modulate the nature of traininginduced vascular adaptation
disparity
endothelial

in previous
function

(Goto

et al., 2003). A significant proportion

studies which examined
may therefore

the acute effect

relate to differences

although this hypothesis has not been directly addressed.
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of the

of exercise on

in exercise intensity,

The purpose of this study was to examine brachial artery endothelial
before and immediately

following

(50, 70 and 85% maximal

heart

acute cycling exercise at 3 different
rate). Therefore,

it is hypothesised

function
intensities
that the

magnitude of decrease in FMD would depend upon exercise intensity.

5.2. Methods

5.2.1. Subjects
Ten young male subjects (21 ± 2 years) were recruited. Subjects were healthy; none
reported

having been diagnosed

resistance

or

hypertension.

cardiovascular

risk

with

cardiovascular

factors,

such

disease, diabetes,

insulin

as hypercholesterolemia

Subjects who smoked or were on medication

or

of any type were

excluded. All subjects took part in ~2 hrs of physical activity per week. Informed
consent was gained from all subjects prior to the experimental

procedures. The

study procedures were approved by the Liverpool John Moores Ethics Committee
and adhered to the Declaration of Helsinki.

5.2.2. Experimental

design

Brachial artery diameter and endothelial function (FMD) was measured in one arm
(randomised
performed

between subjects, but once selected all measurements

were always

in the same arm) before and after (0, 1, 2, 24h) after upright cycling

exercise. At least 48 h was taken between subsequent exercise bouts, whilst all
tests were performed within 14 days to minimize variability of the primary outcome
variables. Exercise was performed

for 30 minutes at SO, 70 and 85% of maximal

heart rate (in a randomised order).
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5.2.3. Experimental procedures
Subjects were instructed

to abstain from strenuous exercise for 24 hrs and from

caffeine and alcohol ingestion for 18 hrs before attending the laboratory. They were
also asked to fast for 6 hrs prior to each visit. Subjects rested in the supine position
for 20 minutes, followed
automated
followed

by assessment of heart rate and blood pressure using an

sphygmomanometer

(GE Pro 300V2, Dinamap, Tampa, FL). This was

by assessment of brachial artery diameter

participants

cycled for 30 minutes on an electrically

874E, Sweden), with
determined

resistance

and velocity.

Subsequently,

braked ergometer

adjusted to maintain

(Monark

a stable and individually

exercise intensity at 50, 70 and 85% HRmax(Tanaka et al., 2001). During

the exercise bout both arms were rested comfortably

on an adjustable

table.

Duplex ultrasound (T3000; Terason, Burlington, MA) was utilised to simultaneously
image brachial artery diameter and velocity in one arm. Recordings were performed
at baseline and during the final 15 minutes

of cycling and immediately

post-

exercise. Brachial artery FMD was assessed, before and after exercise (0, I, 2 and
24h), a full description of the FMD procedure and analysis can be found in Section
3.3.2 in the General Methods, Chapter 3).

5.2.4. Brachial artery diameter, blood flow and shear rate analysis

Analysis of brachial artery diameter, blood flow and shear rates before, during and
after the intervention
wall-tracking

were performed

using custom-designed

edge-detection

and

software. This is fully described in Sections 3.4 and 3.5 in the General

Methods, Chapter 3.
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5.2.5. Statistical analysis

The primary outcome of this study was FMO therefore

it was important

to control

for the influence of known moderators of FMO (shear rate and baseline diameter),
since it was likely that these moderators

would also be influenced

by exercise.

Therefore, the effects of exercise intensity and time on the change in logarithmically
transformed

diameter using a Generalised Estimating Equation which incorporated

baseline diameter and shear rate as covariates was analysed. The resulting mean
differences

between

the original

exercise intensities

and pre/post

units of FMO (%). Two-factor

general

were back-transformed
linear

models

to

(GLM) with

repeated measures were employed to analyse the effect magnitudes of time and
intensity on all other study outcomes. Post-hoc analysis was performed
least significance

difference

(LSD) multiple

comparison

method.

using the

All data are

reported as mean ± SO unless stated otherwise. Exact P-values and 95% confidence
intervals for the effect magnitudes are also cited. An additional two-factor
with repeated measures was used to analyse heart rate
mean arterial

pressure

(MAP) before

intensity and for FMD characteristics

and after

and SR during exercise,

exercise across each exercise

at baseline, at all time-points

during exercise. Post-hoc analysis t-tests were performed
were found. The relationship

ANOVA

and shear rate

where significant values

between the percent changes in baseline diameter

and mean shear rate were assessed using pearson's R correlations.

5.3. Results
Participants completed the 3D-min cycle exercise bouts at 101±6, 135±4 and 162±4
bpm,

which corresponded

closely with 50, 70 and 85% of HRmax (193±1). The
89

changes in mean arterial pressure (MAP) after exercise were small in clinical terms
(~ 2 mmHg) and not statistically significant across the 3 different exercise intensities
(Table 5.1). The magnitude of exercise-mediated

tachycardia increased as exercise

intensity became higher (Table 5.1).

Table 5.1 Mean arterial blood pressure (MAP) and heart rate (HR) pre and post exercise at
all exercise intensities (50, 70, and 85% of HRmax).
50%

70%
Pre

85%
Post

Pre

Post

Pre

Post

MAP (mmHg)

91±4

91±3

93±8

92±6

90±6

88±6

Heart Rate (beats/min)

67±14

6s±11

62±13

7S±13*

62±11

90±11*

Data are presented as mean ± SO.*Statistically significant difference from pre-exercise at
p<O.OS.

5.3.1. Acute effects of cycle exercise on brachial artery shear rate

Shear rate data for 3 subjects, across all intensities, were removed from the analysis
due to inadequate brachial artery diameter and velocity recordings during intense
exercise (Table 5.2). Mean and antegrade shear rate during exercise were higher
compared to baseline data (Figure 5.1 and Table 5.2, respectively). Moreover, mean
and antegrade shear rate demonstrated

a dose-dependent

intensity (two factor GLM; P<O.OOl, Figure 5.1, Table 5.2).
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increase with exercise

Table 5.2 Antegrade and retrograde brachial artery shear rate at baseline and during cycling
exercise (during final15 minutes cycling) at all exercise intensities (50, 70, 85% HRmax).
Pre

50%

70%

85%

P-value

Antegrade shear rate (S_l)

109±42

243±66*

322±63*t

324±40*t

<0.001

Retrograde shear rate {s-']

-6±4

-18±24

-15±14

-12±10

0.47

P-valuesrefer to two factor GLM. Data are presented mean ± SO.Post-hoc significantly
different from *pre (P<O.05)or t50%HRmax(P<0.05). Data in the table are based on n=7 due
to difficulty tracking velocity measures at higher exercise intensities.

5.3.2. Acute effects of cycle exercise

Exercise intensity.
magnitude

on brachial artery endothelial function

Exercise mediated

of which

depended

an increase

in baseline

on exercise intensity.

diameter,

The pre-to-post

the

exercise

changes were 4.1±0.4 to 4.1±0.3 mm (P=0.36), 3.9±0.4 to 4.2±0.4 mm (P=O.Ol) and
4.1±0.4 to 4.4±0.4 mm (P<O.Ol) for the 50%, 70% and 85% HRmaxintensities.
Exercise also induced

a dose-dependent

increase

exercise at 50, 70 and 85%HRmax (21.8±13.2
25.4±8.1 s-\103
interaction;

and 19.6±7.0 to 37.7±12.8

S-l

in SRAUC immediately

after

to 26.9±8.4 s-lx103, 20.9±6.0 to
x103, respectively, two factor GLM,

P=O.04). However, there was a poor correlation

between the percent

change in baseline diameter (Pre vs. Post exercise) and mean SR (R2=O.13; P>0.05).
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Figure 5.1 Brachial artery mean shear rate at rest and during a 30-min leg cycling exercise
bout at 50, 70 and 85% of the individual maximal heart rate in healthy subjects (n=7). Error
bars represent SE. Significantly different at P<0.05 from *pre-exercise, t significantly
different from SO%HRmax(P<O.OS).

No significant

difference

was found

from

the immediate

pre-exercise

and subsequent

values.

Consequently,

further.

As diameter and SR can influence FMD further analysis was undertaken to

correct for these covariates. Therefore,
changes in baseline diameter

post-exercise

to lhr

changes were interrogated

due to the substantial

and SRAUC,

exercise-mediated

a GEE was performed

for FMD with

baseline diameter and SRAUC entered as covariates. This analysis indicated that the
change in FMD after exercise at sO%HRmax was negligible in practical terms, whilst
larger decreases were

apparent

after

70%HRmax

8s%HRmax (Figure s.z).
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exercise and especially

after

Intensity: P=O.27
Time: P<O.OOl
Interaction: P=O.05
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Figure 5.2 Brachial artery flow-mediated
baseline diameter)
performed
statistically

dilation (FMD, presented as a relative change from

before and immediately

after a 3D-minute

at 50, 70 and 85% of the individual

(n=10). Data are presented
significantly

(%HRmax)

maximal

leg cycling exercise bout

heart rate in healthy subjects

as mean ± SE. Data from the GEE are presented.

different

from

pre-exercise,

t statistically

significantly

*Post hoc
different

from 50%HRmax (P<0.05).

Time course. Although
found

between

pre-exercise

5.3), it was observed
and 85%HRmax

significant

differences

and peak diameter

and 1 and 2h after exercise at 70 and 85%HRmax

that the immediate

was normalised

in baseline

within

post-exercise

1 h after exercise
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decrease

were
(Table

in FMD after 70

(Table 5.3).
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5.4. Discussion
The purpose of the present study was to determine the magnitude of effect of 30
minutes leg cycling exercise at 3 exercise intensities (50, 70 and 85%) on brachial
artery endothelium-dependent
principle

vasodilation

immediately

after cycle exercise. The

finding from the present study was that FMD decreased to a greater

degree immediately

post exercise at higher exercise intensities

compared

with

lower intensities. This decrease in FMD was accompanied by, but not fully explained
by, increased baseline diameter

and shear rate immediately

post exercise. Taken

together, data from the present study suggest that exercise intensity impacts upon
the magnitude of FMD reduction in a 'dose-dependent'

Exercise intensity

plays an important

function with exercise training (Goto
performed
adaptations

manner.

role in modulating

such adaptations

upon repetitive

the notion that vascular

increases in shear stress, but that

may be offset to some degree at higher exercise intensities

effects of oxidative stress.

by

More specifically, it was suggested that high intensity

exercise may impair endothelium-dependent

vasodilation

due to an increase in

reactive oxygen species, resulting in a reduction in NO bioavailability
1982; Bergholm

in vascular

et al., 2003; Green et al., 2004). In a carefully

study, Goto and colleagues (2003) introduced
may be dependent

adaptations

(Davies

et al.,

et 01., 1999). Broadly speaking, the present study provides some

support for this notion, as exercise at higher intensity was associated with larger
acute impacts upon endothelial function. It is important

to note that a decrease in

endothelial function as a result of an acute bout of exercise may not necessarily be
associated with down-regulation

as an adaptive response. As highlighted by Padilla
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et al. (Padilla et al., 20lla),
physiology of up-regulation

there

are many examples

in integrative

human

to stimuli which challenge pathways acutely, a notion

encapsulated in the concept of hormesis.

It is important

to note that the largest decrease in FMD in the present study was

also accompanied

by the largest increase in immediately

post-exercise

baseline

diameter. The observation of an increase in brachial artery diameter in response to
lower limb exercise confirms the findings of a recent study which reported systemic,

et al., 20llb).

post-exercise increases in resting diameter

(Padilla

baseline

methodological

diameter

raises

an

important

issue

This change in
regarding

the

calculation of FMD, as baseline diameter is used in this calculation. While expressing
the change in diameter as a percentage of resting diameter is relatively simple, this
expression does not fully control for the influence of baseline diameter per se, since
it is well documented that baseline diameter is inversely related to FMD (Thijssen

ol., 2008a; Thijssen et al., 2008c). Additionally,

et

it has already been suggested that

differences in baseline diameter, within or between subjects, should be accounted
for with more appropriate
diameter (Thijssen
method
diameter

allometric models involving covariate control of baseline

et al., 2008a; Thijssen et al., 2008c). Therefore, a novel analysis

was used to determine
immediately

The dose-dependent

whether

exercise-induced

changes in baseline

post exercise accounted for the observed effects on FMD.
decrease in FMD was found with this covariate-control

both baseline diameter

and shear rate. Additionally,

indicate that up to 60% of the inter- and intra-subject
explained by inter- and intra-subject

previously-published

data

variability in FMD is, in fact,

differences in baseline diameter
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for

(Thijssen

et

al., 2008a). This specific statistical analysis for pre and immediately
was used as there was a particular

interest in the immediately

FMD. Values beyond this time point were analysed without

post values only
post decrease in

correcting for baseline

diameter as by 1 hour post exercise, values related to FMD had already normalised
to near resting levels.

Shear stress stimulates the endothelium
nitric oxide (Langille & O'Donnell,

to release several vasodilators, in particular

1986; Pohl

et at., 1986). It has therefore been

suggested that shear stress mediated NO production
artery vasodilation during exercise (Green

is a key stimulus for conduit

et al., 2004; Tinken et al., 2009; Tinken et

ol., 2010; Simmons et al., 2011). However,

an exercise

intensity-dependent

decrease in FMD was observed (Figure 5.2) and a relatively small influence of shear
stress (compared with baseline diameter) on FMD. It is, nevertheless, conceivable
that large and/or sustained increases in shear may be associated with attenuated
endothelial function. For example, NO biosynthesis is dependent upon the continual
availability

of L-arginine

(Jin & Loscalzo, 2010) and several co-factors.

arginine stores do not usually limit NO production
does exist whereby

increased availability

function,

where underlying

particularly

enhanced NO degradation

Whilst

in healthy humans, precedent

of this substrate enhances endothelial

NOS function

by oxidant species (Ohara

is augmented

in the face of

et at., 1993). It is therefore

possible that higher levels of shear during intense exercise reduce the biosynthesis
of NO and that increases in oxidative stress at higher exercise intensities amplify
this (Goto

et al., 2003).
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It was hypothesised that some of the disparate findings in the literature may relate
to the timing of the post-exercise FMD and the time-course of change in endothelial

et al., 2008; Tyldum et al., 2009; Zhu et al.,

function after acute exercise (Rognmo

2010). The finding that FMD measured immediately
at rest, but normalised

within

1h, is in general agreement

studies that examined the FMD immediately
Rundell

post exercise was lower than

post-exercise

with

most previous

(Thijssen

et al., 2006;

et al., 2007; Dawson et al., 2008; Varady et al., 2010). Other studies which

used different

timing

increases (Silvestro

of the post-exercise

FMD measurements,

et al., 2002; Harvey et al., 2005; Padilla et al., 2006; Thijssen et

al., 2006; Tinken et al., 2009; Tyldum et al., 2009).
observations

have reported

emphasise the importance

Taken together,

of considering

the time-course

these
of post

exercise measurements.

Limitations. A potential limitation of this study is that healthy male volunteers were
recruited

and these findings can therefore

not be extrapolated

cardiovascular disease, women or older subjects. Additionally,
stress were
demonstrated

not

measured

present

oxidant species (Davies

are associated with production

but

previous

research

has

using antioxidant

strategies,

modulate NO function

and circulation of reactive

et al., 1982; Ji, 1999; Cooper et al., 2002). Studies have also

to overcome the production

2002; Eskurza

study,

indices of oxidative

that exercise at higher intensities, consistent with those observed in

the present experiment,

attempted

in the

to subjects with

with

(Raitakari

and circulation of reactant oxidant species

some suggesting that these approaches

may

et al., 2000; Cooper et al., 2002; Silvestro et al.,

et al., 2004).
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5.5. Conclusion

In conclusion, the present study demonstrates

an 'exercise intensity-dependent'

effect of leg exercise on brachial artery endothelial
substantial

reduction

in vasodilator

function

function.

An immediate

and

was observed at the higher exercise

intensity, which may relate to the increased production

of free radicals or increased

oxidative

stress, but does not relate to exercise-mediated

diameter

nor shear stress. This decrease in FMD may form the basis for adaptive

vascular response to episodic exercise stimuli.
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changes in baseline

Aims and Outcomes

of Chapter 6
Chapter4

Chapter 4
Aim: Examine the systemic effect of shear
rate during exercise on post exercise
brachial diameter.

-

Outcome: Dose-dependent

Chapter 5

~

Outcome: Impairment in FMD post exercise
is exercise intensity-dependent.
FMD is only
decreased immediately post exercise.

Chapter 6

Chapter 6
Aim: Examine the role of shear rate in
systemic adaptations in the brachial artery
in response to leg cycle exercise training

increase in

brachial artery diameter.

Chapter 5
Aim: Address the role of shear rate on
endothelial function following acute leg
cycling exercise.

increase in

shear rate = Dose-dependent

-

Outcome: Rapid and transient increase in
endothelial
No adaptation

across 8-weeks.
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function

when shear is attenuated.

Cha pter 6

I Role of shear rate in systemic vascular

adaptations in the non-active upper limbs during cycling
in humans.

Based on the published article in the Journal of Applied Physiology
(2012) entitled,

Brachial artery adaptation

training: role of shear stress.
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to lower limb exercise

6.1. Introduction

The beneficial effects of exercise training

may partly be mediated through direct

effects of exercise on the vasculature (Green

et al., 2008b; Joyner & Green, 2009). It

has been reported that exercise training leads to localised improvements
function

and structure

in the active regions (Tin ken

et al., 2010), which may be

mediated through repetitive increases in shear stress (Tinken
at., 2010; Naylor
adaptations

in vascular

et al., 2009; Tinken et

et al., 2011). Exercise training also results in systemic vascular

beyond the active regions (Linke

et al., 2001; Maiorana et al., 2003;

Green, 200Sb). However, to date, relatively little is known about the hemodynamic
stimuli responsible for systemic effects of large muscle group exercise training on
the vasculature.

One potential

explanation

for systemic vascular adaptations

relates to shear stress. It is has been demonstrated
inactive upper limbs in a 'dose-dependent'
2005; Thijssen

to exercise training

that shear increases in the

manner during leg cycling (Green

et al.,

et ol., 2009a; Carter et at., 2011) and others have recently confirmed

these observations (Green

et al., 2002b; Padilla et al., 20lla;

Padilla

et al., 2011b).

Although the average increase in shear rate (SR) in the upper limbs is smaller than
that observed in the active lower limbs (Thijssen
handgrip exercise (Green

et al., 2009a), or in response to

et al., 2005), this can mask substantial changes in the

pattern of flow and shear which may contribute
active regions as a result of training (Tinken

to vascular adaptations in the non-

et al., 2009). Therefore, the purpose of

this study was to examine upper limb brachial artery endothelium-dependent
independent

and -

dilation before, during and after 8 weeks of lower limb cycling training
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in healthy humans. To specifically address the role of shear, subjects exercised with
a cuff around one forearm to unilaterally manipulate the exercise-induced increases
in this variable (Tinken

et al., 2009; Green et al., 2010; Tinken et al., 2010; Naylor et

ol., 2011). Therefore, it is hypothesised that cycle exercise training would lead to
improvements

in endothelial

function

in the non-active upper limb and that such

adaptation would be shear stress mediated.

6.2. Methods

6.2.1. Subjects

Eleven healthy men (22±2 years) were recruited to examine the effects of 8-weeks
cycle exercise on brachial artery endothelial function
arms.

Subjects

cardiovascular

were

healthy;

reported

having

been

diagnosed

diseases, diabetes, insulin resistance or cardiovascular

such as hypercholesterolemia
medication

none

in the non-cuffed and cuffed

or hypertension.

with

risk factors,

Subjects who smoked or were on

of any type were excluded. All subjects were recreationally

active (1-5

hours of physical activity per week). Informed consent was gained from all subjects
prior to the experimental

procedures. The study procedures were approved by the

liverpool

Ethics Committee

John Moores

and adhered

to the Declaration

of

Helsinki.

6.2.2. Experimental

design

Effect of upright cycle ergometer exercise on brachial artery shear stress: Impact of
forearm CUff inflation. Five additional healthy male subjects (24±2 years), distinct
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from those studied above, were recruited to undertake
(Monark 874E, Sweden) at 80%HRmax. Throughout
cuff was placed around one forearm

30 mins of cycle exercise

this exercise bout, a pneumatic

immediately

below the cubital crease and

inflated to 60mmHg (Figure 6.1A). The purpose of the forearm cuff is to reduce the
exercise-induced

increase in blood flow and shear rate in the upstream brachial

artery compared with the contralateral
. The contralateral
diameter

arm remained uncuffed during cycle exercise.

and velocity values were simultaneously

exercise (before cuff inflation)
inflated.

arm (Tinken et al., 2009; Tinken et al., 2010)
Brachial artery

collected immediately

prior to

and at 25 minutes during exercise with the cuff

Briefly, subjects rested for 20-minutes whilst seated at rest on a stationary

bicycle ergometer

in a quiet,

temperature

controlled

room.

Baseline bilateral

brachial artery diameter and velocity were recorded using high resolution
ultrasound

for at least 1-minute.

exercise for 30-minutes

Subsequently,

subjects performed

duplex

leg cycling

at 80%HRmax• Brachial artery blood flow and shear were

recorded during the leg cycling exercise intervention

in both the cuffed and non-

cuffed arms (Figure 6.1B). Previous studies have demonstrated

that placement and

inflation of a forearm cuff in this manner attenuates upstream brachial artery shear
rate (Thijssen et al., 2009b; Tinken et al., 2009; Green et al., 2010; Tinken et al.,
2010; Naylor et al., 2011). For analysis of brachial artery diameter, blood flow and
shear rate please refer to Sections 3.4 and 3.5 in the General methods, Chapter 3.

Effect of cycle ergometer training on brachial artery adaptation.
was performed

Exercise training

over an 8-week period with subjects visiting the laboratory 3 times

per week. Each laboratory session was supervised and consisted of 30-mins of cycle
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exercise (80%HRmax) performed
training

session, a pneumatic

at the same time of day.

blood pressure cuff was placed below the cubital

crease on one forearm and inflated to 60 mmHg throughout
(Figure 6.1B).
experimentation

Cuff inflation
(Tinken

During each 30-min

the exercise period

to 60mmHg was selected on the basis of previous

et al., 2009; Green et al., 2010; Naylor et al., 2011) in

which unilateral cuff inflation was effective in modifying blood flow and shear rate
during exercise.

The arm selected for cuff placement was randomised,

but once

selected remained consistent for each subject across the 8-week training period.

Figure 6.1 (A) Participant
receiving attenuation
diameter,
attenuation

during

a cycle exercise training

of shear rate via cuff inflation

session, with

(B) Measurement

one forearm

of brachial artery

blood flow and shear rate during leg cycling exercise, with one forearm receiving
of shear rate via cuff inflation.
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6.2.3. Experimental

measures

All studies were conducted

in a quiet, temperature

controlled

environment

and

each visit for a given subject was performed at the same time of day. Subjects were
asked to fast for >4 hours, abstain from alcohol and caffeine for 16 hours, and not
to perform any exercise for 24 hours. Study procedures were performed

according

to recent guidelines (Thijssen et al., 2011a). To examine the role of shear rate in
systemic vascular adaptation

to 8-weeks of leg cycle training,

bilateral

baseline

FMD, brachial artery diameter response to an ischaemic exercise protocol (iEX) and
dilator responses to sub-lingual glyceryl trinitrate

administration

(400llg GTN) was

assessed. These measures were repeated at 2, 4 and 8-weeks (Tin ken

et al., 2008).

For a full description of FMD, iEX and GTN procedures and analysis please refer to
Sections 3.3, 3.4 and 3.5 in the General Methods, Chapter 3.

6.2.4. Statistical analysis

Initially,

a two-factor

ANOVA with

placement as the independent
flow data. Additional,
independent

repeated

measures

factors) was performed

(with

and cuff

for the initial acute blood

repeated measures ANOVA (with time and cuff placement as

factors) were used to assess changes in brachial artery vasodilation

response to FMD, iEX and GTN across the 8-week intervention
analysis

time

t-tests were used where significant values were found.
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in

period. Post-hoc

6.3. Results
6.3.1. Acute effects of leg cycling exercise

Mean and antegrade shear rate significantly

increased from baseline in both arms

(P<O.OS). Mean and antegrade SR were both significantly

larger in the non-cuffed

versus cuffed arm during exercise (Figure 6.2; P<O.OS). In addition brachial artery
retrograde

shear rate was significantly

larger in the cuffed, compared to the non-

cuffed arm (Figure 6.2), during exercise.

600

o Cuffed
• Non-cuffed

t

t

500

400
Q)

·!a300
~
~
Q)
til)

.S
200
':::s

~

0::
II)

100

o

-f--...L.__-t

-100
Antegrade

Mean

Figure 6.2 Brachial artery mean, antegrade and retrograde
in the cuffed and non-cuffed
significantly different

Retrograde

shear rate during cycle exercise

arms of healthy, young volunteers

from cuffed at P<O.OS.
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(n=S). tPost

hoc

t-test

6.3.2. Chronic effects of eight weeks leg cycling exercise training

Two subjects were unable to complete the study for personal reasons unrelated to
the study or its protocols. Across the 8-week exercise training

period, there was

91.7% adherence to the training sessions in the remaining 9 subjects.

There were

no significant changes in mean arterial blood pressure (87±6, 86±7, 87±4, and 85±6,
ANOVA: P=0.81) or heart rate (64±3, 61±9, 57±7, and 60±7, ANOVA: P=0.09)
between weeks 0, 2, 4 and 8 of leg cycle training. There were no differences

in

baseline brachial artery characteristics between arms at week 0 (Table 6.1).

Table 6.1 Brachial artery characteristics at 0, 2,4 and 8 weeks during leg cycle training, in

the cuffed and non-cuffed arm.
Variable

WeekO

Week2

Week4

Week8

P-value

Cuffed

3.7±0.6

3.6±0.8

3.7±0.4

3.7±OA

'time': 0.78

Non-cuffed

3.8±0.4

3.8±0.5

3.7±0.3

3.9±0.4

Cuffed

44±13

46±16

55±23

43±16

Non-cuffed

57±20

49±17

49±14

63±37

Cuffed

17.7±7.7

21.6±13.9

19.6±7.7

20.6±9.2

Non-CUffed

17.9±9.0

21.2±7.1

23.2±11.3

20.1±9.7

14.5±7.0

14.3±4.7

14.3±4.7

12.0±5.2

Resting diameter (mm)

FMD time-to-peak

'time*arm':

0.56

(5)
'time': 0.92
'time*arm':

0.27

FMD SRAuc (s-lxl03)
'time': 0.65
'time*arm':

0.80

iEX (%)

Cuffed

16.3±5.7

Non-cuffed

12.8±4.3

14.8±4.5
12.9±4.0

'time': 0.56
'time*arm':

Values are means ± SO. FMO, flow-mediated dilatation; iEX,ischaemic handgrip exercise,
SRAUC, shear rate area-underneath-curve.
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0.40

Brachial artery flow
exercise training

mediated

vasodilator

induced a significant

(FMD) responses to ischaemia.

Cycle

increase in brachial artery FMD (ANOVA,

P=0.04; Figure 6.3A). Post-hoc analysis revealed that brachial artery FMD in the
non-cuffed

arm increased at week 2 (P<O.OSvs. week O), before returning to near

baseline values at weeks 4 and 8 (Figure 6.3A). In the cuffed arm, no changes in
FMD were evident at any time point (Figure 6.3A). No change was evident across
the 8-week training

period in the eliciting shear stress stimulus (SRAUcl to FMD,

baseline diameters or time-to-peak

dilation (Table 6.1).

Brachial artery responses to ischaemic exercise (iEX). In the non-cuffed

and cuffed

arms, the brachial artery dilator responses to ischaemic exercise did not significantly
differ across the training intervention

Endothelium-independent,
exercise training

period (ANOVA, P=0.56; Table 6.1).

NO-mediated

dilation

(GTN) responses.

leg

cycling

induced a significant change in brachial artery GTN by two-way

ANOVA (time factor P<O.Ol) (Figure 6.3B). Post hoc analysis revealed non-significant
decreases in GTN responses between weeks 0, 2 and 4, with a significantly increase
in GTN in both arms between week 4 and 8. Nonetheless, no significant change in
GTN was apparent

in either arm when week 8 and week 0 data were directly

compared.

FMD/GTN. The ratio of FMD to GTN responses was calculated to reflect changes in
endothelial
reinforced

function,

were normalised

to smooth muscle adaptation.

the FMD results, in that the ratio in the non-cuffed

This data

was significantly

increased at weeks 2 and 4 (ANOVA: P<O.Ol, Figure 6.3C), relative to week 0, with
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week

8 data not significantly

apparent

in the cuffed

A

different

from

baseline.

No significant

changes

were

limb (Figure 6.3C}.
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Figure 6.3 (A) Brachial artery endothelium-dependent

(FMD), (B) independent

(GTN; n=8)

and (C) FMD-to-GTN ratio data in the cuffed (white) and non-cuffed

(black) arms across an

8 week leg cycle training intervention.

± SE. * Post hoc t-test

significantly different

Data are presented as mean

from cuffed at P<O.OS.
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6.4. Discussion
The purpose of the present study was to determine
brachial artery endothelium-dependent

the impact of shear rate on

and -independent

function

in response to

lower limb cycle ergometer training. The principle of the present study was that a
rapid increase in endothelium-dependent
function

was apparent

training,

but not in the contralateral

and largely NO-mediated

vasodilator

in the limb exposed to increased shear stress during leg

Changes in FMD in the non-cuffed

cuffed limb in which shear was attenuated.

arm were transient,

returning to near baseline

values at week 8. When FMD responses were normalised for changes in smooth
muscle sensitivity, the FMD/GTN ratios also revealed significant increases in artery
function

in the non-cuffed

arm between weeks 0, 2 and 4, with no differences

between

weeks 0 and 8.

These data suggest that lower limb exercise induces

vascular functional
attributable,

changes evident

in the

untrained

upper

limbs which

are

at least in part, to the systemic effects of lower limb exercise on shear

stress.

In the present study, cycle exercise training

induced endothelial

adaptations

in

brachial artery of the non-cuffed arm only. This is in line with recent studies which
examined the impact of shear rate manipulation
exercise training (Tinken
2010; Naylor

in response to localised handgrip

et 0/., 2010) and bilateral forearm heating (Green et al.,

et 0/., 2011) in the presence and absence of cuff inflation. Collectively,

these studies suggest that shear stress is a key stimulus responsible for adaptation
in conduit

artery

adaptations,

with

function
resolution

in humans.

The transient

by 8 weeks, has previously
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nature

of endothelial

been described

and

discussed in detail (Tinken et al., 2008; Naylor et al., 2011). In response to handgrip
exercise, the return of FMD to baseline levels was accompanied by increases in iEX
mediated

dilation,

suggesting either that functional

changes are superseded

by

structural remodelling (Green et al.,2011) or that adaptation in endothelial function
other than that associated with NO may occur over time.
study, no changes in GTN or iEX mediated
Whilst the possibility

dilation

However, in the present

were apparent

that late changes occur in the function

at 8 weeks.

or remodelling

of

upper limb arteries in response to lower limb cycle exercise cannot be excluded,
this seems unlikely based on the findings of the current study and there is limited
evidence for systemic effects of exercise on arterial remodelling in humans (Silber et

al., 1991; Green et al., 2008a). Indeed, comparison of specific groups of upper or
athletes (Huonker et al., 2003), including the preferred

lower limb dominant
non-preferred

et al., 1996; Rowley et al., 2011),

limbs of racquet sportsmen (Green

indicate that changes in artery size predominantly
than systemic, stimuli.

and

occur in response to local, rather

This may suggest that the magnitude

and/or

pattern

of

shear stress in the brachial artery in response 8 weeks of lower limb exercise is
insufficient

to induce structural

adaptation,

despite evidence for initial changes in

endothelial function.

The observation that exercise induces shear stress mediated changes in NO signal
transduction
eNOS mRNA
components

is not new.
and

In humans, Hambrecht

protein,

including

shear

of the enzyme (Hambrecht

demonstrated

stress

et al., 2003).

exercise and shear stress to eNOS adaptation,
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sensitive

up-regulation

of

phosphorylation

Whilst this paper linked

it did not directly

manipulate

or

measure shear stress.
induce chronic

Other studies have reported

changes in upper

limb resistance

that leg exercise training can
and conduit

artery

function

et al., 2003; Gielen & Hambrecht, 2004; Green et al., 2008a). However,

(Maiorana

the findings in the present study are novel in that they provide the first evidence in
humans

that

exercise of large muscle groups,

changes in blood pressure and cardiac output,

associated

with

hemodynamic

is also associated with systemic

changes in artery function which are mediated by shear stress. The implications
this study are that exercise is capable of inducing

systemic benefits

of

in artery

function which may be anti-atherogenic.

The mean brachial artery shear stress was characterised

in the cuffed and non-

cuffed limbs during leg cycle ergometry in the present study, and also the antegrade
and retrograde components of shear (and flow).

Recent studies indicate that acute

bouts of exercise which alter shear are associated with immediate increases in FMD
(Tinken

et al., 2009). However, the acute FMD response to exercise bouts may be

complex, as interventions

which increase retrograde

decreases in FMD (Thijssen

et ol., 2010). The intensity of exercise is relevant in this

context as it impacts upon the substrate availability,
which

may

scavenge

antegrade/retrograde

shear can be associated with

NO

and

direct

signal

oxidant effects of exercise
transduction

mediated

by

patterns of shear. In the present study, measures assessed at

the end of the 80%HRmax exercise bout revealed modest levels of retrograde shear
compared to previous cycle studies (Green
explanation
demonstrated

for this may be provided
that retrograde

et al., 2005; Tinken et al., 2009). The

by Simmons

et al., (2011) who recently

brachial artery shear in response to cycle exercise
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decreases with exercise duration,

sub serving

demand (Simmons et al., 2011). Previous cycle studies, which

thermoregulatory
demonstrated

in association with skin vasodilation

a larger retrograde

shear component,

involved

shorter

bouts of

exercise (Green et ol., 2002c; Green et ol., 2005) or measures collected at earlier
exercise time points at lower intensities of effort.

Limitations. This study involved young healthy male volunteers
from the present study cannot be extrapolated
disease, or older individuals
sympathetic

or women.

and the findings

to subjects with cardiovascular

Vascular function

is affected

by the

nervous system, but it seems unlikely that systemic changes in neural

activation could example the unilateral impacts of training observed in the present
study. Similarly, circulating

hormonal

impacts of training

elicited bilateral changes in artery function,
direct

effects

vasodilator

of blood

pressure

or constrictor

logically, have

as would also have been the case for

on functional

pathways

would,

arterial

adaptation.

Finally, all

were not assessed and it is possible that

functional adaptations that superseded the FMD response were missed.

6.5. Conclusion
In conclusion, findings from the present study indicate that systemic adaptation
flow-mediated

endothelial

function

occurs in the non-exercising

in

upper limbs as a

result of leg exercise training and that this response is at least partly explained by
the impact of cycle exercise bouts on brachial artery shear stress. These findings are
the first, to my knowledge,
shear stress dependent

to indicate a systemic effect of exercise training via

mechanisms.

Exercise is an intervention

systemic vascular benefit in humans.
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which

elicits

Aims and Outcomes of Chapter 7

Chapter4

Chapter4
Aim: Examine the systemic effect of shear
rate during exercise on post exercise

~

Outcome: Dose-dependent increase in
shear rate = Dose-dependent increase in
brachial artery diameter.

brachial diameter.

Chapter 5

Chapter 5
Aim: Address the role of shear rate on
endothelial function following acute leg
cycling exercise.

"-

Outcome: Impairment in FMD post exercise
is exercise intensity-dependent.
FMD is only
decreased immediately post exercise.

Chapter6

Chapter 6
Aim: Examine the role of shear rate in

"-

systemic adaptations in the brachial artery
in response to leg cycle exercise training

Outcome: Rapid and transient increase in
endothelial function
No adaptation when shear is attenuated.

across 8-weeks.

Chapter 7

Chapter 7
Aim: examine the effects of acute localised
forearm inactivity and associated vascular

I-

responses.

Outcome: Significant decrease in peak
reactive hyperaemia and forearm girth, but
only in the arm that received local forearm
inactivity.
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Chapter 7

I

Unilateral forearm inactivity on
endothelial function in humans.
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7.1. Introduction

Physical

inactivity

cardiovascular

is

an

independent

risk

for

atherosclerosis

and

et al., 1989; Manson et al., 1999; Thijssen et al.,

diseases (Blair

2010). Given the low daily energy expenditure,
living (Booth

factor

which is characteristic

of modern

et al., 2002), the consequences of physical inactivity are likely to

worsen. Recent data suggest that the impact of inactivity cannot be fully explained
through modification
explanation

of traditional

risk factors (Thijssen

for the link between

inactivity

et al., 2010). An alternative

and cardiovascular

events relates to

direct effects on vascular remodeling and function (Joyner & Green, 2009).

Rapid improvements

in nitric oxide (NO)-mediated

observed during exercise training

endothelial

function have been

et al., 2008; Tinken et al., 2009). Data

(Tinken

derived from animals (Laughlin, 1995) and humans (Tinken

et al., 2008) indicate

that these rapid increases in vascular function precede structural remodeling during
exercise training.
remodeling

Indeed, prolonged

of artery diameter

exercise training

et al., 2011). Prolonged inactivity is also

(Rowley

associated with a strong dose-dependent
diameter
20llb)).

structural

inward remodeling

of arterial

et al., 2006a; Thijssen et al., 2010; Thijssen et al.,

(reviews (de Groat

However, the NO-mediated endothelial function shows no change or even

an increase after prolonged
Bleeker

is associated with outward

inactivity

(Bonnin

et al., 2001; de Groat et al., 2004;

et al., 200Sa; Bleeker et al., 2005b). It is proposed that changes in NO-

mediated
remodeling.

endothelial
However,

function
little

during

physical activity

occur

is known about the immediate

inactivity on vascular function.
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before structural
effects of physical

The purpose of this study, therefore, was to measure (largely and partly) nitric oxide
(NO)-mediated
dilation

endothelial-dependent

dilation

and

endothelial-independent

in humans, before, during (4 days) and after a brief period (8 days) of

unilateral

forearm

associated

with

local/systemic

inactivity.

practical

Since previous

limitations

models

of physical

(Le. spinal cord injury),

stimuli (Le. bed rest), inflammation

inactivity

of

(Le. casting after fracture)

or

was induced using a sling. Therefore,

forearm inactivity leads to an acute impairment

are

non-specificity

health risks (Le. unilateral lower limbs suspension) (see (Thijssen
forearm

inactivity

et al., 2010)), local

it is hypothesised

that

of endothelial function, without the

presence of a change in vascular structure.

7.2. Methods

7.2.1. Subjects

Thirteen young male subjects (22±lyears)
none reported

having been diagnosed

insulin resistance or cardiovascular
hypertension.

were recruited.
with

Subjects were healthy;

cardiovascular

diseases, diabetes,

risk factors, such as hypercholesterolemia

Subjects who smoked or were on medication

or

of any type were

excluded. All subjects were recreation ally active (2-5 hours of physical activity per
week). Informed

consent was gained from all subjects prior to the experimental

procedures. The study procedures were approved by the Liverpool John Moores
Ethics Committee and adhered to the Declaration of Helsinki.
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7.2.2. Experimental

design

Subjects reported to the laboratory for assessment of brachial artery endotheliumdependent

and independent

vasodilation

on three

during (day 4) and after the 8-day intervention.
by

a

sling

around

the

7.1).

different

occasions; before,

Local physical inactivity was induced

non-dominant

forearm

(Figure

Subjects

were

instructed

to wear the sling continuously

and were only allowed to remove the sling
for

sleeping

and

for

personal

hygiene

purposes (e.g. showering).

Figure 7.1 Participant wearing "sling" intervention to impose localised inactivity of the

forearm.

7.2.3. Experimental procedures

Subjects were instructed to fast for >4 hours, abstain from alcohol and caffeine for
16 hours, and not to perform any exercise for 24 hours (Thijssen et al., 2011a) prior
to

each laboratory

(electronic

attendance.

scales, SECA, United

Upon

arrival

at the

laboratory,

body

Kingdom) and height were measured.

mass

Bilateral

forearm volume, girth and maximal handgrip strength were also measured. Subjects
were then
assessment

required
of

sphygmomanometer

to rest in a supine position

heart

rate

and

blood

for 20 minutes,

pressure

(GE Pro 300V2, Dinamap, Tampa, FI).
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using

an

followed

by

automated

This was followed by assessment of brachial artery blood flow pattern and brachial
artery

endothelial-dependent

and -independent

impact of localised forearm

inactivity

FMD, brachial artery diameter

vasodilation.

To examine

on vascular adaptations,

bilateral

the

baseline

response to an ischaemic exercise protocol

(iEX),

reactive hyperaemic blood flow (RHBF) and dilator responses to sub-lingual glyceryl
trinitrate

administration

(400llg

GTN) were

assessed. These measures

repeated at 4 and 8 days of wearing the sling intervention.

were

For a full description of

FMD, iEX and GTN procedures and analysis please refer to Sections 3.3, 3.4 and 3.5
in the General Methods, Chapter 3.

7.2.4. Anthropometry

Maximal forearm girths were assessed using a diameter tape (Lufkin, Mexico) at the
widest

part of the forearm.

displacement technique,
measurements
subsequently
contraction
(Stoelting,

girth and forearm
the

mean of these

by the water

volume were taken on each arm,
3 measures.

Maximal

voluntary

(MVC) of both forearms was assessed using a handgrip dynamometer
Wood Dale, Illinois,

USA). Subjects were instructed

second maximal handgrip, followed
subjects

was determined

by immersion of the forearm to the cubital crease. Three

of forearm
calculating

Forearm volume

performed

to perform

a 1-

by 2 minute rest. During this 2 minute rest,

a MVC using the contra-lateral

arm. This procedure

repeated 3 times, and the MVC was calculated as the mean of 3 measurements.

120

was

7.2.5. Statistical analysis

A two-factor

ANOVA with repeated measures (with time as the independent factor)

were used to assess all brachial artery characteristics.

A one-factor

ANOVA was

used for analysis of resting heart rate, MAP, systolic and diastolic BP. Post hoc

t-

tests were used where significant values were found.

7.3. Results
7.3.1. Anthropometric

data

Before the sling intervention,
arms for forearm
induced

girth, volume

a significant

intervention

there were no significant differences
or strength

decrease

in

(Table 7.1). The sling-intervention

maximum

arm (Post-hoc P=O.03 for Day 0

between both

voluntary

contraction

in

the

versus Day 8), but not in the control

arm (Table 7.1). Analysis of forearm girth revealed a significant interaction-effect
across the 8-day period (2-way ANOVA interaction:

P=O.OS), post hoc analysis

revealed a significant decrease in forearm girth between arms at day 8. No change
in forearm volume was observed across the 8-day intervention

in either arm (Table

7.1).

7.3.2. Brachial artery vascular measurements

Blood flow pattern.

No significant

changes were

observed

antegrade or retrograde blood flow across the 8-day intervention

121

in baseline
(Table 7.2).

mean,

Endothelium dependent, nitric oxide and low-mediated
sling intervention

dilation (FMD). The 8-days

induced no change in brachial artery FMD in either arm (Figure

7.2A). Similarly, when FMD was presented as absolute change from baseline (mm),
no effect of the sling-intervention
diameter

were observed (Table 7.2). No change in resting

or shear rate area-under-the-curve

evident in either arm (Table 7.2).
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across the 8-day intervention

was
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Endothelium-dependent

responses to ischaemic exercise (iEX). The absolute (mm)

and relative (%) change in brachial artery diameter after ischaemic handgrip did not
differ significantly
control

across the intervention

period in the intervention

arm or in the

arm (Table 7.2, Figure 7.2B). Analysis of peak blood flow

significant interaction

effect (2-way ANOVA, time*arm;

revealed

a

P=O.OS).Post-hoc analysis

revealed a significant decrease in peak blood flow in the intervention

arm at day 8

compared to baseline, but no change in the control arm (Figure 7.2C).

Endothelium independent;

glyceryl trinitrate

mediated vasodilation

(GTN). Brachial

artery GTN responses in both the active and inactive arm did not change across the
8-days intervention

(Figure 7.20).

7.4. Discussion
The purpose of the present study was to examine the immediate effect of physical
inactivity,

induced by wearing a sling, on brachial artery endothelial

function

in

humans. It was observed that wearing the sling induced a trend for a significant
decrease in handgrip

strength

and a significant

reduction

in peak blood flow,

indicating that the intervention

successfully induced physical inactivity

inward remodelling

resistance vessels (Folkow et al., 1958; Conway,

of forearm

as well as

1963; Sinoway et al., 1986; Silber & Sinoway, 1990; Silber et al., 1991). Nonetheless,
it was observed that brachial artery (largely or partly) NO-mediated
dependent or -independent

endothelium-

function was preserved after 4 and 8 days of physical

inactivity. These data indicate that physical inactivity leads to a distinct time-course
for vascular remodelling between resistance and conduit arteries. Moreover, it was
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observed that conduit

artery function

is preserved

during the initial

phase of

physical inactivity.

Previous models of physical inactivity
immediate

et al., 1986), unilateral lower limb suspension is associated

an increased risk for venous thrombosis

frequently
(Bleeker

to study the

impact of physical inactivity. For example, space flight is expensive and

impractical (Convertino
with

are associated with limitations

(Green

et al., 1997), whilst the

used model of strict bed rest is not associated with upper limb inactivity

et al., 200sb). To overcome these limitations, in the present study a sling

was introduced
significant

to

induce

local forearm

decrease in handgrip strength

physical

inactivity.

and significant

The trend

decrease forearm

for

a

girth

across 8 days demonstrates the effectiveness of using a sling, i.e. a user-friendly and
easy applicable method, to induce forearm inactivity.

Moreover,

forearm

peak reactive

with

reported

a lower peak reactive hyperaemia

in the inactive region after bed rest

et al., 1998), cast immobilisation

(Silber & Sinoway, 1990), lower limb

(Shoemaker

immobilisation
2004; de Groot

(Bleeker

hyperaemia

is in agreement

the decreases in

previous

studies that

et al., 200sa), and a spinal cord injury (de Groot et al.,

et al., 2006a). As these previous studies adopted a longer time-

frame, data from the present study add the novel knowledge that resistance artery
remodelling occurs rapidly during physical inactivity.

Previous studies that

investigated

the effects

of prolonged

typically reported an increase in conduit artery (NO-mediated)
(de Groot

physical inactivity
endothelial function

et al., 2004; Bleeker et al., 200sa; Bleeker et al., 200sc; de Groat et al.,

2005; de Groot

et al., 2006a; Rakobowchuk et al., 2011). It is important to note that
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these studies also demonstrated
arteries, possibly interfering

a strong inward remodelling

of the same conduit

with a valid assessment of conduit artery endothelial

(Thijssen et al., 2008a; Thijssen et al., 2008c). Evidence from animals

function

(Laughlin et al., 1989) and humans (Tin ken et al., 2009; Tinken et ol., 2010) suggest
that functional

adaptations

precede structural adaptations (McAllister et al., 199G;

Tinken et al., 2008). It may therefore
results

in dose-dependent

functional

adaptations.

be possible that physical inactivity

structural

remodelling,

which

initially

are superseded

Timing of the vascular assessment was therefore

by

crucial in

the present study, especially since previous studies found rapid structural changes
during models of physical inactivity (Sugawara et al., 2004; Bleeker et al., 200Sa; de
Groot et al., 200Gb). However, in the present study no change in brachial artery
baseline diameter was observed, suggesting that the timing of measurements were
before significant structural remodelling of the brachial artery. However, there was
no significant change in largely or partly NO-mediated endothelial function or in the
NO-mediated endothelium-independent

One potential

explanation

dilation was observed in the present study.

for this finding

changes in conduit artery endothelial
unlikely given the significant

is 8-days are insufficient

function.

remodelling

However, it is believed that this is

in resistance arteries and decrease in

handgrip strength in the present study. Moreover,
that changes in conduit artery function
period of physical inactivity
2003; Tinken

et al.,

to induce

also other studies have found

can be observed after a relatively short

(Sugawara et al., 2004) and activity (Laughlin et al.,

2009). An alternative

present study relate to the hypothesis

explanation

that functional
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for the results from the
adaptations

to exercise

training

are not simply the opposite

physical inactivity
beneficial
(Green

(Thijssen

of functional

adaptations

observed during

et al., 2010; Rakobowchuk et al., 2011). Whilst the

effects of exercise training

on the NO-pathway

are well established

et ol., 2004; Green et al., 2011), most previous studies found that physical

inactivity did not alter the NO-pathway in conduit and resistance vessels (Thijssen

et

ai., 2010). Possibly, functional vascular adaptations during physical inactivity may be
driven through

different

vasoconstrictors

ways than the NO-pathway.

ET-1 and angiotensin-II

increased vascular tone after chronic
Groothuis

et al., 2010). Moreover,

have pro-atherogenic

are demonstrated
physical inactivity

to contribute
(Thijssen

ET-1 and angiotensin-II

effects (Newcomer

focus on the potential

For example, the powerful

& Padilla, 2011).

impact of physical inactivity

rather than the NO-pathway (Thijssen

to the

et al., 2007b;

are demonstrated

to

Future studies should

on vasoconstrictor

pathways,

et al., 2010; Rakobowchuk et al., 2011), to

better understand the impact of physical inactivity on the vasculature. Intra-arterial
infusion studies of vasoconstrictors
believed to reflect vasoconstrictor

or the low-flow

mediated constriction

tone in the radial artery (Gori

which is

et al., 2008), may

help to unravel these mechanisms.

Furthermore,

it has been suggested that the vascular smooth muscle may playa

role in remodelling.

Many factors are known to impact vascular smooth muscle

tone. In particular there is evidence for the important

role of blood flow and shear

stress for vascular remodelling (Langille & O'Donnell, 1986; Tuttle

et al., 2001; Amiri

et al., 2004; Bouvet et al., 2007; Loufrani & Henrion, 2008). Blood flow and shear
stress mediated release of vasoactive substances (Le. NO) enable the endothelial
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cells to playa

significant

role in causing resistance vessel remodelling

(Martinez-

Lemus et al., 2009), more specifically a reduction in blood flow and therefore shear
stress with

inactivity

reduces the shear-stress

substances causing a detrimental

mediated

release in vasoactive

effect upon the endothelium

(Thijssen et al.,

2010). It is suggested that changes in the peak reactive hyperaemic

blood flow

response (RHBF) initiated from the ischaemic handgrip exercise is associated with
remodelling of resistance vessels. Resistance vessels contribute to systemic levels of
vascular resistance and blood pressure as well as a downstream

supply of blood

flow and there is evidence to suggest that adaptations to the peak reactive RHBF
provides

a prognostic

marker

for

predicting

future

(Anderson

et al., 2011; Lind et al., 2011). The rapid decrease in forearm peak blood

flow, Le. a marker for resistance artery remodelling,

cardiovascular

diseases

did not follow the changes in

the conduit artery supplying the forearm resistance vessels. These results suggest
that deconditioning

of the conduit arteries follow a different time-course compared

to that of resistance vessels of the same limb when being exposed to the same
stimulus. Such observations are not frequently

described when examining vascular

adaptations to physical inactivity. However, studies also reported a different timecourse of structural

adaptations

in the conduit and resistance arteries (Bleeker et

al., 200Sa; Bleeker et al., 2005c; de Groat et al., 200Gb). The distinct time-course
during

exercise

remodelling

and inactivity

suggest that

the

stimuli

that

induce

vascular

vary markedly for conduit and resistance arteries, this hypothesis was

first proposed based on data in animals (Laughlin, 1995) and from exercise training
in humans (Tinken et al., 2008).
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Limitations. Although a decrease in maximal voluntary contraction

and peak blood

flow in the inactive arm was found, the duration of the sling-intervention
too short to cause significant changes in the brachial artery endothelial

may be
function.

Although the sling was convenient and allowed subjects to perform daily activities,
this model is highly susceptible

for non-compliance.

It is recommended

future

studies to use an accelerometer

on the inactive arm as an objective measure to

control for arm movement.

7.5. Conclusion
In conclusion, the effects of the forearm inactivity intervention,
after 8-days induced

a significant

decrease in post-ischaemic

before, during and
limb blood flow.

Previous studies have suggested that a reduction in peak blood flow response is a
marker of arterial remodelling. Consistent with these findings, data illustrated in the
present study indicate a reduction in peak blood flow in response to acute localised
inactivity

suggestive

of remodelling

of forearm

resistance

measures of (largely and partly) NO mediated endothelial
were not altered.

vessels. However,

conduit artery function

It is likely that this may be associated with functional adaptations

preceding structural

adaptations.

This could indicate that 8-days of forearm local

inactivity has no significant impact on the NO-pathway in the brachial artery. It is
possible that non-NO-mediated

changes in vascular function

during a period of inactivity.
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may be observed

Aims and Outcomes

of Chapter 8

Chapter 4

Chapter4

Aim: Examine the systemic effect of shear
rate during exercise on post exercise

~

Outcome: Dose-dependent
shear rate = Dose-dependent

increase in
increase in

brachial diameter.

brachial artery diameter.

Chapter 5

Chapter 5

Aim: Address the role of shear rate on
endothelial function following acute leg
cycling exercise.

~

Outcome: Impairment in FMD post exercise
is exercise intensity and therefore shear
rate-dependent. FMD is only decreased
immediately post.

Chapter 6

Chapter6

Aim: Examine the role of systemic

~

increases in shear rate on brachial artery
responses across 8-weeks leg cycle

Outcome: Rapid and transient increase in
endothelial function.
No adaptation

exercise training.

when shear is attenuated.

Chapter 7

Chapter 7
Aim: Examine the effects of acute localised
forearm inactivity and associated vascular

~

responses.

Outcome: Significant decrease in peak
reactive hyperaemia and forearm girth, but
only in the arm that received local forearm
inactivity.

Chapter8
Aim: investigate the role of acute and
prolonged retrograde shear rate on

Chapter8

~

vascular responses.

Outcome: FMD is impaired acutely, but
only when retrograde shear rate is
increased.
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Cha pter 8

I Acute and longer- term manipulation

of retrograde shear rate on endothelial function in
humans.
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8.1. Introduction
Changes in shear stress across the endothelial cell membrane are a key stimulus for
adaptation

in both vascular function

O'Donnell,

1986; Pohl

and remodelling

of the artery (Langille &

et al., 1986; Niebauer & Cooke, 1996; Tuttle et al., 2001;

et al., 2008). Whilst it is well known that increases in shear stress are

Laughlin

beneficial for arterial function,

in vitro and studies in animals have demonstrated

that shear stress patterns characterised

by high levels of retrograde

detrimental

et al., 2006; Thijssen et al., 2009b). Such

for vascular health (Harrison

shear pattern
(Ziegler

lead to expression of pro-atherogenic

shear can be

genes (e.g. increase in ET-1

et al., 1998) and adhesion molecules (Chappell et al., 1998; Himburg et al.,

2007) and increase in superoxide (McNally
Keulenaer

et al., 1998; Hwang et al., 2003), but decreases anti-atherogenic

(e.g. eNOS expression (De Keulenaer
relatively

et al., 2003) and NADPH oxidase (De

little

genes

et al., 1998; Hwang et al., 2003)). However,

is known about the impact of acute and short-term

changes in

retrograde shear stress in humans.

Increases in peripheral

vascular tone

upstream retrograde

shear (Thijssen

studies

that

have found

are believed

to contribute

et al., 2009c; Padilla et al., 2011a). Previous

an increased external

pressure on the forearm

increases retrograde shear in the upstream brachial artery, without
central arterial

pressure or mean shear rate (Tin ken

2010). Based on these observations,

to increased

also

any changes in

et al., 2009; Tinken et al.,

it is hypothesised that a compression sleeve

around the forearm may induce a comparable effect on shear rate in the upstream
brachial artery, providing a human

in vivo model to examine the short- and longer-
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term effects of manipulation

of retrograde

shear rate.

Therefore, the first aim of

this study is to measure endothelial function before and after 1 hour exposure to a
compression sleeve in young healthy male subjects in vivo. Secondly, endotheliumdependent
dilation

(i.e. largely and partly nitric oxide (NO) mediated)

was examined

compression

and -independent

before, during (4 days) and after 8 days of wearing the

sleeve. Therefore,

it is hypothesised

that an increase in retrograde

shear rate, induced by the compression sleeve, will lead to an acute impairment

of

endothelial function, which is persistent when the compression sleeve is worn for 8
days.

8.2. Methods

8.2.1. Subjects

12 healthy male participants

took part in the present study (Table 8.1). Subjects

were young and healthy; none reported having been diagnosed with cardiovascular
disease, diabetes mellitus, insulin resistance or cardiovascular
hypercholesterolemia
medication
gained from
procedures

or

hypertension).

Subjects

who

of any type were excluded from participation.
all participants
were

approved

prior to the experimental
by the

liverpool

John

risk factors (such as

smoked

or

were

on

Informed consent was
procedures.

Moores

The study

University

Ethics

Committee and adhered to the Declaration of Helsinki.

8.2.2. Experimental design and procedures
Acute compression intervention.

On day 0, subjects reported to the laboratory for

the assessment of brachial artery function.
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After baseline testing of the brachial

artery endothelial
compression

function

on day 0, the acute effect of a 1 h exposure to the

sleeve on brachial artery blood flow and shear rate patterns

examined. Bilateral brachial artery diameter
minutes for at least 1 minute
Methods,

and velocity was examined every 15

(Please see Sections 3.4 and 3.5 in the General

Chapter 3, for a full description

shear rate analysis). Based on the immediate
brachial artery retrograde

was

of brachial diameter,

blood flow and

effect of the compression sleeve on

shear, subjects were divided into an intervention

(Le.

increase in retrograde shear) and control group (Le. no change in retrograde shear).
Immediately after the 1 h intervention,

bilateral brachial artery endothelial function

was re-examined to assess the immediate impact of the compression sleeve on the
endothelial
methods,

function
Chapter

(Thijssen et al., 200gb) (Please see Section 3.3 in the General
3, for

full

description

of

FMD

procedure

and analysis).

Subsequently, subjects were instructed to wear a compression sleeve around the
forearm for 8 days.

Prolonged compression intervention. Subjects reported to the laboratory on three
separate occasions over a period of 8 days (day 0, 4 and 8). Subjects were instructed
to fast for >4 hours, abstain from alcohol and caffeine for 16 hours, and not to
perform

any exercise for 24 hours (Thijssen et al., 20lla).

Upon arrival at the

laboratory, body mass (electronic scales, Seca, England) and height were measured.
Subjects then rested in the supine position for 20 minutes, followed by assessment
of heart rate and blood pressure using an automated
300V2, Dinamap, Tampa, FI). This was followed
(largely and partly)

nitric

oxide

{NO)-mediated
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sphygmomanometer

(GE Pro

by assessment of brachial artery
endothelium-dependent

and -

independent

vasodilation.

For a full description

of FMD, iEX and GTN procedures

and analysis please refer to Sections 3.3, 3.4 and 3.5 in the General Methods,
Chapter 3.

8.2.3. Intervention
Subjects were instructed
forearm

to continuously

wear a compression

sleeve around the

(during daytime and night time). Placement of the compression

around the dominant or non-dominant

sleeve

forearm was randomised between subjects.

When selected, the compression sleeve was kept on the same arm throughout
8-day period. The compression

the

sleeves are developed for (upper limb dominant)

athletes to improve performance

and provide an equally distributed

compression

around the forearm (Tube, Herzog Medical,
Woudenberg, The Netherlands; Figure 8.1).
Information

provided by the manufacturers

indicates

that

provides

a

the

pressure

compression
of

25-32

sleeve
mmHg.

Subjects were only allowed to remove the
compression

sleeve for personal hygiene

purposes (e.g. showering).
Figure 8.1 Herzog Medical compression sleeve

6.2.4. Statistical analysis

A two-factor

ANOVA with repeated measures (time as the independent factor) were

used to assess the acute changes in brachial artery blood flow during the acute
compression period. An additional two-factor
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ANOVA repeated measures (with time

as the independent
(largely

and partly)

independent

factor) were used to assess the acute changes in brachial artery
nitric

vasodilation.

oxide {NO)-mediated
A one-factor

endothelium-dependent

and -

ANOVA was used for analysis of resting

heart rate, MAP, systolic and diastolic

BP. Post hoc t-tests were used where

significant values were found. Post-hoc analysis t-tests were used where significant
values were found. The relationship
increases in retrograde

between

the percent

changes in BMI and

SR in both the control and the intervention

group were

assessed using pearson's R correlations.

8.4. Results
8.4.1. Acute effect of compression sleeve on blood flow and endothelial function
Blood flow and shear rate. There were no significant differences between the
intervention

and control group for mean and antegrade shear rate (P>O.OS,Figure

8.2). However, retrograde

shear rate was significantly

higher in the intervention

group compared with the control (P<O.OS,Figure 8.2). However, there wasa poor
correlation

between BMI and increases in retrograde

SR, in both the intervention

(R2=O.001) and the control group (R2=0.21).

Table 8.1 Characteristics of subjects (n=12) before (Day 0), during (Day 4) and after (Day 8)
the unilateral compression sleeve intervention.
DayS
P-value
Oay4
Variable
oav o
22±3
Age (years)
Height (m)
1.76±0.07
Weight (kg)
71.0±10.1
BMI (kg/m2)
23.0±3.4
0.84
127±16
123±17
Systolic BP (mmHg)
131±9
0.23
65±7
65±4
Diastolic BP (mmHg)
67±3
0.99
84±7
86±9
Mean BP (mmHg)
88±4
0.73
54±8
Heart rate (bpm)
59±11
58±14
Values are means ± SD; P-value refers to a one-way ANOVA.BMI, body massindex; BP,
blood pressure.
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Figure 8.2 Brachial artery mean, antegrade (+ve SR) and retrograde
15, 30, 45 and 60 mins, during compression in the intervention
Values are mean

(-ve SR) shear rate at 0,

(n=6) and control (n=6).

± se. Post hoc analysis; post-hoc significantly different at P<0.05 from

*control group
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Pre and post FMD. Brachial artery FMD was significantly lower immediately after 1 h
of the intervention

in the intervention

group, but not in the control group (P<O.05,

Figure 8.3 and 8.4). But no changes observed in other FMD parameters (Table 8.2).
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Figure 8.3 Brachial artery flow-mediated dilation (FMD, presented as a relative change from

baseline diameter) pre and immediately post an acute compression period of lhr, in the
intervention and non-control. Data are presented as mean ± SE. Data from the 2-way
ANOVA

are presented.

* Post hoc significantly different from pre-compression,

significantly different from the control group (P<O.OS).
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Figure 8.4 Individual data for brachial artery flow-mediated
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baseline diameter)

dilation (FMD presented as

pre and immediately

compression period of lhr, in the (A) control and (B) intervention groups.
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post an acute

Table 8.2 Brachial artery FMO parameters before and immediately after 1 h of wearing a
compression sleeve in subjects who demonstrated a change in shear pattern
('intervention', n=S) and who demonstrated no change in shear pattern ('control', n=6).
Variable
Resting diameter (mm)
Intervention
Control
Time-to-peak (s)
Intervention
Control
SRAuc ( 5.1 xlO3)

PRE

POST

P-value

3.9±0.3
4.1±0.5

3.8±0.3
4.1±OA

'time': 0.88
'time*arm' 0.61

54±15
44±20

48±13
47±25

'time': 0.69
'time*arm' 0.57

Intervention
Control

21.3±9.1
21.1±6.2
'time': 0.56
14.0±4A
17.0±7.9
'time*arm' 0.55
Values are means ± SO,FMO,flow-mediated dilatation; SRAUC, shear rate area-under-thecurve.

8.4.2. Longer-term effect of compression sleeve on endothelial function
Before

the

intervention,

antegrade and retrograde

no significant

differences

in brachial

shear rate between the intervention

(Table 8.3, P>O.OS)were found. Also, no difference

artery

mean,

and control group

in brachial artery FMD, iEX or

GTN were found between both arms.

Table 8.3 Mean, antegrade and retrograde shear rate in the brachial artery at rest 0,4 and
8 days in the control and intervention arm.
Variable
Mean SR
Intervention
Control
Antegrade SR
Intervention
Control
Retrograde SR
Intervention
Control

DayO

Day4

DayS

P-value

107±31
46±24

90±47
83±41

74±49
n±42

'time': 0.56
'time*arm': 0.15

123±36
63±22

109±37
88±42

82±53
80±36

'time': 0.34
'time*arm': 0.10

-17±10
-18±12

-19±16
-5±4

-8±9
-8±8

'time': 0.12

Values are means ± SO.SR;shear rate (s'l

142

'time*arm':

0.20

Across the 8 day intervention,

no significant

differences

were observed in heart

rate, mean, systolic and diastolic blood pressure (Table 8.1). Similarly, no significant
differences

were

observed

in brachial

intervention

in the intervention

artery

FMD, iEX or GTN during

the

group or control group (P>0.05, Table 8.4).

Table 8.4 Brachial artery FMD, iEXand GTN at 0, 4 and 8 days during compression sleeve

intervention in the intervention and control group.
DayO

Day4

DayS

P-value

3.9±0.3
4.1±0.5

3.7±0.3
3.9±0.5

4.0±0.6
4.1±0.5

'time': 0.18
'time*arm': 0.86

0.6±O.2
0.6±0.2

0.6±0.2
0.6±0.2

0.6±0.2
0.6±0.2

'time': 0.25
'time*arm': 0.53

7.1±2.1
6.8±2.1

6.9±3.0
6.1±2.3

6.4±3.0
7.9±1.6

'time': 0.64
'time*arm': 0.53

Intervention
Control
Time to peak (s)
Intervention
Control
iEX (%)

21.1±8.8
14.0±4.4

17.7±9.4
14.5 ±4.3

1l.5±6.8
20.7±7.2

'time': 0.76
'time*arm': 0.02

54±15
44±20

37±19
46±15

35±9
58±16

'time': 0.11
'time*arm': 0.07

Intervention
Control
Peak RH
Intervention
Control
GTN (%)
Intervention
Control

14.4±4.0
1l.5±4.0

13.2±3.0
10.6±2.7

13.7±4.0
9.5±3.4

'time': 0.16
'time*arm': 0.91

701±248
562±112

667±180
452±102

802±329
482±186

'time': 0.64
'time*arm': 0.37

17.0±2.9
14.2±5.8

20.0±5.4
14.0±4.5

19.2±4.1
15.8±3.8

'time': 0.49
'time*arm': 0.76

Variable
Resting diameter (mm)
Intervention
Control
FMD (mm)
Intervention
Control
FMD (%)
Intervention
Control
SRAuc(5-1 xld)

Values are means ± SO, FMD, flow-mediated dilatation; iEX,ischaemic handgrip exercise,
GTN; glyceryl trinitrate; SRAuc, shear rate area-underneath-curve; RH, reactive hyperaemia.
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8.5. Discussion
The purpose

of the present

study was to examine

the effects

of acute and

prolonged increases in retrograde shear rate (induced using a forearm compression
sleeve) on brachial artery endothelial-dependent
humans. The principle
endothelial

function

finding

following

was that there

and -independent
was an immediate

an acute compression

period.

decrease was only evident in those subjects demonstrating
retrograde

function

in

decrease in

Interestingly,

this

a significant increase in

shear rate. However, prolonged use of compression did not induce any

changes in endothelial-dependent

or -independent

In the present study a novel experimental
retrograde

function.

design was utilised to induce increases in

shear rate, and assess endothelial

adaptations

before and after acute

and prolonged exposure of compression. In the present study blood and shear rate
was manipulated,

independent

of exercise. This approach of manipulating

flow and shear rate to increase retrograde
interestingly,
post

the

shear rate was evident in 6 subjects,

this was associated with a significant decrease in FMD immediately

acute

demonstrating

compression

exposure.

no change in FMD, exhibit

On the

other

(largely) NO dependent

function

hand,

those

no change in retrograde

together, the data from the present study demonstrate
dependent

blood

subjects
SR. Taken

a decrease in endothelial-

in vivo, after short term exposure to

increases in retrograde SR.

In addition

to this finding,

adaptations

in endothelial

function

following

the

prolonged use of forearm compression were not observed. A possible explanation
for this could be that the stimulus was too low, this is consistent with data from
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Thijssen

et al. (Thijssen et al., 2009b) who examined the effects of different

pressures of compression

on the forearm to induce retrograde

report

decrease in FMD, whereby

a dose-dependent

response to the higher compression
prolonged modification

shear rate.

They

FMD was only reduced in

pressures at 50 and 75 mmHg. Therefore,

in artery function in response to elevated retrograde shear

may require a more potent stimulus.

Retrograde

shear rate

is hypothesised

dysfunction

in humans (Thijssen

as a strong

stimulus

for

endothelial

et 01./ 2009b). Increases in blood flow and shear

rate with exercise are known to maintain the health and tone of the vessels by
initiating the release of various vasoactive and anti-atherogenic

substances such as

NO (Trone

et al., 1996; Tuttle et al., 2001; Green et 01./ 2004). However, studies

examining

elevations

demonstrated
effects

in retrograde

blood flow and shear rate in animals have

that increased levels of retrograde

leading to pro-atherogenic

outcomes

shear rate produce opposing

(Laughlin

et al., 2008). There is

Increasing evidence indicating that disturbed flow patterns, characterised
presence of retrograde
endothelial
initiate

and oscillatory

by the

shear stress, induce a pro-atherogenic

cell phenotype. In particular, retrograde shear rate has been known to

the production

of ET-l expression

adhesion molecules (Himburg
oxidase) (De Keulenaer
pro-atherogenic
the short-term

(Ziegler

et al., 1998), expression of

et al., 2007), and reactive oxygen species (e.g. NADPH

et al., 1998) which are usually associated with increases in

factors within the vascular wall (Laughlin
increases in retrograde

et al., 2008). Therefore,

shear rate and the subsequent decrease in
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endothelial function, observed in this study, may help to explain the principal cause
of atherosclerosis and endothelial dysfunction.

An elevation in peripheral vascular tone are usually associated with characteristics
of

cardiovascular

hypertension

risk factors,

(Taddei

such

as obesity

et al., 2004) and

(Cardillo

et al., 1999; Campia et ot., 2004; Cardillo et al., 2004), and

these conditions are also associated with an impaired endothelial function (Cardillo

et al., 2004), therefore it is possible that these increases in retrograde shear rate
patterns in the conduit arteries may be a result of increases in vascular tone in the
resistance vessel beds (Green
nervous

system tone

impairments
potentially
function

et al., 2005). In addition, elevations in sympathetic

and peripheral

vascular tone

in brachial artery endothelial function

are associated

(Dyson

with

acute

et al., 2006), this could

explain the finding in the present study where a decrease in endothelial
was observed.

In a recent study, Padilla and colleagues (Padilla

et al.,

2010), sought to identify the underlying mechanisms of oscillatory shear patterns in
conduit
nervous

arteries, their data suggest that acute elevations
activity

(MSNA) were

associated

with

in muscle sympathetic

an increase

in conduit

artery

retrograde and oscillatory shear. This evidence could suggest that the sympathetic
nervous system may play an essential role between MSNA, arterial blood pressure
and factors that modulate shear rate patterns, however, future studies would be
required to determine this.

Results from the present study suggest that the normalisation
shear pattern

across the 8 days of intervention

changes in the brachial artery diameter. Alternatively,
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of the brachial artery

is unlikely to be explained

by

it is believed that increases in

retrograde

shear rate in conduit arteries may result from an increase in vascular

tone in downstream

resistance vessels (Green

et al., 2005; Padilla et al., 2010).

Therefore, changes in forearm resistance artery tone could potentially contribute to
a normalisation

of the shear pattern.

Unfortunately,

changes in resistance artery

resting tone and/or vascular function was not examined. However, brachial artery
peak blood flow, which represents a valid and accepted index of resistance artery
size or remodelling

et al., 2005b) was examined, but no change was found

(Naylor

across the 8 day intervention.

Limitations. A potential limitation of this study is that only healthy male volunteers
were

recruited

and these

findings

cannot

be extrapolated

to subjects

with

cardiovascular disease, women or older subjects. Additionally, the stimulus used for
compression provides attenuation

of between 25-32 mmHg, this pressure may not

have been sufficient to induce alterations
use. A likely explanation

in endothelial

relates to between

function

after prolonged

subject differences

in the pressure

induced by the compression sleeve. Although a correlation
intervention
between

or control group was not identified

subject variability

regarding

the effect

between BMI and the

it is still possible that a higher
of compression

on the shear

pattern was expected due to the relatively low pressure (25-32 mmHg) (Thijssen et
al., 2009b). However, applying higher pressures (Le. 50-60 mmHg) was not possible
as this is associated with subject discomfort

when applied for 8 days. Nonetheless,

the increase in retrograde shear was associated with a significant decrease in FMD%
immediately

after 1 h wearing the sleeve, which confirms a previous finding from

previous research (Thijssen

et al., 2009b). Taken together, these data demonstrate
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that 1-h exposure to elevated levels of retrograde shear rate in the brachial artery is
associated with a decrease in endothelial function in humans in vivo.

S.6. Conclusion
In conclusion, results from the present study provide an insight into the acute and
prolonged

effects

mediated

function,

of retrograde
suggesting

shear rate upon endothelial
that

acute,

but

not

prolonged,

retrograde shear rate cause a decrease in NO-mediated function.
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dependent,
increases

NOin
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9.1. Aims and objectives
The principle findings from the studies presented in this thesis will be highlighted
and discussed accordingly throughout
stress in modulating

this chapter. Specifically, the role of shear

vascular adaptations

training and deconditioning

in response to acute exercise, exercise

interventions

in young, healthy male participants

will

be explored in this section.

Study 1 (Chapter 4) identified the importance of shear rate during acute lower limb
exercise for brachial artery vasodilation

during exercise at 50, 70 and 85%HRmax•

This was achieved with a novel intervention

of exercise with unilateral

forearm

heating to manipulate shear in one arm during exercise. Increases in post-exercise
brachial

artery

diameters

were

evident

in a dose-dependent

manner

in the

unheated arm, with largest increases observed at the higher exercise intensities (70
and 85%HRmax) only; this was associated with a dose-dependent,

exercise-induced

increase in shear rate. Unilateral forearm heating resulted in higher levels of shear
rate in the heated arm during exercise, independent

of the exercise intensity. This

resulted in increases in post-exercise artery diameter (compared with pre-exercise)
at all intensities,

suggesting that shear rate per se is a stimulus for vasodilation.

Taken together, these data support recent reports that exercise is a known stimulus
to

induce

vasodilation

systemic

changes

in conduit

artery

shear

rate

and

subsequent

(Green et al., 2002c; Green et 0/., 2005; Thijssen et 0/., 2009a)

(Simmons et 0/.,2011).

The data reported in Chapter
in Chapter 4, but reports

5 comes from the same experimental model outlined
that

FMD was impaired
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immediately

post-exercise.

Interestingly,

as with

the data from

the previous

chapter,

decrease in FMD was observed to be dose-dependent,

the magnitude

of

with the magnitude

of

decrease from pre exercise being greater at intensities of 70 and 8S%HRmax, but not
SO%HRmax• an observation concomitant

with the largest shear rates. In addition, this

study examined endothelial

before and after exercise (0, 1, 2, 24h) and

found that the impairment

function,

reported above was transient, since it was evident that

FMD return to baseline by lh post exercise. This observation brings some clarity to
the contradictory

reports

in the literature

that FMD is elevated,

depressed or

unchanged post-exercise, as previous studies have used post-exercise timings which
have varied considerably
2008; Tinken
Johnson

(Padilla

et al., 2006; Dawson et al., 2008; Harris et 01.,

et al., 2009; Jones et al., 2010; Varady et al., 2010; Zhu et al., 2010;

et al., 2011). Consequently, data from this study confirm the importance of

taking multiple measurements

post-exercise and that the timing of the immediate

post exercise measurements are equally relevant.

The previous chapters assess the importance

of acute changes in blood flow and

shear rate during acute exercise and with (or without) forearm heating intervention
on brachial artery responses both during and following

exercise. The third study

expanded on the previous work, and examined the effects of prolonged exposure
(exercise training) to shear stress on vascular function.
(Tinken

Building on previous work

et ot., 2009; Tinken et al., 2010) that examined localised exercise training

and associated increases in shear stress, the impact of whole body leg exercise on
upper limb adaptations in order to define systemic
Lower limb exercise training

was performed
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vs. local changes was examined.

across 8 weeks, with

shear rate

manipulated

in one forearm by the inflation of a pneumatic cuff to low pressures.

As hypothesised this attenuation
no change in endothelial

in shear rate in the arm that was cuffed resulted in

function

across the 8-weeks of exercise. On the other

hand, rapid increases in endothelial
arm.

function

were observed in the contralateral

These results are in keeping with previous literature

shear stress-mediated

adaptations

in endothelial

function

which has examined
(Tinken et a!., 2009;

Tinken et at., 2010; Naylor et al., 2011) with localised exercise training, suggesting
that shear is the mechanism causing the observed changes in systemic adaptations
of the brachial artery.

The main aim of the
directly

4th

study was to examine whether inactivity and deconditioning

effects the vasculature.

nature of vascular deconditioning
localised deconditioning

This study successfully demonstrated

via the use of a novel method to impose acute

("sling") across an 8-day intervention.

a rapid decrease in peak hyperaemic
remodelling,

blood flow,

This method caused

indicating

in the arm with a "sling". This is consistent

stating physical inactivity

the rapid

results in an inward remodelling

resistance

vessel

with previous reports
of forearm

resistance

vessels (Folkow et al., 1958; Conway, 1963; Sinoway et al., 1986; Silber & Sinoway,
1990; Silber et al., 1991). In addition

to this observation

it was observed that

wearing the sling induced a trend for a decrease in handgrip strength, providing
evidence that the model of inactivity

was successful. However,

endothelial

vasodilation

-dependent

or -independent

adaptations

across the intervention

not observed, suggesting that vascular adaptations to deconditioning

were

do not follow

the same mechanisms as those of exercise training (Thijssen et al., 2010).
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in

The final and 5th study (Chapter 8) examined the role of acute and prolonged
increases in retrograde
determine

the

shear rate on endothelial

underlying

mechanisms

compression sleeve to manipulate
assess acute and prolonged
Interestingly,

an acute

of

function,

endothelial

in an attempt

to

deconditioning.

A

forearm blood flow and shear rate was used to

responses to forearm

1hr period

of compression

compression
resulted

across 8-days.

in a decrease

in

endothelial function, but only when retrograde shear was increased. The prolonged
use of compression across 8-days illustrated no change in FMD. Taken together, the
data demonstrate
function

a decrease in endothelial-dependent

(largely)

NO mediated

in vivo, after short term exposure to increases in retrograde shear rate.

Retrograde shear rate is often referred to as a key stimulus for the expression of
pro-atherogenic

phenotype (Laughlin et al., 2008) and this study provides evidence

for this with the acute impairment

observed in endothelial function following acute

elevations in retrograde shear rate.

The studies presented in this thesis indicate the importance of mean and antegrade
shear rate as a potent systemic physiological stimulus for adaptations

in the non-

exercising upper limbs during acute and prolonged leg cycling exercise. On the other
hand, increases in retrograde
endothelial
localised
reductions

function.
inactivity;

shear rate are responsible for acute impairments

in

Finally, there is evidence for rapid structural

adaptations

to

the

be related

to

mechanisms

for

this

reduction

could

in blood flow, and thus shear stress, to the localised area of inactivity

(Langille & O'Donnell, 1986).
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9.2. General Discussion
Shear stress has been referred
vasculature (Pohl

to as the key stimulus

for adaptations

of the

et al., 1986; Mora et al., 2007; Tinken et al., 2009; Tinken et al.,

2010). Studies in animals have provided widespread evidence of the importance

of

shear stress and blood flow for vascular adaptations (Langille & O'Donnell, 1986) .
Extensive data from animals and humans provide evidence for the beneficial effects
of exercise training
(Maiorana

for vascular function

and health

populations

et at., 2000; Green et al., 2004; Jasperse & Laughlin, 2006; Mora et al.,

2007; Green

et al., 2011) and that exercise provides a strong stimulus to cause an

increase in blood flow and shear stress (Armstrong
Thijssen

in different

et al. (2009a), demonstrated

et al., 1987). A recent study by

that different

modes of exercise training

(large or small muscle groups) are associated with different
and shear stress, in particular

lower

patterns of blood flow

limb exercise causes increases in mean,

anterograde

and retrograde shear rate patterns in the non-exercising upper limbs.

Additionally,

it has been hypothesised that repetitive

increases in shear stress, with

exercise training, are the principle stimulus for adaptations
stimulating

the endothelium

of the vasculature

by

to release several vasodilators, in particular NO (Pohl

et al., 1986; Laughlin et al., 2008) which is a potent anti-atherogenic agent (Laughlin
et al., 2008). It has therefore
production

been suggested that shear stress mediated

is a key stimulus for conduit artery vasodilation with exercise (Green

NO

et

at., 2004; Tinken et al., 2009; Tinken et ol., 2010; Simmons et ot., 2011) and that a
functioning,

healthy

endothelium

is

necessary

for

shear-stress

mediated

vasodilation to occur (Langille & O'Donnell, 1986) possibly resulting in altered gene
expression.
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A likely explanation

for exercise training-induced

function was demonstrated

in endothelial

by Hambrecht et al. (2003) who provided evidence that

in vitro and in vivo enhancement

in endothelial

training was due to a shear stress-dependent
(eNOS). Data illustrated

improvements

function

in response to exercise

increase of endothelium

NO synthase

in Chapters 4-6 provide an insight into the role of shear

stress during and after leg cycling exercise, with and without interventions

to either

increase or attenuate

of these

signalling

systems

investigation

shear stress and suggests that

may occur very rapidly.

either

using direct

up-regulation

This proposition

pharmacological

warrants

further

blockers of eNOS or Western

blotting techniques to examine eNOS expression.

The results reported

in Chapter 4 indicate that exercising at different

cause a dose-dependent

intensities

increase in mean shear rate and subsequent increase in

brachial artery diameter after leg cycling exercise, with higher increases in shear
rate and diameter only evident at the higher intensities. The role of shear in this
process is highlighted by the observation that, when shear rate is increased using a
heated water-bath

(in one arm), independent

of the exercise intensity, increases in

brachial artery diameter are observed at all intensities, confirming the importance
of shear rate in artery vasodilation.
was observed

Similarly, a dose-dependent

response in FMD

in response to an acute bout of exercise (Chapter 5). FMD was

significantly

lower immediately

normalising

and reaching near baseline values by 1hr post-exercise.

highlights

the importance

immediately,

following

of taking

exercise at the higher intensities

multiple

only,

This study

post exercise measurements

(Le.

1, 2, and 24h post exercise). Interesting, exercise intensity also plays
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an important

role in modulating

adaptations

in vascular function

training (Goto

et al., 2003; Green et al., 2004). In a carefully performed study, Goto

and colleagues (2003) suggested that vascular improvements

with exercise

may be dependent

upon repetitive increases in shear stress, but that such adaptations may be offset to
some degree as higher exercise intensities create a greater background of oxidative
stress, which may ultimately

quench NO. More specifically, it was suggested that

high intensity exercise may impair endothelium-dependent

vasodilation

increase in reactive oxygen species, resulting in a reduction
(Davies

due to an

in NO bioavailability

et al., 1982; Bergholm et al., 1999). Broadly speaking, the present study

provides some support for this notion, as exercise at higher intensity was associated
with larger acute impacts upon endothelial function (Le. a reduction in FMD at the
higher intensities). It is important

to note that a decrease in endothelial function as

a result of an acute bout of exercise may not necessarily be associated with downregulation as an adaptive response. As highlighted
are many examples in integrative
which

challenge

pathways

by Padilla

et al. (20lla),

human physiology of up-regulation

acutely,

a notion

encapsulated

there

to stimuli

in the concept

of

hormesis. More specifically, it is suggested that the stress upon the artery caused by
exercise, in particular oxidative stress, could activate mechanisms for the artery's
ability to recover from the immediate
exercise. Therefore

repetitive

impairment

bouts of exercise increase the artery's

recover and cope with the increases in oxidative
resulting in an up-regulation
could potentially

facilitate

upon the endothelium

on vascular function.
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ability to

stress caused with exercise,

or expression of eNOS and anti-oxidants.

in the explanation

post

This theory

of exercise training-induced

benefits

Results reported in Chapter 4 and 5 go some way in unravelling the disparate data
in the

literature

surrounding

acute

exercise

and

endothelial

function

and

highlighting the systemic increases in shear stress during acute leg cycling exercise.
Therefore,

the next question

exercise training,

addressed the role of shear rate, in response to

on the brachial artery of non-exercising

upper limbs. Study 3

(Chapter 6) goes some way in answering this question and providing further novel
insight into the role of shear stress as a systemic stimulus during cycling exercise
training.

When shear rate was attenuated

training-induced
contralateral

changes in endothelial

in one forearm

function

were evident.

limb (exposed to normal exercise-induced

during cycling, no
However, in the

increases in shear stress) a

rapid increase in FMD was observed (after 2 weeks), a finding that supports the
localised training effect of handgrip exercise (Tinken
showing shear rate increases endothelial

function

et al., 2008), but extends it by

in the non-active upper limb in

response to lower limb (systemic) exercise.

Furthermore,

exercise training

is usually associated with

enhanced

endothelial

function which is eventually superseded by outwards arterial remodelling (Tin ken

et

al., 2008) and resultant normalisation of endothelial function. These effects are also
observed in the vasculature of the inactive as well as active muscle beds (Padilla

al., 20lla),

et

such as arteries supplying skeletal muscles that are not directly involved

in the training stimulus. However, consistent with the literature there is only limited
data within the literature

reporting

response

exercise

to

Nevertheless,

leg cycling

adaptations
(Silber

in brachial artery remodelling

in

et al., 1991; Green et al., 2008a).

shear stress alone appears to be the most likely mechanism for
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functional

adaptations

et ol., 2009; Tinken et al., 2010) as these changes

(Tinken

were not seen in the arm that had an attenuated
training.

However, the transient

shear stress during exercise

nature of improvements

observed in the present

study may be due to the healthy cohort of subjects recruited to participate

in this

study and the type and intensity of exercise training conducted for adaptation (Goto

et al., 2003) since structural modification may have already been maximised, due to
the healthy cohort examined.

Figure 9.1. Hypothesised changes in artery function and structure (remodelling) in response
to inactivity (A) and exercise training (B) in humans (Thijssen et ai., 2010).

On the other side of the spectrum,
course

of vascular

downward,
functional

pattern

adaptations
to that

adaptations

it was originally hypothesised

with

inactivity

of exercise training

preceding

structure.

may

follow

(Thijssen

However,

the

that the time-

a similar,

albeit

et ol., 2010), with
literature

remains

disparate regarding which vascular adaptation (function or remodelling) to inactivity
and deconditioning

comes first. Referring again to Figure 9.1(6), it is clear that
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vascular adaptations
with vascular function
Laughlin

in response to exercise training follow a specific time-course,
preceding vascular remodelling

adaptations (Laughlin, 1995;

et al., 1996; Tinken et al., 2008). Additionally, it is also apparent that these

vascular

adaptations

regulation

to

exercise

and expression

training

are associated

of NO (Hambrecht

inactivity

it was initially

or deconditioning

the

increased

et al., 2003), with the principle

stimulus for this being increases in shear stress (Tinken
2010). On the contrary,

with

hypothesised

were likely to follow

et al., 2009; Tinken et al.,

that vascular adaptations
an opposite

pattern

to

to those

observed with exercise training. This is highlighted from data collected during study
4 (Chapter 7), which illustrates the rapid nature of decreases in forearm resistance
remodelling

within 8 days of localised inactivity, with no demonstrable

endothelial

function,

suggesting that remodelling

adaptations

change in

precede functional

adaptations. Although it has been reported that the reactive hyperaemic response
is governed by the contribution

of NO and other vasoactive substances (Tagawa

et

al., 1994), in this particular study, no adaptations in largely or partly NO-mediated
modifications

were evident

in the conduit

contrast

to the hypotheses

generated

depicted

in Figure 9.1(A) that

vessels. It is therefore

earlier

adaptations

and the

possible, in

proposed

associated with

mechanisms

deconditioning

and

inactivity follow a different pathway than that of exercise training. It is possible that
deconditioning

effects

vasoconstriction

and an increased expression

Laughlin

with

inactivity

are

associated

with

of ET-1 (Thijssen

pronounced

et al., 2007b;

et oi., 2008; Thijssen et al., 2010), which is known to contribute

increased

peripheral

increases

in these

resistance

in heart

levels are usually

failure

associated
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and hypertension.
with

physical

to

Moreover,

inactivity

and

cardiovascular disease which are characterised by increased vascular tone (Thijssen

et al., 2007b).

Inactivity is associated with increases in retrograde
with the expression of pro-atherogenic

shear rate, which is associated

phenotype (Laughlin

et al., 2008; Thijssen et

al., 200gb). Therefore, the final study was conducted to determine the acute and
prolonged effects of increases in retrograde shear rate upon endothelial
Retrograde shear rate is usually associated with pro-atherogenic
acute impairment

in endothelial

function

(Laughlin

function.

characteristics and

et al., 2008; Thijssen et al.,

200gb). In agreement with this are the results of study 5, which also demonstrated
an acute impairment

in endothelial function which is only evident when an increase

in retrograde shear rate was also observed. Although no adaptations were present
over a period of prolonged compression, this is consistent with recent data showing
that

endothelial

compression

function

training

in

humans

was

unchanged

across 4 weeks (Roseguini

following

prolonged

et al., 2011). Again this data

provides evidence to suggest acute, but potentially

not prolonged

increases in

retrograde shear rate to be unfavourable for endothelial function in humans.

9.3. Limitations and further research
Although

the majority

of the studies in this thesis took advantage of a within-

subject design eliminating any between subject differences, a potential limitation of
the studies is that only healthy male volunteers were recruited and these findings
cannot be extrapolated

to women or subjects with various pathologies or indeed in

the healthy aged. It would therefore be intriguing to study such responses in patient
groups suffering from risk factors associated with CVD. From a mechanistic point of
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view, indices of oxidative stress or interrogate

blood flow control pathways with

invasive infusion of NO agonists and antagonists (e.g. L-NMMA), or limit oxidative
stress with anti-oxidants

were not assessed. To have pursued this line would have

allowed for a precise quantification

of oxidative stress as a function

intensity, and also the exact change in contribution
training and models of inactivity. Furthermore,
vasodilator
other

pathways, and therefore

vasodilator

(e.g. bradykinin)

function

is affected

studies

should

the

concentration

it is recommended
and constrictor

by the sympathetic

examine

of NO bioavailability

of exercise
to exercise

was solely on the NO

that future

pathways.

work assay

Finally, vascular

nervous system and therefore,

complex

interaction

between

MSNA

future
(muscle

sympathetic nerve activity), arterial blood pressure, and other potential modulatory
factors of shear rate patterns.

The notion that systemic effects occur in non-exercising regions has been discussed
extensively

(Green, 200Sb; Thijssen & Hopman,

2008; Padilla

et al., 2011a).

However, it has been reported that haemodynamic stimuli play an important
endothelial
(Laughlin

and vascular smooth

muscle cell adaptations

to exercise training

et al., 2008). In particular, endothelial progenitor cells represent immature

cells that possess the capacity to contribute
integrity

role in

and function

exercise-induced

pressure and circulating endothelial
and smooth

of endothelial

et al., 2008). Nevertheless, the impacts that

(Laughlin

changes in hemodynamic

of both endothelial

to the maintenance

profile,

pulse pressure,

transmural

progenitor cells have on systemic adaptations

muscle cells still remain unclear (Newcomer

&

Padilla, 2011), therefore, subsequent studies to determine this would be of interest.
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9.4. Conclusion
To summarise,

increases in blood flow, and therefore

training are beneficial for the endothelium,
stress are associated
O'Donnell,

with

rapid

1986). Therefore,

and decreases in blood flow and shear

decreases

that

retrograde

atherogenic

phenotype.

in vessel dimensions

(Langille

the decrease in blood flow with inactivity

associated with an increase in vasoconstrictors
notion

shear stress with exercise

(Laughlin

shear rate is associated

&

could be

et ol., 2008) supporting the

with

the expression

of pro-

Data from the final study support this, with increases in

retrograde shear rate acutely impairing endothelial function. This could provide an
explanation
inactivity.
activity

for the vascular deconditioning
Finally, data presented

effects observed during a period of

in this thesis demonstrate

levels on the endothelium.

Specifically,

the

associated shear stress during exercise and inactivity,
potential

insight

mechanisms

the importance

roles of blood flow
outlined

of
and

herein, provide a

into the underlying

for modifications

in the

vasculature. These data go some way
towards
between

closing the 'risk factor
cardiovascular

improvements

risk

gap'
and

in vascular adaptations

highlighting the importance of physical
activity

(Figure

9.2)

for

overall
Figure 9.2 Percentage reductions in (VD events

cardiovascular health.

associated with physical activity that is explained
by risk factors (adapted from Mora et al. 2007).
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