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ABSTRACT

Isometric exercise training has been shown to bring about beneficial ceduatresting blood
pressure, howevehe physiological mechanismesponsible remain equivocal.istcurrently
unknown whetheisometric exercise trainingducedreductions in resting blood pressiaire
associated with improvements in vascular endothliation and structure. The aim of this
thesis was to investigatihe effectof an 8-week isometric exercise training intervention on
resting blood pressure, conduit artery vascular endothelial funatimy diameteand blood
flow patternsat rest. Fourteen healthy young males (mean age: 23 + 4 years; bodBfhass:

+ 11.0kg; height: 178.8 £ 6.2cm) completedvBeks of isometric bilateral leg extension
exercise training at high intensit§(d5.4% 2min torqugeay. Three exercise sessions were
performed each week and each session consisted of fminu?e isomeic muscular
contractions each separated by -miBute recovery period. Resting blood pressure was
measured using brachial artery oscillometric methods at pre, mid ahdnpersention.
Brachial artery flowmediated vasodilatation and resting artery di@mand blood flow were
assessed at pre, week 2, mid, week 6 and post intervention usingesogition duplex
Doppler ultrasound. Total peripheral resistance and cardiac output wereideteatpre and
post intervention using higtesolution echocardiograph# generalised estimating equation
analysis was used to estimate the effect of exercise verstexaamnse intervention over time
on resting blood pressure, brachial artery flomdiated vasodilatation, artery diameter and
blood flow, total peripheral resistance and cardiac outgamnetric lilateral legextension
exercise training reducedsting systolic blood pressure (training: ¥&7control: 121 mmHgQ)
(P=0.002) and resting mean arterial pressure (trainings88ontrol: 91 mmHg) #=0.001)
following 4 weeks of exercise training compared to the control conditionhBtaatery flow
mediated vasodilatation was increased (mid training: 8.65 ¥4 \32 mid control: 6.38 +
1.149% (P=0.011). Superficial femoral artery diameter, antegrade biloed and antegrade
shear rate were increased (BH0.05), whilst superficial femoral retrograde shear rate was
decreased?=0.013) following 2 weeks of exercise training compared to the comtnalitton.
There were no significant condition by time interactions observed in rddbng pressure,
vascular endothelial function, artery diameter or blood flow patterf@niolg 8 weeks of
exercise training (aP=0.05). Cardiac output was not significantly different following 8 weeks
of exercise trainingR=0.148). Total peripheral resistance was increased following 8 wéeks o
exercise training compared to the rexercising control conditionPE0.054). sometric
bilateral leg extensiomxercise training can effectively lower resting blood pressure and
increase conduit artery endothelieschependent vasodilatation in healthy young men after 4
weeks with a concomitant reduction in resting blood pressure. These benefaptdtens
were no longer evident from mid to post exercise training in healthy narsnsteyoung men.
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CHAPTER 1: INTRODUCTION

High blood pressure is the leading preventable cause of cardiovasculae diseas and all-
cause mortality invomen (Garber et al.2011). The cardiovascular protective effects of
exercise training and the efficacy of exercise traitenigwerresting blood pressuteve been
well documentedVanhees et al., 2012; Blair and Morris, 2009; Grau et al., 2009; Joyner and
Green, 2009; Green et al., 2008herefore,the lowering of resting blood pressure has
important implications for maintaining akh. Isometric exercise trainingas been showto
lowerresting blood pressuf&BP)in both normotensive and hypertensive populattespite
differences in exercise training duration, exercise intensity and i@uraf muscular
contraction(Millar et al., 2013; 2008; 2007; McGowan et al., 2007a; 2007b; 2B&érovet

al., 2013;Barosset al, 2013; 2012Devereuxet al, 2010; Wileset al, 2010;Howdenet al,
2002;Ray and Carras¢@000; Wileyet al, 1992) More specifically, bDateral isometrideg
extension exercise trainingas been shown téower RBP in both healthy young and
prehypertensive middle aged men (Baretsal, 2013; 2012; Desreuxet al, 2010; Wileset

al., 2010).

Isometric exercise training studies investigatimg physiologial mechanisms responsible for
the blood pressure lowering effect etercise trainindghave thus so faproduced equivocal
results(Devereuxet al, 2010;Wiles et al, 2010; Rayand Carrasca200Q. Exercise training
induced reductions iRBP areunderstood to occuhrough alterations1 the determinants of
arterial blood pressuremamelycardiac outpuf{Q) andbr total peripheral resistan¢@PR)
(Pescatelleet al, 2004;Delp and O’Leary, 2004\Viley et al, 1992).The evidenceto date
indicates that a reduction in TPR is likely to explaxercise trainingnduced reductions in
RBP (Smith and Fernhall, 2011; Fagard and Cornelissen, 20@f)evidence of aeduction
in TPR and RBMn unhealthy individualgHambrecht et al., 200@&nd @idenceof a reduction

in Q and RBPfollowing exercise trainingn healthy individuals (Wiles et al., 2017A



reductionin TPR following exercise trainingnay be mediated as a consequencetha
widening of the vasculature within the peripheaiatulation thiswould permit less resistance
to blood flowandthereforea lower pressure would be required to drive a given blood flow
through the systemic circulation. In particular, alterations in peripheral easaiffunction
and structure are cadered tosignificantlyinfluencethe resistance to blood flofwiedeman,
1962. An increase in vascular function and structure raythephysiological mechanism
responsible for mediating exercise trairinguced reductions in RBP. Recent evidence has
demonstrated that improvemsim indices of vasculaiunction (Badrov et al.2013; Tirken

et al., 2010and structuréSpence et al., 2013; Baross et al., 2@B2pccurfollowing exercise
training Despite thisproposed concept, thphysiological mechanisr(s) responsiblefor
mediatingalterationsin Q andbr TPR following isometric exercise traininggmainunknown
(Carlsonet al, 2014; Millaret al, 2014; Cornelissen and Smart, 20D&vereux et al 2010;
Wiles et al, 2010. Therefore investigation into the effect aéometric exercise trainingn
peripheral vascular function and structared the associations with reductions in RBIR

form the focus of thishesis.



CHAPTER 2: LITERATURE REVIEW

2.1Understanding isometric exercise

2.1.1An overview oisometric exercisand cardiovascular adjustments in response to an acute

bout ofisometric exercise

Static (sametric) exercise involves the development of a relatively large mudoutawith
little changeor no change imusclelengthor joint movemen{Mitchell et al, 2005. Isometric
exercisecauss an increase in intramuscular pressure at a localised level within actigeemus
fibres. Subsequentlyisometric muscular contractiowill change the normal blood flow
patternswithin the blood vesselandultimately lead to impedance bfood flow within the
activemusclegeferred to as blood flowcclusion(Rowell, 1993) It has beerdemonstrated
that oncean isometric muscular contractiaeaches 10 to 15% of an individual’s maximal
voluntary contraction (MVC) the musdails to secure adequate muscle blood flow (Rowell,
1993); andhis appears$o be dependent on the muscle group examined (Lind, B¥&%herd

et al., 1983Fdwardset al, 1972). The odusive effect of an isometric muscular contraction
results in an exaggerated pressor response (Rowell, 1983)ossiblethatocclusion tdlood
flow during isometric exercis@rovides a unique stimulukat may be related to improved
cardiovascular health following exercise training (Horiuchi anda®Ri012; Evanst al, 2010;
Takaradeet al, 2000).Under fatiguing isometric muscular contractitdme substantial energy
demands must be derivétroughthe processes of anaerobic metaboksmdthe reductiorof

local blood flowto skeletal musclenay elicitischemic conditions (Hietanen, 1984).

Isometric muscular contractiotisat result in fatigue havieeen shown to elicit progressive
increases irartefal blood pressurdjeart rateleft ventricular contractility andardiac output
(Q) (Lind, 1983; Schibye et al, 1981; Helfant et al, 197). The increase inQ is

disproportionally high for thgolumeof oxygen consumd (Lind et al, 1969 due tochanges



in regionalblood flow inthe vascular beds (Gandevia and Hobbs, 1980)increase irQ
contributes to thebservedincrease in blood pressudering isometric exercisén healthy
individuals (Lindet al, 1964). Alterations in autonomignction, more specifically ancrease
in heart ratdHR) due to vagal withdrawal and sympathetic cardiac stimuldtéwe beemeld
accountablgMcAllister, 1979; Lind et al., 1964 Early researcthasestablishedhat at the
immediate onset of exercia@increasen mean arterial pressu®!AP) andHR werebrought
aboutvia excitatory drivefrom the cerebralcortexin the braintermed’ cortical irradiation
(Krogh and Lindhard, 1933 This central control mechanism is referred to ‘emtral
command (Goodwin et al, 1972)and it isconsideredresponsible for eliciting immediate
cardiovascular adjustments to static exercise (Gandevia and HoBBsDES/ies and Starkie,

1985; Hultman and Sjoholm, 1982

Peripheral reflexes initiated from within tlaetive skeletal musclén conjunction with central
commangplay an important role in initiating the cardiovascular response ddymgmic and
isometric exercise (Rowell and O’Leary, 1990; Mitchell, 1990) existence of a blood
pressureraising reflexoriginating from thecontracting skeletal muscis likely to berelated
to the muscle metaboreflé@lam and Smirk, 1937). This reflex control mechanisneimed
the ‘exercise pressor reflegMitchell et al, 1983, McCloskey and Mitchell, 1972; Coott
al., 1971) and cardiovascular responses during static exbesisalsobeen associated with
this reflex response(Kaufman and Forster, 1996triedman et al, 1992) Muscle
metaboreceptors (unmyelinated group IV axons) located within the ak&iletd muscle are
sensitive to chemical changd®ofvell and O’Leary, 1990; Mitchell, 1990) atitese changes
maycontribute to the exercise pressor response (Rasadh198). In addition rapid increases
in HR by the withdrawal of the vagal inhibition have been documented during dxtaraele
compression and muscle contraction through the stimulation of muscle meceatore

(myelinated group Il axons) (Carringteth al, 2003; Gladwell and Coote, 2002).



More recently, the arterial baroreflex has been shown to play an important tbke meural
regulation of cardiovascular adjustmentsstumetric exercis@Mitchell, 2013. Theability of

the arterial baroreflex to be reset during exercise is consideredguiate the increase lofood
pressure and perfusion pressure to active muscle at the onset edeex€ante and Dodd,
1976). Arterial baroreceptors are pressure sensitive (mechanvsgnserve fibre endings
situated in the adventitia of systemic @ee and the heart including the aortic arch and carotid
sinuses (Kougiast al, 2010). Evidence suggests the concomitacriease in blood pressure
and HR is brought about during the initial onset of exeroise the resetting the central
operating point (Joyner, 2006; Ravenal, 2006; Melcher and Donald, 1981). Indeed, an
appropriately functioningrterial baroreflehas beemecognised asssential fomodulating
the normal neural cardiovascular responses knowwsctur during exercise (Fadel, 2008).
recent reviewby Inchinoseet al (20129 hasreiterated that an interplay betweeentral
commang muscle metaboreflexand arterial baroreflexare pivotal in modulating
cardiovascular responses igometric exerciseAlthough the mechanisms controlling the
modulation of thearterial baroreflexare not fully understoo¢Raven, 2008)an interaction
existsduring isometric exerciseetween tharterial baroreflexand the muscle metaboreflex
which helps to appropriately modulate sympathetic nervous acflmithinoseet al, 2012

2006; Kamiyeet al, 2001).



2.2 Isometric exercise trainingand resting blood pressure
2.2.1 Contextualising the importance of exercise in the management of resting blood pressure

Hypertension affects more thame in fouradults in England and is the second largest risk
factor for premature death and disabiliiealth and SociaCare Information Centre, 2013;
Murray et al, 2013). Furthermore, hypertension ideading risk factor for global dease
burden (Limet al, 2012). Theeconomic burden to the National Health Service in England
from conditions attributable to hypertensiancluding stroke, coronary heart disease and
chronic kidney diseasexceeds$wo billion poundqOptimity Matrix, 2014) Thefindingsfrom

the Framingham Heart Studstatethat a populatioiwide reduction in resting diastolic blood
pressure (DBPPf 2 mmHg can have a clinically relevant impaeith an estimated 17%
decrease in the prevalence of hypertensiott a 6% reduction in the risk of coronary heart

disease (Cook et al., 1995).

Thereis overwhelming evidencwith regard tothe detrimental impact hypertension has on
public health and the econoniyis therefore surprising thaignificant discrepanciesemain

in the strategiesusedfor the detection, management and prevention of high blood peessur
The most recent scientific statemeinbom The American Heart Associatissuggestedhat
isometricexercise trainingnay be a suitabléfestyle intervention strategy to act as a non
pharmacological alteative to lower RBRBrook et al, 2013. Further still, Public Health
England (2014have statel that there is a necessity faesearchinto innovatve lifestyle
modificationsstrategieso lower RBP in thoseindividuals classified with prehypertension

(120/80 mmHg to 139/8mHQ)



2.2.2The overall effectiveness of resistance, aerobic and combined exercise traimdgce

reductions in resting blood pressure

A metaanalysisof 93 trialshas summarised thmverall effectivenesesf exercise trainingo
lower RBP in populationsof varying blood pressure classificatiof€ornelissen and Smart,
2013). The results from the metmalysisrevealed no significant differences @xercise
traininginduced reductions imesting systolic blood pressureSBP) and DBP between
endurance, dynamic resistance and combined exercise tranuidglities(Cornelissen and
Smart, 2013)Whereas, isometric exercise trainimgluced significantly larger reductions in
restingSBP (10.9mmHg)and DBP (6.2 mmHgdompared tendurance, dynamic resistance
and combined endurance and dynamic resistance exercise t(@e#table 1) A systemic
review and metanalysisof 9 studies was conducted to assessotlerall effectiveness of
isometric exercise training lowerRBP (Carlsonet al, 2014) The results from thisesearch
further demonstrated the effectivenessometric exercisgrainingto lowerresting SBPDBP
and MAP in the normotensive populatidoy 7.8 mmHg, 3.1 mmHg and 3.6 mmHg,
respectivelyFurthermore, a recent publication by Inder et al. (2016) reported similangmdi
in a review of 11 randomised controlled tridtanaybe construedrom the evidencef these
metaanalyseghatisometric exercise traininig effectiveto lower RBP. Isometric exercise
traininginducedreductions in RBPappear to besimilar in magnitude comparei those
induced by endurance, dynamesistance and combined modes of exercise trailifingt is
more,consistenteductions in RBP of at leaBmmHghavebeen reportetbllowing isometric
exercise traininga reduction that is considered to be clinically significant for cardiovascul

disease prognosis (Chobanian et al., 2003).



Table 1. The nmean difference in resting blood pressure from pre to post exercisedriinin
various training modalities (adapted from Cornelissen and Smart, 2013).

Training modality SBP (mmHg) DBP (mmHgQ)
-3.5(-4.6 t0 -2.3) -25(-3.2t0-1.7)

Endurance

Dynamic resistance -1.8(-3.710-0.011) -3.2(-4.5t02)

| o -10.9 (-14.5t0-7.4) - 6.2 (-10.3 t0 -2.0)
sometric resistance

Combined endurance and resistance” =% (4.2t0 1.5) -2.2(-3.910-0.48)

Note:Data presented as mean differe(eper and lower 95% confidenliits). SBP: systolic blood
pressure; DBP: diastolic blood pressure.

2.2.3The effectiveness of isometric exercise trainingegtucing resting blood pressure in

normotensive, prehypertensive and hypertensive individuals
Isometric handgrip exercise training

Isometric handgrip exercise training has bskawnto induce significant reductions in RBP
in normotensive, prehypertensive and hypertensive individdasmmary of the programme
variables and findings from exercigaining studies involving isometric handgrip exercise has
been compiledSeeTable 2).Early research byViley et al (1992) demonstrated significant
RBP reductions following exercise trainirigestingSBPand DBP veresignificantly reduced
(13 mmHg andl5 mmHg respectively)n prehypertensive individuals after just 4 weeks
isometric exercisperformed 3 days per week an exercise intensity of 30% MV®@/{ley et
al.,, 1992).Similarly, large reductionsin resting SBP and DBR10 mmHg and9 mmHg
respectively)n normotensive individalswere evidenin a shorteperiod @fter 3 weekswhen
participants completefour 45second contractiongerformedat 50% MVC (Wiley et al.,
1992).Furthermore, Ray and Carrasco (2000) also omefil significant reductions in resting

DBP andMAP (5 mmHg andd mmHg, respectively) in healthy young participants following



5 weeks of exercisiaining Taylor et al (2003)also reported the effectiveness of avi€ek
training intervention in bringingteut reductions imestingSBP and MAP 19 mmHg andll
mmHg, respectively)Reductions irrestingSBP and MAP were evident from week 5 onwards,
an indication that aisometric exercise trainingtervention of short duratiotan beeffective

in loweringRBP.In asubsequerdtudy by Badroet al (2013) restingSBP was significantly
reduced by6 mmHgin normotensivearticipantsollowing 8 weeks otrainingeither 3 or 5
days per weekthe analysis revealdtat training more frequently (5 days per week) resulted
in these RBP reductions occurring at a faster 1@arg et al. (2014) reported significant
reductions in resting SBP and DBP (10 mmHg and 6 mmHg, respectively) for 18 afeek
training. McGowan eal. (2007a) and Millar et al. (2008) reported similar reductions in resting
SBP by 5 mmHg vs6 mmHg after 8 weeks of exercise training in normotensive individuals.
The combined findings from Wilegt al (1992), Ray and Carrasco (2000), Badebal (2013)

and Tayloret al (2003)clearly demonstrate the ability of RBP to be lowered within 3 to 5
weeksof isometric handgrip exercise trainimgthin bothnormotensive and prehypertensive
populationsForisometric exercise trainingtudieswith a totalduration of more than 8 weeks
consistent reductions in RBP have been repoftdidwing exercise trainingwithin the

normotensive population.

Inherent methodological differences between programme variablegkelyetd explain the
magnitude and time course @fercise trainingnduced adaptations RBP. The majority of
exercise trainingesearch withimormotensive, prehypertensive and hypesieepopulations

has utilised unilateral or alternating unilaterslometric handgrip exercise, predominantly
consisting of four Zninute contractions at 30% MVC performed 3 times per week for a total
duration of 8 to 10 weeKSee Tabl®). Isometricexercisdraininginvolving handgrip exercise
hasinducedsignificant reductions in blood pressusmnging from 5mmHg to 19mmHg for

resting SBP, and BimHg to 11mmHg for resting DBP(Millar et al, 2013; Badro\et al,



2013; McGowaret al, 2006, Peterst al, 2006; Tayloret al, 2003; Wileyet al, 1992) A
notable finding from thexistingliterature,isometric exercise trainingducedreductions in
RBP tended to be lower in magnitude in normotensivpopulatiors compared to
prehypertensive populatienThe most effective isometric exercise trainipgpgramme
variablesrequiredto elicit optimal RBP reductions withia specific populations remain to be

established.

Isometric bilateral leg extension exercise training

Previous esarch hasinvestigated he effectiveness ofisometric bilateral leg extension
exercisetraining tolower RBP in normotensivgWiles et al, 2010;Devereuxet al, 201Q
Howdenet al, 2002 and prehypertensive individsa{Barosst al, 2013; 2012). ldwever
the number of studiesnvestigating isometric lower limb exercigeining is limited in
comparison to isometric handgrgxercise traininglsometric bilateral leg exercise training
involves the recruitment & larger musclenass compared to handgrip exer@aselthere is
evidenceo show that the magnitude of cardiovascular responsesdoutédout of isometric
exerciseare positively correlated with the amant of muscle mass involved (IBéz et al,
2000; Seals, 198WMitchell et al, 1980).1t is currently unclear to what extent muscle mass
recruitment influences the magnitude of subse§uRBP reductions following isometric
exercise traininglt is possible thatsometric exercise trainingnvolving the larger musel
groups,may resultin RBP reductiong£omparablgo upper body isometriexercise training
which may be achievedat a lower relative exercise intensiby in a shorter total training
duration.The majority of esearch involving isometric bilateral legtension exercise training
has focused oninvestigaing the effect ofexercise intensityon the magnitude oRBP
reductions. A number of studies have shownehatcisdraininginduced RBP reductions are

dependent oexercisdntensity (Baroset al, 2012;Devereuxet al, 2010;Wileset al, 2010).
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A summary of the programme variables and findings from exet@ming studies involving

isometric lower limb exercise has bemmpiled (See Table 3).

Wiles et al (2010)performed isometric bilateral leg extension exertigmingat a constant
level of electromyography equivalenti%and 95%of peakHR whilst all other programme
variables remainedhe same Resting SBP, DBP and MAPwere significantly reduced
following 8 weeks ofisometric bilateral leg extension trainimng the lower intensity group
compared to theontrol groupindicating that exercise intensigngingbetween 75% and 95%
peakHR (equivalent to 10 and 21% M\/@espectively canelicit comparable reductions in
RBP. In alignmentwith the findings presented by Wiles al (2010),Devereuxet al (2010)
reportedthat4 weeks of isometric bilateral leg extension exercise traiparfprmed at 95%
of peakHR significantly lowered estingSBP, DBP and MAPY mmHg, 3 mmHg and3
mmHg, respectively)There is limiteddata onthe effectiveness ofsometric bilateral leg
extension exercise training lower RBPwithin the prehypertensive populatiohowever
previous research hasportedsignificant reductions inestingSBP and MAR11 mmHg and
5 mmHg respectively)ollowing 8 weeksof training performed3 days per weekt 85%o0f
peak HR (Barosset al, 2012) Interestingly,within a middleaged (age 55 + 6 years)
prehypertensive population Baross et al. (20dortedno significant changes in RBP
following 8 weeks oflow intensity exercise training at0% of peak HR whilst all other
programme variables remained the saifte@is wouldsuggest thaexercisetraininginduced
RBP reductions are dependent on training nsity in a middleaged prehypertensive

population.

The application of alternative methods of prescribisgmetric exercisetensity, other than
the traditional percentagaf maximum voluntaryforce (% MVC), have been explored in

previous studie@evereuxet al, 2011 Wileset al, 2007). Deverewset al (2011)investigated
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the relationship between several markers of isometric exentésesity and reductions in RBP
following 4 weeksof exercise trainingInterestingly the prescription of exercise intensity
using atorquebased method (finute torquesay Wwas most strongly associatedith
reductions irrestingSBP and MAP Theseresultswould suggesthat theoptimal methodo
prescribe intensity for isometric bilateral leg extension exercigg ba to relateexercise
training torque to the higheaveragdorquethatcan be sustained ftie finaltwo minutesof

a discontinuous incremental exercise tesn{@ute torqug=ay (Devereuxet al, 2011).These
findings led the author to stateat it maybe advantageous to prescribe exercise intensity based
upon a marker which miits theactualtraining bout durationandtraining at 105% Zninute
torqueeakappears most likely to induce significant reductionsestingSBP after 4 weeks of

isometric bilateral leg extension exercise trainiDgvereuxet al, 2011).

Bothisometricupper body and lower bodykercise trainingrotocol are effective iflowering
RBP within normotensiveand prehypertensivg@opulations. Studies involving sometric
bilateral leg extension exercise trainingve focused on investigating teffect of exercise
intensity on the magnitude of blood pressure reductisithin normotensive populations
These studiebaveconsistently demonstratenodest reductionaround 5mmHg for resting
SBP and 3 mmHgfor restingMAP at exercise intensities equivalent to 8024 % MVC
performed 3 times per week for a total of 4 to 12 wdkksvdenet al, 2002; Wileset al,
2010; Devereuxet al, 2010) Based upon the programme variables utilisecpri@vious
isometric lower limb exercise trainirrgsearchthe protocol utilised within tk presenthesis
will includefour 2minute bilateral isometric leg extension contractions performed 3paays
week fora total of8 weeksFurthermorea discontinuous incremental isometeixercise test
(Section3.2.11)will be used to prescribexerciseintensity usinga torquebased method (2
minute torquesay (Devereux et al., 20)1to investigatethe effectiveness of this exercise

intensity prescription method to elié#vourableexercise trainingnduced reductions in RBP.
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2.3 An overview of proposed physiological mechanisms responsible forercise training

induced reductions in resting blood pressure

The exact physiological mechanism(s) responsible for mediesimgetric exercise trainiAg
induced reductions in RBP remains unclear. Thus so far, potential physalogichanisms
have been broadly categorised into the following areas: cardiac autonouoiatiogy cardiac
functional and structural adaptations, neural regulation of vascular tone, vdaogtional

and structural adaptatioasd oxidative stress (Millar et al., 2014).

2.3.1 Cardiac autonomic regulation

Isometric exercise trainingmduced reductions in RBP may be brought about via reduced
stimulation of the sympathetic cardioaccelerator nerves and/or incrs@sedation of he
parasympathetic cardioinhibitory nerves. An adaptation in cardiac autonomimifuoculd

lead to a loweHR which would permit increased diastolic filling, edastolic volume and
thus greater systolic emptying resulting in a more effici@nfA dynamic balance between
parasympathetic and sympathetic nervous outflow to the heart in order to gartezatébeat

is an essential biological process for optimal cardiovascular h&akhcardiovascular centre

in the medulla of the brainstem responds to afferent impulses from sensmgysand higher
brain centres by adjustingR via changes in the relative balance between sympathetic and
parasympathetic outflow (Shaffer and Venner, 2013). Teasurement of heart rate
variability (HRV) is considered to provide an insight into the potential cardiac autonomic
regulation of RBP; it should be noted that the precise physiological interpnet@tidRV is
subject to debate (McCraty and Shaffer, 2015; Shaffer et al., 2014). RddRoetiability

and high restingHR are considered independent predictors of cardiovascular disease and
mortality (Tsuji et al., 1996). It is widely assumed that a lower leguency to high frequency

ratio reflects greater parasympathetic activity relative to sympatetvity, whereas a greater
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Table 2. A summary of the programme variables and findings from exercise tratidgs involving isometric upper body exercise.

Isometric handgrip exercise

Journal Sex Exercise Exercise protocol Total duration RBP Potential mechanism for RBP reduction
and age Intensity
Wiley et al.(1992) Males 50% MVC 4 x 45seconds 8 weeks SBP None investigated
5 days per week 110mmHg
Alternating unilateral DBP
19mmHg
Ray and Carrasco Males 30% MVC 4 x 3mins 5 weeks SBP No change resting MSNA
(2000) 4 days per week |5mmHg
Unilateral MAP
14mmHg
] Howden et al. Males 30% MVC 4 x 2mins 5 weeks SBP
Normotensive (2002) and 3 days per week 112mmHg
Females Bilateral
McGowanet al. Males 30% MVC 4 x 2mins 8 weeks SBP No change peripheral vascular endothelial function
(2007) and 3 days per week |5mmHg
Females Unilateral
Badrovet al. Females 30% MVC 4 x 2mins 8 weeks SBP Improved resistance vessel function
(2013) 5 days per week l6mmHg
Alternating unilateral
Badrovet al. Females 30% MVC 4 x 2mins 8 weeks SBP Improved resistance vessel function
(2013) 3 days per week l6mmHg
Alternating unilateral
Garget al.(2014) Males 30% MVC 5 x3mins 10 weeks SBP None investigated
and 3 days per week 110mmHg
Females DBP
16mmHg
Prehypertensive Wiley et al.(1992) Males 30% MVC 4 x 2mins 8 weeks SBP None investigated
3 days per week 113mmHg
Unilateral DBP
|15mmHg
Tayloret al. Males 30% MVC 4 x 2mins 10 weeks SBP Reduced LF:HF ratio
(2003) and 3 days per week 119mmHg
Females Alternating unilateral MAP
{11mmHg
Peterset al.(2006) Males 50% MVC 4 x 45secs 6 weeks SBP No change HRV
and 3 days per week 113mmHg
) Females Alternatingunilateral DBP
Hypertensive |2mmHg
McGowanet al. - 30% MVC 4 x 2mins 8 weeks > Improved peripheral vascular endothelial function
(2006) 3 days per week
Unilateral
Stiller-Moldovan Females 30% MVC 4 x 2mins 8 weeks o

etal.(2012)

3 days per week
Alternating unilateral
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Table 2 continued.

Millar et al.(2013) Males 30% MVC 4 x 2mins 8 weeks SBP
and 3 days per week |5mmHg
Females Unilateral MAP
13mmHg
Badrovet al. Males 30% MVC 4 x 2mins SBP
(2013) and 3 days per week |8mmHg
Females Alternating unilateral DBP
15mmHg
MAP
l6mmHg

Table 3.A summary of the programme variables déindings from exercise training studies involving isometric lower bodyoceser

Isometric bilateral leg exercise

Normotensive

Journal

Howdenet al.(2002)

Wiles et al. (2010)

Wiles et al.(2010)

Devereuxet al.(2010)

Sex and age

Males

Males

Males

Males

Exercise Intensity

20% MVC

75% HRpeak
(~10%MVC)

95% HRpeak (~21%
MVC)

95% HRpeak (~24%
MVC)

Exercise protocol

4 x 2mins
3 days per week

4 x 2mins
3 days per week

4 x 2mins
3 days per week

4 x 2mins
3 days per week

Total
duration

5 weeks

8 weeks

8 weeks

4 weeks

RBP

SBP|10mmHg
DBP «
MAP «

SBP|4mmHg
DBP|3mmHg
MAP | 3mmHg

SBP|5SmmHg
DBP|3mmHg
MAP | 3mmHg

SBP|5mmHg
DBP|3mmHg
MAP |3mmHg

Potential mechanism for RBP
reduction

None investigated

No changd) , TPR or HRV

No change), TPR or HRV
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Table 3continued.

Gill et al.(2015) Males 20% EMGpeak (~23% 4 x 2mins 3 weeks SBP|4mmHg Noneinvestigated
MVC) 3 days per week DBP|4mmHg
MAP |[4mmHg
Gill et al.(2015) Males 30%EMGpeak (~34% 4 X 2-mins 3 weeks SBP|2mmHg
MVC) 3 days per week DBP «
MAP «
Barosset al.(2012) Males 70% HRpeak 4 x 22mins 8 weeks SBP«—
Prehypertensive ~7% MVC) 3 days per week DBP «
MAP «
Barosset al. (2012) Males 85% HRpeak (~14% 4 x 2mins 8 weeks SBP|11mmHg Peripheral vascular adaptation
MVC) 3 days per week DBP «
MAP | 5SmmHg




low frequency to high frequency ratio reflects higher sympathetic itgctielative to

parasympathetiactivity (Shaffer et al., 2014).

The majority of the studiesvhich have incorporatecheasurement of HRYaverepored no
significant changen power spectral or timdomain measures of HR¥llowing isometric
exercise trainingn eithernormotensive or hypertensive individu@illar et al, 2013; Stiller
Moldovanet al, 2012) In addition, he majority of research suggests that resting HRV is not
altered following dynamic resistance trainingymunghealthyor prehypertensive indivigals
(Collier et al, 2009 Heffernanet al, 2007; Cooke an@arter,2005. Researchereho have
reportedisometric exercise trainingducedreductions inRBP in healthy and hypertensive
individualshave alsaeported no concomitant change in linear (frequency or time domain) or
nondinearHRV (Badrovet al, 2013;Wileset al, 2010 Ray and Carrasco, 2000n contrast,
Taylor et al (2003) reported a decrease in the low frequency componerd sigdificant
increase in thénigh frequencycomponentresulting in anonstatistically significanttrend
toward a reduction in the low frequency to high frequeaatiyp followingisometric exercise
training Theseresultsmay suggest improvesgtagal modulation oHR is responsible forhte

observed reductions in RBP within the hypertensive population.

There are conflicting restslwith regard to changes mestingHR following isometric exercise
training some studies have reported significant changéDevereuxet al, 2010;Ray and
Carrasco, 20Q0NViley et al, 1992 whilst another study hagporedsignificantreductions in
restingHR (Barosset al, 2013. Furthermore, althougheeobictraining hasbeen shown to
lower restingHR and efferensympatheticnerveactivity to the sinoatrial node in the heart
(Carteret al, 2003; there is limited evidenceotsuggest thatlynamic resistancé&aining

(Kingsley and Figueroa, 2014) isometric exercise trainingvillar et al, 2013; Badro\et al,
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2013) fas anysucheffect on HRVor restingHR in individuals with normal cardiac autonomic

modulation(Millar et al, 2014).

2.3.2 Cardiac structure and function

Adaptations ircardiacfunction and structure have beproposedas a potential mechanism
responsible forexercise traimginduced reductions iRBP (Saltin et al, 200Q. There is
extremely limited research available which has investigated the effect of imomedrcise
training on adaptations icardiac structure and functiotherefore existing literature will be
reviewed which has utilised dynamic resistance and aerobic exercise trainimger to
explore this potential mechanism for exercise tranimyiced reductions in RBPsometric
exercise trainindgpas been shown tesult in no significant differenda restingstroke volume
(SV) andQ from pre to post traininDevereuxet al, 2010; Wileset al, 2010). In contrast, a
recent study byViles et al. (201¥has shown decreas@udat rest following 8veeks of home-
basedwall squat exercise trainingowever this study did not investigate any further measures
of cardiac function or structur@revious research has shown that resistance exawisedt
individuals have higher S\at rest as well as enhanced leéntricular diastolic function
compared to their sedentary counterparts (Adler et al., 2@ahe studies have reported
improved left ventricular diastolic function, systolic function and ejection émadh animals
and humans following dynamic resistance exercise training therebwtindiof improved
cardiac function (Alves et al., 2014; Gielen et al., 2010; Levinger et al., 200%reas,
combined aerobic and resistance exercise training in unhealthy populations hdwlbaetos

elicit no change irardiac function (Fontes-Carvalho et al., 2015; Haykowsky et al., 2007).

There are dimited number of experimental studiagailable thahave investigated cardiac
structural adaptations following dynamic resistance exercise traifiihg findings are

corflicting, with reports ofincreasedcavity size (eccentric hypertrophy) or increased wall
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thickness (concentric hypertrophy) (Naylor et al., 2008; Haykowsky et al., 288f@)bic
exercise trainindpas been showto altercardiac dimensionsiamely increaselft ventricular
hypertrophy, left ventricular diameter and left ventricwatl thickness (Schmidtrucksds

et al, 2003; Pluimet al, 2000) whichcan lead to increas&V and reduced¢iR under rested
conditions.There appears to hienited evidence to support alterations in cardiac structure and
function as a physiological mechanisesponsibléor RBP eductionsafter isometric exercise
training. Similarly,exercise trainingnduced reductions in RBfendnot tobe associated with
decreases in cardiac sympathetic modulation in healthy indivifibedson2.3.1) In light the
current review oéxistingliterature, physiologicahechanismsther than cardiac function and
structurewill take precedence for investigation in their rakea mediator of exercise training

induced reductions in RBP.

2.3.3 Neural regulation of vascular tone

Exercise trainingnduced reductions in RBPaybe mediated throughitenuatedympathetic
neural regulation of vascular tone within the peripheral vasculature (Milla., 2014).
Vascular tone is defined as the degree of tension exerted by the vascular snsotghetative

to its maximal dilated state (Korthius, 201\fasculartone is the term used to describe changes
in contractile tension of bloodessels thatause wasoconstriction or vasodilatation where
necessary to ensure adequate tissue perfusion presslidood flow (Levick, 2010)There

are two main approaches for the assessment of sympathetic innervatiascofar tone:
muscle sympatheti nerve activity (MSNA) which uses omoneurography to record
sympathetic outflowfrom postganglionic sympathetic neuroosntrolling vascular tee in
humans (Bruneet al, 2012), and to a lesser extent whole body and regional norepinephrine
spill over (Joyneet al, 2010).1t is widely acceptethathuman MSNA is modulated by the
arterial baroreflexnechanism anthis is integral tahe shorttermregulation of vascular tone
and blood pressure (Brumb al, 2012 Charkoudian and Rabbits, 2009).
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Studies involvingoredominantlhjfower bodyaerobi¢ whole body resistance, arsbmetricor
isotonichand gripexercisehave produced equivocedsults either demonstrating unchanged
(Ray and Carter et.aR010;Saitoet al, 2009; Carteet al, 2003; Cookeet al, 2005 Ray and
Carrasco, 2000; Ray, 1999; Sheldail, 1994; Svedenhagt al, 1984) decreasedGrassiet

al., 1999 or increased MSNA (Sinowast al, 1996)at restin healthyindividuals following
exercise trainingRay and Carrasco (2000) demonstrated no significant change in MSNA
following 5 weeks ofisometric handgrip exercideaining despitesignificant reductions in
resting MAP andBP (4mmHg and 5mmHg, respectively) in healthy young individuals. It
was inferred that reductions RBP in healthy normotensive individualgere not dependent

on attenuated efferent sympathetic innervation opperal vasculaturdn addition, gveral
researchers haweporta no significant change in resting MSNA following exercise training
in healthy young men (Ray and Carter, 2010; Sstitl, 2009; Cook et al, 2005; Svedenhag

et al, 1984). Six weeks of odegged cycling performed 4 days per week had no effect on
resting MSNA (Ray, 1999) and 8 weeks of whole body resistance training performed 3 days
per week has been shown to have no effect on resting MSNA (€t&aigr2003). Sdp et al
(2009)reportedhat 4 weeks asometric handgrip exercisaining performed 4 days per week
had no effect on resting MSNA. Furthermore, a recent study has reportezbricatrent
aerobic and resistance exercise traitiad no effect on indes of resting cardiac and vascular
sympathetic modulation (Aleat al, 2013), perhaps indicative that the cardioprotective effects
of exercise training are unlikely to be mediated by changes in resting synipadine¢ activity

in healthy young individua. Overall, thereappears to be limited evidence to support the notion
that attenuatedneural regulation of vascular tong a potential mechanism fasometric

exercise trainingnduced reductions in RBP.

Muscle sympathetic nerve activity reactivity is a technique used to assess fy@rpiédition

to an appliedstressr andit has been suggested tlatenuation irlMSNA reactivity may be
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advantageous to cardiovascular health (Carter and Ray, 20Egjuction inMSNA reactivity
would imply that when a stressor is applied less sympathoexcitation oBassarch has
shown that an attenuation in MSNA reactivity can occur even when resting MSNAds ei
unchanged or decreased in unhealthy populations (Martinez et Hl;, @0anznicky et al.,
2010; Laterza et al., 2007; Ray et al., 1999; Grassi et al., 1994). One study has d&donstra
that 4 months of aerobic cycling exercise training can reduce RBPa atmhcomitant
attenuation imesting MSNA and MSNA reactivity (Latea et al., 20075inowayet al (1996
reporteda reductionin MSNA reactivity to stressor®llowing 4 weeksof rhythmic handgrip
trainingin trained individualpossiblydue tothedesensitisation of the metabolically sensitive
muscle afferentdue tochronic exposure to products of anaerobic metabol&arringtonet

al. (1999) have suggestd that desensitisation of both the mechanoreceptors and
mechanoreceptors muscle afferent inputs are responiibleexercise traininginduced
reductions in RBPpotentially mediated via arattenuationin MSNA. Further evidence
demonstrates thaeductions in MSNA at rest following rhythmic handgepercise training
occurwith concomitant reductions in lactate production (MostdMiiab et al, 1998).This
supportghe proposal that alteredferentmuscle metaboreceptor responaesinvolvedn the
attenuation ofefferent MSNA reactivity responsefollowing static forearm conditioning

(Somerset al, 1992).

Blood pressure variability has also been proposed asaiker of baroreflexnediated
peripheral sympathetic modulatiari vascular tongdPaganiet al, 1988). Indeedthe low
frequency spectra ofystolic blood pressure variability has been shown to significantly
decrease with concomitant reductions in RBP following 10 weeksmietric exercise training
(Tayloret al, 2003). These findingsuggesthat attenuated peripheral sympathetic modulation
may play a role in thesometric exercise trainingduced reductions in RBIRA hypertensive

participantsyetthere idimited evidenceo suggest this is th@imarymechanisnresponsible
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for RBP reductions in healthy individuald. has bee postulated that drancedvascular
endothelial function and reduction in the protein expression of angiotensin typeptbreda
the paraventricular nucleus of the hypothalamus and rostral ventrolateral anefiulie
brainstencould be thainderlyingmechanismafor any observed reductions in MSNEarter
ard Ray, 2015).The interaction between the sympathetic nervous systemvasdular
endotheliafunction mayhelp to explain the high within individual variation in resting MSNA
in normotensive individuals with similar RBP (Skarphedinsstaal, 1997) It is likely that the
invasive nature of MSNA measurement techniques has contributed to the lack tfatioes
in this area. Although there is some evidence of imprdsB@ variability in unhealthy
individuals following isometric exercise traininghere is limited evidenceto support
attenuatecheural regulation of vascular toas aphysiologicalmechanism rgsnsible for

isometric exercise trainingduced reductions in RBP.

2.3.4 Peripheral vascular function and structure

Vascular resistance iskay regulator of skeletal muscle blood flow and therefore alterations
in local control mechanisms relating to the function and structure of the vasodtathelium
(Hamann et al., 2004) and vascular smooth muscle cells (Clifford and Hellsten, 2004) m
provide the greatest insight into chronic adaptations to exercise training (Aftd/teaughlin,
2010).There is growing evidence to suggest that reductions in RBP occur predominantly
through locally mediated changes in vascular physiology (Prior et al., 200&; Green et al.,
20044a; 2004b; Brown, 2003Yascular resistance is primarily brought abouth®/magnitude

of contraction of the vascular smooth muscle surrounding the resista@ges, which is itself,
initiated via the vascular endothelium (Thomas and Segal, 2004; Delp and Laughlin, 1998)
Improvements in the functioning of the peripheral vasculature may lead to enhelagation

of the vascular smooth muscle surrounding the resistance gnedesing of the vessel and
thereforelowered vascular resistancdntrinsic mechanisms which regulate vascular tone
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include: the secretiorof substances from the endothelium (nitric oxipmstaglandinand
endothelium derived hyperpolarising fagtdhe release of vasoactive metabolites generated
by the active tissues (adenogin@yogenic responsand the release ofasoactive paracrine

secretiongautacoids)Levick, 2010.

The vasculaendothelium is considerdtie intrinsic mechanism most likely to modulate the
control of muscle blood flow and thus vascular resistance at the local level througkdke re

of vasoactive substances (Sarelius and Pohl, 2010). The vascular endothelium is a monolayer
of cells between the vessel lumen and the vascular smooth muscle cells (TaisdyRZD12),
which is pivotal for normal bodily functions including the exchange of respirat@gsgand
nutrients between blood and tissue, regulation of vascular tone and prevention of initemmat
Homocellular gap junctions transmit ions and membrane potentials between neigibouri
endothelial cells and heterocellular gap junctions transmit signalsdrethve endothelial cells
and the vascular smooth muscle (Félétou, 2011). The vascular endothelium detecssiohange
blood flow and shear stress through the lumen ultimatgbportingthe movement of bolus
flow at the capillary level (Weinbaum et al., Z00Vasodilator substances released locally
such asiitric oxide prostacyclin anéndothelium derived hyperpolarising fagtbydrogen
peroxide and potassium ioas well assrasoconstrictor substances such as angiotéhamd
endothelinall play a role in the modulation of vascular tone (Beléeal, 2008; Vanhouttet

al., 2005).Vascular endothelial nitric oxide located within the skeletal muscle has been sho
to contribute to the control of vascular tone (Grange et al., 2001; Lau et al., [a0&@dition,
vascular tone is also affected by changes in vascular smooth muscle viacerdgasation
including autonomic regulation of the heart (HRV) and peripheral vascu(M&EA) as well

as circulating hormones (Levick, 2010); it should be acknowledged that there is higHitsaria

in the measurement of HRV and MSNA (Section 2.3.1 and)2.3.3
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Brachial artery flowmediated dilatatiofFMD) is a commonly used technique in clinical and
research settings to evaluatenduit artey endothelial functiorand isan accepted index of

nitric oxidemediatedendothelium depend vasodilatatiorfJoannides et al., 1995; Kooijman

et al., 2008). Artery diameter and arterial wall thickness are commsedlraeasures to assess
vascular structuralso referred to as arterial remodelling (Dinenno e&l01). Furthermore,
conduit artery vasodilator capacity is widely accepted as a surrogate markete il
remodelling (Naylor et al., 2005). Substantial evidence from animal stsili@gsenhanced
endothelium-dependemlilator responses, increased nitric oxg@duction andendothelial

nitric oxide synthase gene expression within 7 to 10 days of exercisegraiconduit arteries

and arterioles (Koller et al., 1995; Wang et al., 1993; Sessa et al., 1994). In addition, improved
vascular endothelial functioand increase@ndothelial nitric oxide synthagwotein levels

have been shown following 2 to 4 weeks of exercise training in skeletal muscieles in an
animal model (Sun et al., 1994). Moreover, exercise training studies using anima heoael
shown significant enlargement of arterial diameter which have been repiortdsk
endothelium-and nitric oxidedependent (Prior et al., 2003; Rudic et al., 1998; Lash and
Bohlen, 1992). This historical research has led to the modern day consensus dieait effi
functioning of the vascular endothelium is essential for maintaining healdsglwealls and
vasomotortone in conduit and resistance blood vessels (Padilla et al., 2014; Whyte and

Laughlin, 2010).

Epidemiological studies have suggested that changes in cardiovas@dagiik factors such

as blood pressure, cholesterol, body weight, triglyceridesautin sensitivity explain a large
proportion (approximately 60%) of the observed beneficial effect otieeatraining (Mora et

al., 2007). This has led researchers to susgigttthe remaining risk reduction may be
attributed to changes in vasculargraeters such as endothelial function, arterial remodelling

and vessel compliance (Thijssen et al., 2010; Green et al., 2009; 2008; Mora et al., 2007). The
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results from the metanalysis conducted by Inaba et al. (2010) demonstrated that for every 1%
improvement inbrachial arteryfrMD there is a potential to reduce the risk of a cardiovascular
event by 13% and therefore maintaining optimal vascular endothelial healtth wewuitably

be beneficial. Current evidence from the Framingham Offspring Cohort s$sigtied
hypertension is positively associated with the degree of endothelial difgefu(Benjamin et

al., 2004); and endothelial dysfunction has been shown to precede hypertension (Rossi et al.,
2004; Sander et al., 1999). Endothelial dysfunction is defined as the progressive development
of irregular vascular functiomainly due to a reduction in nitric oxide bioavailability and

abnormal regulation of vascular tone (Yao et al., 2010).

Only a few studies have attempted to explain exercise trainthged reductions in RBP
through improvements in systemic vascular endothelial function. Improvement$im&@

been associated with enhanced vascular endothelial function in healthguatsviBadrov et

al., 2013), young prehypertensive individuals (Beck et al., 2013), formerly prgeicam
women and aged matched controls (Scholten et al., 2014), postmenopausal women (Swift et
al., 2012) and in rats (Mota et al., 2014). In contrast, research has demonstrated nooassociati
between improvements in vascular endothelial function and reductions in RBP in obése (Cot
et al., 2014) or healthy individuals (McGowan et al., 200fgyeases in artery diameter have
been reportedo occurin the exercisedrained limb following trainingSpence et al., 2013;
Hunt et al., 2013; Miyachi et al., 2001), with some reports of increased artery diamtbter
systemic peripheral vasculature (Stebbings et al., 2Gi8petric lower limb exercise training
induced reductions in RBP have been associated with increased conduit artery dratheter

leg (Baross et al., 2012%tructural adaptations the form of artery diameter are likely to
contribute to benefit of exercise training®BP, howeverthere is limited researaonfirming

the existence of aelationship biveenincreases imresting conduit artery diameter and

reductions in RBRt could be inferred that improvements in vascular endothelial function via
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a nitric oxidemediated mechanism might at least in part explain isometric exercise training

induced reductions in RBP.

2.3.5 The role of nitric oxide and shear stress in mediating improvements in vascular function

andstructure

The signalling molecule nitric oxides produced by the endothelium and is considered
primarily responsible for the relaxation of the vascular smooth muscle i{i3kdand Michel,

2007 Sessa, 2005)Arteriole and resistance vesdahction is upregulated in response to
increased walkhear stresand ismost likelymediated visendotheliumderivednitric oxide

and prostaglandingKoller et al., 1995 and upregulate endothelial nitric oxide synthase
expression (Suet al, 1998; Delp and Laughlin, 1997)ogdetherin sufficient quantitieshis

may counteract neurogenic and myogenic constrictor influences over the vasc(it&taker

et al, 1993). Several types of nitric oxidependent vasodilator mechanisms have been
identified which nay bring about vasodilatation flow-mediated mechanicallyinduced
(Clifford et al, 2006), musclactivationrelated mechanisms (Van Teeffelen and Segal, 2006),
musclemetabolite related mechanisms (Clifford and Hellsten, 2004) and red blood cell
oxyhaemoglobirdesaturation mechanisrfar vasodilatation (Ellsworth, 2004n particular,
flow-mediated vasodilatation &vasodilatory mechanism that permits the rapid normalisation
of heightened shear stress (Dimmeler and Zeiher, 2003; Niebauer and Cook, 13896anbll
Kaley, 1991).In response to heightened blood flow, ttedease of endotheliaerived nitric
oxide can contribute to the propagation of vasodilatation upstream from sites bbimeta
demand to increase blood flow in upstream vessels (Bagher and Segal, 2011; Cohen and

Sarelius, 2002).

It is likely that multiple mechanistic pathways involving batiechanical (shear streasd

circumferential stre3sand chemicaktimuli (oxidative stregsexert an influence over the
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subsequent production and release of nitric okide thevascularendothelium (McLeart

al., 2015).Early animal studies were the firsthayhlightthat structural adaptations in vessel
diameter allowheightenedhear stresfrces to be returned to near baseline le{@isins et

al., 1987; Kamiya and Togawa, 1980hich negatedhe needfor continued improvement in
nitric oxidemediated vasculandothelial functionThe endothelium is an essential transducer
of haemodynamishear stressignals since the removal of the endothelium abolished any
previously observedhanges in vascular structure in the carotid artery in rats (Langille and
O’Donnell, 1986) and in the canine femoral artery (Rubahwil, 1986).The endothelium is

a key sensor of shear stress and previous research has demotisstatesodilatation is
largely dependent on the integrity of the endlitine (Guzman et al., 1997; Sessa et al., 1994;
Holtz et al., 1984). Improvements émdothelial function and structural enlargement of éloo
vessels(outward arterialremodelling) are consideredto be mediatedvia a shear stress

mechanism (Greeet al, 2011c; 2009Jasperse and Laughlin, 2006

2.4 Exploration of vascular adaptationsas a mechanism for exerciséraining -induced

reductions in resting blood pressure
2.4.1The effect of acute exercise @mduit artery vascular endothelial function

The beneficiakffects of chronic exercise training mstingvascular endothelial functidrave
been reasonably well studié@reenet al, 201Xk), whereasthe effects of a single bout of
isometricexercise orvascular endothelial functicarelargely tnknown It has been proposed
thatthe vascular endothelial functisasponsevithin anacute exercisenodel (Padilleet al,
2007) maypermitan enhanced understanding of the effects of exeresengparticularly in
relation toRBP (Thompsoret al, 2001). It has been theorised that changes in blood flow and
shear rate magnitude and/or pattern during exercise have significant irapdat exercise

traininginduced adaptations in vascular endothelial function and stru@@neen et al.,
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2011c). Thereforeit is surprising thatdw studies haveexamined bothacute changes in
brachial arteryr-MD andexerciseinduced changes in haemodynamic parameters suntbaas
flow andshear ratgatterns (Birket al, 2013; Padillaet al, 2007). In addition to thighe

relationship between acute changes in brachial aRkHy immediately following exercise

and chronic changes restingbrachial arteryfFMD following trainingareunknown.

Theeffect ofan acutdout ofresistance exercise on brachial artedD has received relatively
little attention in comparison to aerobic exercise (Atkinsbral, 2015; Choiet al, 2014,
Gonzalest al, 2011; Varadyet al, 2010; Tinkeret al, 2009; Goriet al, 2010; Phillipset al,
2011; Jurveet al, 2006; McGowaret al, 2006).High intensity aerobic exercise has been
shown to immediately redudeachial arterf=MD, whereas low to moderate intensity aerobic
exercise has been shown to significantly incrémaehial arteryfFMD after exercise (Dawson
et al, 2013). Previousesistance exercise trainistydies have investigated the effect of acute
isometric handgrigexercise (Gori et g12010; Tinkenet al, 2009; McGowaret al, 2006),
acute isotonic handgrip exercise (Atkinggral, 2015; Gonzalest al, 2011),acute eccentric
elbow flexor exercise (Choi et.aR014)andacute lower body dynamic resistance exercise

(Phillipset al, 2011; Varadt al, 2010; Jurvat al, 2006).

Brachial artery FMD has been shown to significantly decrease in sederdaigluals at 1
hour following acute maximal effort leg press exercise%td 2.5%) whereas this impairment
was not evident in trained weightlifters indicating the likely importance oftaesis training
status (5.80 to 7.1%) (Jurveet al, 2006). Simlarly, brachial arterybrMD has been shown to
be significantly impaired in sedentary individué8-mnutes following acute leg press
exercise above 80% of an individual’'s one repetition maximun?q&®5.7%) whereas
brachial arteryfFMD improved in traind weightliftersperforming the same exercise protocol

(6.7%to 8.8%) (Phillipset al, 2011).Furthermoreresearchnvolving lower limb exerciséas
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reportedan exercisentensity dependenbrachial arteryFMD responsgwith an immediate
decrease in brachial arteffvID following high (6.8%6 to 3.6%) and moderate (84lto 4.7%)

but not lowintensity(6.3% to 5.9%) lower bodygycling exercis€Birk et al, 2013).

Upper bodyresistanceexercise can elicit a transient post exercise decredsacdhial artery
FMD (Gonzales et al., 2011onzales et al. (2011) reported thghadmic handgrip exercise
performed at aslow velocity reducedbrachial arteryFMD at 30minutes post exercise in
healthy young individuals (6%8 to 3.6%). In addition, McGowan et al. (2006) has reported
thatan acute bout of isometric handgepercisesignificantly attenuatkbrachial arterfrMD
immediately post exercise in medicated hypertensive individuals (acute Flgdhsesbefore
training: pre 3.% to post 2.1%)Most studies involving an acute bout of resistance exercise
have demonstrategltransient reduction ibrachial arteryFMD, thisis in agreement witthe
proposl that a biphasicesponses likely to predominate in healthy individuatemediatéy
following an acute bout adxercise (Dawson et.aR013). A biphasic responsecisaracterised

as a immediatadecrease inascular endothelial function followed by normalisation or supra
normalisatiorat later time pointsandthis may have important implications for the lelegm
upregulation of vascular function and structurbe effect of an acute bout of exercise on
vascular endothelial function has been investigated over recent years, htveewrgensity
and duration of the exercise protocoiriarkedly varied. To date, no research exists which has
investigated the effect of an acute bout of isometric lower limb exercise an otde

mediated endothelium-dependent vasodilatation assessed via brachial artery FMD.

2.4.2The influence of exercise intensityamnduit artery vascular endothelial function

Previous research has shown thghhntensity lower body aerobic exerci$® (o < 80% \/
O2may resulsin a larger reduction in brachial artéfiiD immediately post exercigdirk et

al., 2013; Johnsoat al, 2012h Llewellyn et al, 2012). Birk et al. (2013) compared the effect
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of 30 minutes cycling exercise at different intensities (50%, 70% andﬁﬂli%x) on post
exercisebrachial artery FMD in healthy young men and reported an exercise ipensit
dependent decrease in brachial artery FMD following both moderate aridteigsity aerobic
exercise; this was not evident at the lowest intenkigwellyn et al (2012) examined the
effect of moderate intensity aerobic treadmill running exefois80 minutesat 60% VO2max

and reporteda significant decrease ibrachial arteryFMD (adjusted forbaseline artery
diameter) at 30ninutes post moderate intensity exercise (pre to post: 8.89% to 5.83%)
FurthermoreJohnsoret al.(2012h reported anncreasen brachial arteryfFMD immediately
postmoderate intensitgxercise ab0% \7e peak(pre: 5.0% to posf7.2%) anddecreasen

brachial arteryFMD immediately poshigh intensity exercise @0% VOzpeax (POSt: 4.7%).
Several other studies hawepored an increase in FMD at lower exercisgensities (Zhu et
al., 2010; Tinken et al., 2009; Harris et al., 2008; Gasioa et al., 2006; Harvey et al., 2005).
Together these results suggest that intertfyendentchanges in vascular endothelial
functioncan occur Furthermoreit may be inferred from the existing literatubet moderate
to high intensity exercise is most likely to result in a transient decrebsacimal arteryr-MD

as opposed to performing exercise at a low intensity.

Interestingly, the reduction ibrachial arteryeMD reported by Birket al (2013) returned to
baseline levels dt-hourpost exercise exemplifying the existence of a biph&siponsén an
acute exercise model. In additiddewellyn et al. (2012) reported thhtachial arterybFMD
wasnon-statisticallyelevated above pre exercise levaid-hourpost high intensity exercise
Moreover brachial arterfFMD was higheat I-hour post high intensitgxercisan comparison
to exercise performed ahoderate intensityLlewellyn et al. 2012)These findingdurther
support the notion that an acute bout of high exercise intargsitglicit abiphasic responsa
vascularendothelial functionCollectively,the findings from Birket al (2013), Johnsoat al

(2012h and Llewellyn et al. (2012) support the notion thapercompensatiom vascular
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endothelialfunction occus within an acute exercise mod&upercompensatiois a basic
theory of athletic training whereby periods of progressive increases inadions in cellular
and systemic environmerdsefollowed by sufficient periods of recovery. This process allows
beneficialadaptations irphysiologicalsystems thapermit bodily systems to surpass initial
baselne levelsof functioning(Bompa and Haff, 2009)his integrative biological resmse
will ultimately return the body toa higher levelof homeostasis viacute changes that
temporarily allowincreasecdexercise capacitio deviate from resting homeostasis (Stamey
al., 2013).1t would appear beneficial to assess the acute effecisonfetric bilateral leg
exercise otbrachial arterfcMD attwo differentexercisantensitieghigh and low) to provide

an insight intahe possible existence of artensitydependent biphasic response.

2.4.3The timing of flommediated vasodilatatioassessmenmost exercise

Flow-mediated vasodilatation has been assessed in the brachial artery followingedmatut

of exercise ranginfrom immediately post exercise bout up to 48 hours post exewitte
assessments most typically occurring withia8idlutesto 1-hourpost exerciseBrachial artery

FMD has been shown to decrease (Franklin et al., 2014; Birk et al., 2013; HwangGt23l., 2
Bailey et al., 2012; Johnson et al., 2012b; Gori et al., 2010; Llewellyn et al., 2012; Gohzalez e
al., 2011; Phillips et al., 2011; Dawson et al., 2008; McGowan et al., 2006; Jurva et al., 2006;
Silvestro et al., 2002), increase (Birk et al., 2013; Johnson et al., 2012b; Phillips et al., 2011;
Gonzalez et al., 2011; Zhu et al., 2010; Tinken et al., 2009; Cos@ et al., 2006) or remain
unchanged (Atkinson et al., 2015; Hwang et al., 2012; Dawson et al., 2008;L@oaiet al.,

2006; Silvestro et al., 2008)hen measured within 3@inutes of performing a bout of aerobic

or resistance exercis@hose studies that reported an immediate increase or no change in

brachial artery FMD within 3@ninutes post exercise predominantly consist of low to moderate
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intensity exercise, the majority of whighedominantlyutilise theaerobic energy system or a

small muscle mass

The majority of the studies involving resistance exercise or predominanty liowb exercise
thathave reported a decrease in brachialraf@D immediately following an exercise bout

also report arincrease at later time points (>60 minutes) (Birk et al., 2013; Katayama et al.,

2013; Johnson et al., 2012b; Gonzales et al., 2011; Goel et al., 2007). This finding reinforces
the likely existene of a biphasic brachial artdfFiMD pattern, whichmaybea normal response
within the vasculature to large muscle group exercise modalities performedetate to high
exercise intensities. A transiedécrease in brachial arteRMD following an acutebout of
exerciseis consideredo act as a cataly$or vascular adaptations when axercise bouts
performed repeatety (Padilla et al., 2011a; Suvorovand Kojda 2007). The classic
physiological concept diormesigSchulz, 1888is defined as paroess whereby mild stress
activates endogenous mechanisms of repair and maintenance to protect cetlsaysensient
stressesljurand and Gutterman, 2014; Dawson et al., 2013; Gems and Partridge, 2008; Zhang
et al., 2008).The hormesisresponsavithin the vasculaturas understoodo be activated by

mild stressors including oxidative, metabolic and thermal stressors (€sdabt al., 2012).
Resistance trained individuals have been shown to bettsebtin immediate attenuation in
brachial arteryFMD following acute exercise compared to their untrained counterparts
(Phillips et al., 2011; Jurva et al., 2006). It could be ¥hatular hormesis a viable concept

to explain improvements in vasculegsponsever time to the same exercise stimulus,
possilly due to the protective mechanisms accrued over vi@eipregulation to exercise

induced haemodynamic and metabolic stressors (Thorin-Trescases and Thorin, 2010).
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2.4.4 Blood flow and shear rate pattehsring exercise

Exerciseinduced haemdynamicparameters including blood flow, shear ratterns and
exercisingblood pressure have been suggested as potential physiolsigizali responsible

for mediatingimmediate post exercise changevascularendothelialfunction (Gonzales et

al., 2011, 2008; Bilfinger and Stefano, 2000). Ttgsical forces exerted upon the luminal
vessel wall and endothelial cell surface are pivotal in the regulation af lkssel structure
and function (Gimbrone et al., 2000). The endothelium is constantly expoaefli¢tonal
force per unit area known as shear stress which ranges between 10 and 70°dival&oet

al., 1999; Davies, 1995). Shear stress is typically pulsatile and unidirectionahtinetgl
straight and healthy human conduit arteries ataedyields a predominantly positive value
over the cardiac cycl®avies, 1995). PulsatiEhear stress considered to promote the release
of favourable substances from the endotheliumitif@abit smooth muscle cell proliferation,
adhesion of leukocytes and blood coagulation (Adams et al., 2005; Woodman et al., 2005;
Osanai et al., 2000; Niebauer and Cooke, 1998). endothelial shear stress is by definition
unidirectional with a periodically varying magnituoleer the cardiac cychgelding a low time
avaage (below 10 to 12 dyne/énand oscillatory shear stress is bidirectional with a
periodically varying magnitude over the cardiac cycle yielding @ hsv time-average close

to zero (Chatzizisis et al., 2007). Oscillatatyear stress and low levels of shear stress have
been shown to prometoxidative stress, attenuate nitric oxakpendent vasodilatation,
increase permeability to lodensity lipoproteins as well as promote inflammationastular

smooth muscle cefirdiferation (Chatzizisis et al., 2007).

Theprofile of the blood flowwaveform can be further classified into antegraderatrdgrade
components torder to provide an insight into blood flow and shearpatéerns andllow for

the determination of oscillatory shear stress (Paelili, 2014). In studies involving isolated
blood vessels and cultured cells, an elevated mean shear rate has been shown to dlicit an an
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atherogenic phenotype whereas augmented retrograde sheardrédesmean shear rateave

been shown to elicit a pratherogenic phenotype (Hastings et al., 2007; Dai et al., 2004; Stone
et al., 2003; Ziegler et al., 1998a; 1998b; De Keulenaer et al., 189¢mnentedantegrade
shear ratehas been shown to improve vascular endothelial fungfiamken et al., 2009),
whereas augmented retrograde shearlvasebeen shown to evoke endothelial dysfundtion
humangThijssen et al., 2009b). Although there is evidence to support the notion that chronic
reductions irmean shear rand augmenteadscillatory shear indeare potent pratherogert
signals to the conduit arteriefew studies have confirmed the association between disturbed

blood flow and impaired vascular endothelial funciiorivo (Padilla et al., 204).

Research has established timatscularcontractions can generate higscillatoryblood flow
patternscharacterised by higlorward directionblood flow (antegrade blood flow) and high
backward direction blood floretrograde blood flow) (Radegran, 1997; Robetgsl, 1997;
Wallge and Wesche, 1988; Anrep, 193arlier researcthas shown thdbw levels ofshear
stressare producedduring dynamic forearm exercisenith negligible contributios from
retrograde blood flowGreenet al, 2005; 2002) In comparisona bout ofcycling exercise
produced high levels oheanshear stressith significantcontributions from elevations in both
antegrade and retrograde blood flow (Green et al., 2005; 2862)n et al(2005)concluded
that increasedetrograde blood flowduringlower limb cycling exerciséed to enhancetlood
flow pulsatility, which forms an integral part ofthe shear stresstimulus acting on the
endotheliumto stimulatethe release of endotheliderived nitric oxide bringing about

vasodilatation and thus increased total blood ftaywacity

Themajority of studies which have investigated blood flow and shegpatternsiuring lower
limb aerobic exercishave reportedhcreasd shear ratén upstream conduit arteries feeding

non-exercising skeletal muscleBitk et al, 2013;Johnsorand Wallace, 203, 5immonset al,
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2011; Thijsseret al, 2009a Tanaka et al 2006;Green et a) 2005; 2002 Nonethelesshese
findings suggest thataemodynamiachanges inducetdy lower bodyexercise modalities
impact upon thehear ratén the systemic vasculaturéherefore the haemodynamic stimuli
afforded by isometric bilateral isometric leg exerasald provide a plausible mechanism for
mediaing systemic vascular adaptatiorfStudiesthat haveassesseéxerciseinduced blood
flow and/or shear ratgatternswithin the active skeletal musatiringlower (Gonzales et al
2008) and upperlimb exercise (Atkinson et al, 2015; Greenet al, 2005; 2002) have
demonstrate&thangs in localisedblood flow during muscular contractienin addition, the
change inblood flow immediately upon cessation of muscular contracknown as post
exercise hyperaemia (Osada et aD03)may be a potentexerciseinduced haemodynamic

stimulusin its own right.

Previous studies have measured the total magnitude of blood flow to the lower limbs during
dynamic knee extensor and cycling exercise (Parker et al., 2007; Lutjesheibr 2005;
Radegran and Salt 1998; Radegran, 1997), during isometric lower limb exercise (Osada et
al., 2015; McNeil et al., 2015; Wigmore et al., 2006; Wesche, 1986; Sadamoto et al., 1983),
and the total magnitude of blood flow to the upper limbs during isometric uppeeXienbise
(Thompson et al., 2007; Hunter et al., 2006; Jensen et al., 1993; Kagaya and Homma, 1997).
Previousresearchnvolving single leg isometric exercigeotocol haveeported that localised

total blood flowis elevated compared to baseline levels, however it is proportionately reduced
in relation to graded intensity isometric leg exercise (ranging from 5% to 50@) KGaffney

et al., 1990; Sjggaard et al., 198Bimilarly, the magnitude of total blood floupon cessation

of sustained forearnsometrc muscular contractionas been shown to increase linearly with
contraction intensity (Wigmore et al., 2006). Furthermore, significant incéasetal blood

flow have been reported to occur in #eercising limbfollowing repeated brief X8econd
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isomdric muscular contractioof the quadriceps muscles in proportion to the workload (Osada

et al., 2015).

Fewpublishedesearch studies have investigateabd flow and shear rapatterngantegrade,
retrograde and oscillatory component®)ring muscular contractionor immediately post
cessation ofmuscular contractiofAtkinsonet al, 2015;Johnson and Wallace, 20X2onzales

et al, 2011;Tinkenet al, 2009;Gonzale<t al, 2008 Green et a) 2005; 2002 Gonzleset

al. (2008)investigatedhe impact of single leg dynamic knee extensor exercise arfdsiow
contractionvelocitieson blood flow and shear ratgatternsin the common femoral artery
Retrogradeblood flow was significantly increasg compared to baseline durirgpth fast
contraction velocityexercise andlow contraction velocityexercise 121.7 ml.mintvs.11.2
ml.min?, respectively. Furthermore, he fast contraction velocity exercise produced
significantly greater antegrade blood flmempared to slow contraction exercise condition
(2012 ml.mint vs.1745.6 ml.mirt, respectively) Thefindings from Gonzalest al (2008)are

in alignmentwith those of Greeet al (2005; 2002who sugge®td that blood flow became
more pulsatile in nature. Ilhay be that thisincreasedblood flow pulsatility is a potent
modulator of improveditric oxidemediatedendothelium-dependent vasodilatation, however
it is currentlyunknownto what extent lower limb isometric exerciakters antegrade and

retrogradecomponents of blood flow and shear rate.

Previous research has alludedsfecificblood flow and shear rate patterns during exercise
bouts (Gonzalest al, 2008 Greenet al, 2005; 2002 andimmediately upon cessatiayf
exercise(Johnson and Wallace, 2012). Johnson and Wallace (204#predshear rate
patternsin the brachial arterymmediately upon cessation of running at different intensities.
The findings revealed thascillatory shear index and retrograde shiatewere significantly

decreased immediately pdsgh intensity moderate duratiogreadmill running exercis@0%
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\EOZpeakfor 30 minutes), moderate intensity moderate duration (@Eﬁpeakfor 30 minutes)
and moderate intensity long duratimeadmill running exercisg0% ‘EOzpeakfor 60 minutes).
In addition, a significant intensigependentincrease in antegrade and mean shear rate

immediately post exercise was observath the greatest increases follmg high exercise

intensity 80%‘502;)@( (Johnson andlvallace, 2012)Shear rate patterns during high intensity
isometric musculacontractionsandduring therecovery periodn between contractiorfsave
beeninvestigatedSmith, 2014 as part ofa graded intensity isometric bilateral leg exercise
test These datdemonstrated aintensitydependenincreasen bothantegrade and retrograde
shear rateWhilst this standardised gradegerciseesting protocol has been used to prescribe
isometric exerciséntensity (Barosst al, 2012; Deverewet al, 2011; Wileset al, 2010;
2007),it does not reflecatypical boutof isometric exerciseommonlyused as part of a chronic
exercise training interventioffherefore, the acute exercisiidy within this thesiaimedto
more clearlyquantify the blood flow and shear ragatterrs during a bout of isometriower
limb exercisein the same wait would be utilisedas part ofa trainingintervention.To date
there is no datanvestigatinghow blood flow and shear raggatternsmanifestduring lower

limb isometricmuscular contractions or upon cessation of muscular contractions.

2.4.5 The relationship betweerexerciseinduced blood flow and shear rate patteraisd

peripheral conduit artery vascular endothelial function

The impact of exerciseinduced blood flow and shear ratpatternsat various exercise
intensitieson vascular endothelial functisamaindargely under investigateétkinsonet al
(2015) recently summarised tarerciseinducedblood flow and shear rafmatternsacross 30
second epochs atrBinute intervals throughoua 30-minute unilateral isotonichandgrip
exercise boutMean and antegrade blood flow asttkaratewere increased above baseline,

the lagest increases were evident during performance dfifjieest exercise intensif{t5%
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MVC) and thee were no reported changes@trograde blood fl and shear rateéAtkinson

et al (2015)revealed that brachial arteAMD wasincreasecat 63 minutes post exercise at
the highesexerciseintensity only, and thisnay be due to intensitgependentncreases in
antegrade blood flow arghearate It is likely thatthisimprovement in vascular function post
exercisas relatedto thelessothaemodynamic, metabolic and neurohumoral responses to small
musclegroup exercise (Atkinsoet al, 2015). sometric bilateralower limb exercisés likely

to cause a markedbifferentstimulusdue to the larger amount of muscle mass recruited during
exercise it is currently unknown how these exereisducedhaemodynamigatterns will

affect acuterascular endothelial function.

Tinkenet al (2009)hasalsoexamineddlood flow and shear rafmtterndnduced by different
exercise modalities and thegubsequentability to mediate acute changes wascular
endothelial function. Shear rate was manipulated during an acuten8@e bout of bilateral
forearmheating, recumbent leg cycling and bilateral handgrip exercise usen@ram as a
control limb (norncuffed arm) and the other as the experimental limb (cuffed limb) in healthy
young menAntegrade shear rate was increased to a similar extent duritigesexercise
intensityconditions which resulteid a similar increase ibrachial arteryfrMD. However, the
modulated reduction iantegrade shear ratghich wasnduced by sudliastolic cuff inflation,
preventedthis improvementn brachial artery FMDfrom occurring These findingfrom
Tinken et al (2009)further demonstratehat the magnitude ofintegrade shear ratsuld

provide an important stimulus to enlcaivascular endothelial function in humans.

Recent studies have reported that increases in retrograde shear rate, modwdatéchftation
without impacting upon antegrade shear rate, induced addpsndent attenuation in brachial
artery FMD in healthy young men (Thijssen et al., 2009b). Thiedangs were the first to

report that when retrograde shear rate is increased in isolation it @al@diential stimulus
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for endothelial dysfunction in humans. Further evidence had emerged to supportciy con
that a reduction in mean blood flow and/or an increase in retrograde blood flow and ogcillator
shear rate evokes endothelial injurywivoas evidenced by local increases in the concentration
of endothelial micreparticles (Jenkins et al., 2013) although this has not been confirmed in
humansinterestingly, confounding results were later reported in older men witbxstng
endothelial dysfunction whereby FMD in both the brachial artery and supdditiaral artery

were unaffected by acute elevations in retrograde shear rate (Schrealde2@t5a). These
conflicting results demonstrate that this area remains largely unexplodealilzough the same
intervention wasapplied,there was a drastically different vascular function response to the

same isolated retrograde shear rate stimdggendent on the population examined.

Gonzales et al. (2011) investigated #ffect of local exercisenducedblood flow and shear
ratepatternson vascular functiorBrachial artery MD was significantly reduced 3@inutes
following slow contraction velcity exercise(6.90% to 3.6%) and unchanged 3®ninutes
following fast contraction velocity exercise (5.46% to 6.14%). The findings Gonzales et
al. (2011)show that stimated contractile wonwas higher during slowersusfast contraction
velocity, andthose with higher estimated contractile workdea to have higher exercising
blood pressurand higherretrograde shear ratturing exerciseFurthersubgroup analysis
indicated that those with higher exercising MAP during the slow contractionitye¢xercise
tended to experience the largest decrease in brachial EN#Dymeasured 3@ninutes post
exercise Higher estimated contractile worlwas proposed to be due to the greater amount of
time spent in contraction (Gonzales al, 2011) whichmay go some way to explain the

observed transient reductionbrachial arterfrMD post exercise.

Acute changes inascular endothelial functiomay require a critical threshold of exercise

intensity,which islikely related to increases in exercisisigod pessure sswell asshear stress
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(Hallmark et al, 2014). An exercising blood pressure threshold has been proposed to exist
above which vascular endothelial function may be impaired following ageteise (Gonzales

et al.,, 2011). Although alterations in vascular endothelial function are predominantly
consideredio be a shear stressediated phenomenon, other factors such as a transmural
pressure related mechanismay also mediate changes in vascular endothelial function
particularly at a systemic level via exercising blood pressure. lttisregly difficult atthis

time to disassociate between transmural pressure and shear stress relatecsms&oharo

(Green et al., 2011a).

2.5 Exploring peripheral vascular adaptations as a mechanism for exercise trang-

induced reductions in resting blood pressure

2.5.1The effects of exercise training on vascular endothelial function and the association with

resting blood pressure reductions

Researclinto the effect of exercise trainimy restingvascularendothelial function in conduit

and resistance arteribasreported improvements imealthy (Birket al, 2012; Rakbowchuk

et al, 2008; Thijsseret al, 2007, Gotoet al, 2003; Gockeet al, 2002; DeSouzat al, 2000;
Greenet al, 1994) and unhealthy populations (Grateal, 2015;McGowanet al, 2007h
Hambrechtet al, 2003;Walshet al, 2003; Linkeet al, 2001;Maioranaet al, 2001; 200D
Whole body dynamic resistance (Beck et al., 2014; Spence et al., 2013), upper bodg dynam
resistance (Zoeller et al., 2009) and upper body isometric and isdtandgrip exercise
training (Badrov et al., 2013; Tinken et al., 2010; 20€&) improve in conduit artery or

resistance vascular endothelial function in healthy individuals.

A metaanalysidy Ashoret al (2015)revealed similar effectiveness of aerobic, resistance and
combined exercise training to significantly improveonduit arteryvascular endothelial

function in both healthy and unhealthy populations by 2.79%, 2.52% and 2.07%, respectively.
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A small number obktudies have reported no changeamduit artery or resistanc@ascular
endothelial functionin healthy individuals following wholebody resistance training
(Rakdoowchuket al, 2005), combined aerobic and resistance exercise training (Maierana
al., 2001)andisometric handgrip exercise training (McGowan et2007&). Early research by
Kingwell et al (1997)reported improved nitric oxidmediated forearm resistance vessel
function assessedia venous occlusion plethysmographgllowing 4 weeks of cycling
exercise training in healthy young men. Clarkson e{18199) reported improvetdrachial
arteryFMD following 10 weeks of combined aerobic and anaertiaioing as part of basic
military training, whereby brachial artery FMiDcreased significantly from 2.2% to 3.9%.
There were no concomitant reductions in RBP and enhanced endedleekaident function
was independent of RBP and only related to improvements in exercise performankso(C|

et al, 1999).

The research inveggating the effect of isometric exercise training RBP andvascular
endothelial functions relatively sparseBadrov et al. (2013) has reportedgprovedvascular
endothelial functionat the resistance vessel level with concomitant reductions in RBP
following isometric exercise training in normotensive individudlse research by Badret

al. (2013) consisted of randomised controlled trials involving three conditions: alernat
unilateralisometric handgrigxercise eithe8 or 5 days per week for a total of 8 weeks, and a
non-exercising control condition. Resting SBP was significantly reducedriayidg in both
exercise conditions, wittresistance vessel endothelial function was owed by 57% in the 5

days per week condition compared to 42% in the 3 days per week condition.

McGowanet al (20073 alsoreported thatinilateralisometric handgrip exercismntractions
at 30 % MVCperformedthree dayper week for a total of 8 weekihie same intensity as

Badrovet al (2013),induced significant reductions in resti®&@P of5 mmHg There was no
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significant interaction observed ftwachial arteryrMD between the exercised anantrol
arm. McGowan et al(2007a proposed thathe assessment of the conduit artemgly not be
the most relevant measurement sitbealthy individuals irorder to detect changesvascular
endothelial functiorbut rather at the level of resistance vess#ise this level of the arterial
tree isconsideed primarily responsible for determining blood pressure (Haddy, 1968).
McGowan et al. (2007b)also reported increased endothelial nitric oxilependent
vasodilatationlocalised to theexercisedlimb and a reduction in RBPin a medicated
hypertensive population. This resoiay inferthat restingconduit artery vascular endothelial

functioncan be improved at a localised rather than systiEwétin a hypertensive population.

Numerous studies demonstrtiat exercisetrainingleadsto systemic improvement wrascular
endothelial function(Birk et al, 2012; Padillaet al, 2011a; 2011cMaioranaet al, 2003.
Localised improvements in vascular function and structure have been shown to bednediate
through repeated ineass in shear stres¢Birk et al., 2012; Tinken et al., 2009; 2008).
Furthermore, edencehas confirmedhat brachial artery vasodilatation in the inactive limb
during lower limb exercises alsoshear rat@lependent (Padilla et.aR011a. It is clear from
the research available that exercise trainnegardless of modalifycan induce favourable
benefits upon vascular endothelial functi@nboth a local and systemic lewegithin both
conduit and resistance vesseBrevious research hgsredominantly investigated the
effectiveness ofaerobic exercise trainingon vascular endothelial functiomnd further
investigation intathe effectiveness alynamic resistancand isometric exercise trainiram
vascular endothelial functido explain exercise trainirigduced reductions in RBiRay prove

worthwhile.
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2.5.2The effects of exercise training on vascular structure imdssociation with resting

blood pressure reductions

Adaptations in artery diametésllowing exercise trainingappear to béighly dependent on
the mode of training and the location of vascular bed examined in relation to theiegerci
limb (Black et al, 2016). There is some evidence in the form e@bsssectional studies
examining vascular structutiemonstrating thatacket sportglayersposses a significantly
largerartery diameteand lower arterial wall thickness in the dominant versusdominant
arm (Rowley et al, 20113. Brachial artery diameters were significantly largerathletes
involved insports requiring predominantiypper body orientateshovements anduperficial
femoral artery diameters were significantly larger in runners and cychst®mparisonto
control subjects (Rowlegt al, 2011b). This has led tepeculéion that increases iartery
diameterare a localised phenomenon (Grestral, 2011c; Huonkeret al, 2003; Schmidt

Trucksa&set al, 2000).

Localised increases in artery diameter to the exercising limb can odlawihg exercise
training in healthy individuals following upper body resistance exercisergaidynamic free
weight and fixed weight exercises and isotonic handgrip) (Stebbings et al., 2018 £ball,
2009; Tinken et al., 2010; 2008) and lower body rhythmic aeet@ccise trainingThijssen

et al., 2007). Furthermore, 8 weeks of lower limb isometric exercise tranuirggsedommon
femoral artery diameter within the egeed limbs in middieged prehypertensive men
(Baross et al., 2012 addition to this, a significant correlation was reported between common
femoral artery diameter and exercise trainmguced reductions in resting SBP (Baross et al.,
2012). Those who experienced the largest reductions in RBP had the largest resting comm
femoral artery diameter. Interestingly these observed improvememsripheral vascular
structure whichoccurred during the latter stages of exercise training, were inteleggndent

and localised to the trained limf{Baross et al., 2012Miyachi et al. (2001) has reported that
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6 weeks of lower body endurance exercise at 80% ofegged peak oxygeauptake (‘EOzpeaQ
significantly increased vessel cross sectional area of both the femonalbgrtE6% and vein
by 46% unchanged RBP and a sificant reduction in restinglR. In contrast, Schreuder et
al. (2015b) and Thijssen et al. (2013; 201have both reported unchangelbcalised and
systemic artery diametdollowing lower limb aerobic exercise training in healthy young

individuals.

There is conflicting evidence to date about the nature of localised versus syadeptations
in artery diameter, and recent research supports systemic improvemerdryndaimneter
following dynamic resistance exercise trainialjhoughRBP was unchanged pre to post
training(Stebbings et al., 2013)daptations irartery diametefollowing training appear to be
dependent on the locationtbevascular bed examined in relation to the esamng limb (Black

et al, 2016) and the nature of the programvaeablesforming the exercise protocdbased
upon the current evidencadaptatios in bothlocalisedand systemicestingartery diameter
may be a potentialmechanism responsible for RBP reductions followisgmnetricexercise

trainingin young healthy individuals.

2.5.3The time course of exercise trainimgluced changes in vascular endothelial function

and structure

There has been a long standimigrest inthemeasuement ofvessel walktructural adaptations
(Thijssenet al, 2013; DeVan and Seals, 2012; van Duijnhogeal, 2010; Billingeret al,
2009; Dinennoet al, 2001) and endothelium-dependent vasodilatation followaxgrcise
training (Allen et al, 2003; Delp and Laughlin, 1997Acetylcholineinduced relaxatiomvas
significantly higher at week 4 and week 10 in rak® completed 10 weeks of aeroleixercise
trainingin comparisorio sedentary contralurthermoreAllen et al (2003) assessed the time

course of changes in conduit artery vascular endotHalation twice per weekn healthy
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young menthroughout a 4veek isotonic hargtip exercise training Brachial artery FMD
improved by 62% relative to baseline at the end of weakdthanges wertcalised to the
trained arm only (baseline: 4.82%.vend of week 4: 5.20%)Brachial arteryFMD was
significantly improved at the end of the first week of trainamgl this improvementvas
maintainedup to week 4(Allen et al. 2003) This finding from Allen et al (2003)is in
agreement witkearlier studies showing rapid improvements in vascular endothelial function
animal studies within 1 to 10 daysefercise trainingDelp and Laughlin, 1997; Sessaal,
1994; Wanget al, 1993) This is also in alignment with tlegiginal hypothesishatfunctional

responses are supersetwgdstructurabdaptatios (Laughlin, 1995).

Relatively few studies havemeasuredvascular functional andstructural adaptations
simultaneously throughout an exercise training intervention (Tiekat) 2010; 2008; Vitaet

al., 2008; Allenet al, 2003). This is particularly pertinent given that a sequential time course
has been proposed to exist between artery function and structure (LaughlinBE8@8)upon
Seyle’s Theory ofStressResponse-Adaptatiorf1978), Laughlin (1995) indicatedthat
structural adaptations supersefmctional responses in order to normalise shear stress
stimulus. Thereis limited data on the time course of functional and structural vascular
adaptaibns when measured simultaneously in healthy young men followomger limb
dynamicresistanceraining orisometricexercise trainingThe timecourse of functional and
structural vascular adaptations have previously been reported in isoladgramic resistance
and isometriexercise trainingtudiegBarosset al, 2012 Rakobowchulet al, 2005) thereby

allowing somepreliminary irsight intovascular adaptations at regular time intervals.

Rakobowchulet al (2005) reportethatbrachial arteryfrMD was unchanged at mid (week 6)
and post (week 13)ompared to baseline followingnhole body dynamic resistanegercise

training Restingbrachial artery diameter as well as peak andgddbnd post cufbcclusion
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reactive hyperaemiaeresignificantly increasedtmid and post training (Rakobowchakal,
2005), possiblyndicating the presence of increased systemic artery diamedermproved
vascular endothelial functioat the level of the resistance vesséiswas not possible to
determinefrom the aforementioned studyhether the observed increases in restiraghial
arterydiameter were attributable to the release of vasoactive substances that affear vascul
tone or structural changes to the vessel itselfthermorethe aforementioned study did not
assesyascular function and structure at regular time points. This maag prevented an
adequate periowvith which to observehe potentialtransition of functional into structural
vesseldaptationsBaross et al(2012)investigated whether localisedmmon femoral artery

or systemidorachial artery peripheral vascular adaptations occurreeatnid and posin 8
weekisometric bilateral leg extension exercise training interven@@mmon femoral artery
blood flow velocity, artery diameteand vascular conductance were significantly increased

following 8 weeks ofsometric exercise trainingnly.

A researchstudy byTinken et al (2008)examinedthe time course othangesn vascular
function and structurtnroughoutan 8weeklower limb cyclingexercisdrainingintervention.
Healthy young men performed aerobic exercise 3 times per week for 8 weeks at &@#o of t
heart rate reserve. Flemediated vasodilatation andsodilator capacity of the brachial artery
and popliteal artgrwere examinedortnightly. Brachial arteryfFMD was signiicantly higher

at week2 and 4 oftraining compared to baselinendvasodilator capacityas significantly
higher at week2, 4, 6 and 8 of training compared tosbbne. Popliteal artery FMD a%
significantly higher at weeR, 4, and 6 ofrainingcompared to baseline apdpliteal artery
vasodilator capacityvas significantly higher at week, 6 and 8 oftraining compared to
baseline. The results revealedchialand popliteal artery FMDwere highesat week 2 and
thesefunctionalchanges weréllowed by structural adaptationthus permittingooth local

and systemiendothelial function to return to near baseline valuesra@figdtsfrom Tinken et
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al. (2008)exposeda rapid time coursef both localised and systemic endothelial funciion
humans at regular intervals throughout an exercise training interventionettedollowed by

both local and systemic indices of structural adaptations.

Furthermore Tinken et al (2010) conducted @aovel study whereby healthy young men
performed 8 weeks of bilatenabtonic handgrip trainingt 30contractions per minute for 30
minutesperformedthree times per weedn localisedorachial arteryfFMD. A pneumatic cuff
(60mmHg) was positioned around one forearm to arrest blood flow and shear rate during each
exercise bout and the other was tooiffedto establistshear stresas a modulator for changes

in vascular functiorand structureTinken et al. (2010) also examinlexhchial arteryFMD in
response to ischemic exercise, an index of resistance artery size or temdNalylor et al,

2005). Flowmediated vasodilatation in the experimental (oaffed) limb was signittantly
increased at week (8.5%), week 4 (6.9%) and week 6 (5.8%) compared to baselirté)4.4
Ischemic exercise dilatation of the brachial arieag significantly increased in then-cuffed

limb at week 2 (10.0%), week 4 (11.5%), week 6 (14.0%) and week 8 (15.6%) compared to
basline (9.86) indicating progressive increasesonduit vessel adaptatiodsring the latter
phase of thérainingintervention. Botlstudies by Tnkenet al (2010; 2008) haveeinforced

the effectiveness of lower body and upper body domitramting to inducerapid functional
charges in the vascular endothelium. Thisctional responseasnormalisedafter 4 weeks

due tothe presence of structural vascular adaptations

In contrast to the findings form Tinken et al (2010; 2008)ent evidence hasmdemined the
original hypothesis that functional changes occur rapatly precedestructural adaptations
(Spence et al2013) Conduit artery diameter, wall thickness and endothelial funetene
assesseth healthy individuals during 24week of dynamic resistance or aerohi@ining

intervention(Spenceet al, 2013).This researchvasthe first to demonstratihat continual

47



improvements in both functional and structural parameters can occur for much lomggs pe

of time than initially hypothesised when appropriate progressive overload of éhgsex
stimulus is appliedResistance exercise training resulteda significant improvement post
training restindrachial arteryliameter pre:3.8mm vs.post:4.1 mm) and peak FMD diameter

(0.2 mm) (Spenceet al, 2013). Furthermore, aerobitaining induced a significant
improvement inpost trainingresting femoral artery diametey peak FMD diameter and
percentagé-MD. These results are in agreement with others who have reported the localised
effects of training on artery function and structure (Gegtead, 2011¢ Rowleyet al, 2011b)

To date, the magnitude and time course of change in vascular function and structure throughout
an 8-week isometric bilateral leg extension exercise training intervention are unknown.
Moreover, it is currently unclear whether isometric bilateral leg extensiencis& trainings

likely to induce a change in systemic vascular function and structure antewties adheres

to the original hypothesis that functional responses precede structystdtamtes (Laughlin,

1995).

2.6 Contextualisation of existingesearch for purpose of this thesis

The magnitude and patteohexerciseinducedblood flow and shear rateithin the peripheral
vasculaturénas been recognised as a likelgchanism responsibler mediatingadaptations
in vascularfunctionand structureThereis no research to datéhich hasguantifiedthe blood
flow and shear rateatterns induced duringhacutebout ofisometriclower limbexerciseThe
maintenance of a sufficier@xercisestimulus over several weeksay result in enhanced
vascularendothelial function superseded bgaptations irvascularstructure Furthermore
thereis considerable evidence to suggest that enhanced functional and struddptatians
within the peripheral vasculature mbhg a mechanism responsible for the vdeitumented

RBP lowering effects ofsometric exercise training o date, there has been no attenapt
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establisithe role ofperipheralvascular adaptations as a physiologicathamism responsible
for isometric bilateral legexercise trainingnduced reductions in RBP and therefore it is

essentiato investigate thiproposednechanism

The aim ofthe first studywithin this thesiswasto assess the reliability of resting artery
diameter blood flow velocity,and blood flow within the brachialartery, common femoral

artery and superficial femoral arteag well acardiac outpytstroke volumeandrestingblood
pressureThese measurements wererformed taascertain measurement eresrdto inform

sample size estimatidior subsequent studie®nductedas part othis thesisThe eliability
coefficientswould also enable the researcher to contextualise any observed changes, and to

provide information on biological, equipment and operator reliability.

The aim ofthe second study within this thesissto investigate the effect of acute isometric
bilateral leg extension exerciggerformedat differentintensitieson the primaryoutcome
variablebrachial arteryrMD. In addition, the aim of the secostlidywas toinvestigatethe
effect ofan acute boutfdsometric bilateral leg extension exercealifferent intensitieon
conduit artery diameteblood flow and shear ratpatternswithin the exercising limb during
muscular contractions and the recovery period in betwaestular contractionghe aim of
the third studywithin this research thesigasto investigate the effesiof 8weelks ofisometric
bilateral leg extension exercig@ainingon the primary outcomeariables includindRBP, Q,
TPR andbrachial arteryFMD. In addition, theaim of the thirdstudywas toestablish whether
alterations occurred in restihgart rate variabilityand arterydiameter and blood flow patterns

within the brachial artery, common femoral artery and superficial femdeai.ar
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CHAPTER 3: GENERAL METH ODS

3.1 Participant information and testing criteria

Healthy youngmenwere recruited to take part the studies within this thesis. Prospective
volunteers were provided with an information sheet for the relevant resaatghrsty wished

to participate in advance of their visit to the Sport and Exercise Sdiaboeatoriesand were
required to adhere todfstrict testing criteria as outlined in the participant information sheets
(Appendice to4). Volunteers were required to complete a health and fithess questionnaire
(Appendix 1)and provide their written voluntary informed consent form during theiaini

visit. It was clearly communicated to all participants that they were free to wittidran the

study at any time witout adverse consequencesodpective participants were required to
undergoa preliminaryRBP measurement durintieir first visit to the laboratory to warrant
normotensive blood pressure status in accordance with British Hypertension Society
Guidelines(<120/<80 mmHg)Williams et al, 2004).Healthyyoung menwere recruited in
order to minimise the risk of confounding variabtgsce health status, sex and age have been
shown to affect an individual's response tasometric exercisstimulus (KertBraunet al,

2002; Smolandeet al, 1998; Ettingeret al, 1998B; Petrofsky and Lind, 1975Rarticipants

were considered healthy if they were free from any clinically diagnesediovascular,

respiratory and/or metabolic condition.

Participants who were smokers, previous smokemsho had donated bloddss than 6 weeks

prior since this has been shown to affect heart rate, blood pressure and blood volume Bouchar
et al, 1995) were not permitted to take part in the stuéiadicipants fasted for at least 6 hours
prior to testing procedures (Thijssehal, 2011d). Participantsabstained from caffeinated
products and alcohol for 12 hours prior to testing and were required to refrain from strenuous
exercise for 24 hours prior to testing/ifes et al, 201Q. Participants were instructed to

maintain their regulgpohysical and dietary activity behaviours throughoutstinely. All repeat
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resting measures were conducted at approximately the same of time of Hap\t) since
cardiovascular variables are known to be influenced by circadian rhytbnes(dt al.2008
Atkinson and Reilly, 1996). Participation wasluntaryand there were no monetary benefits.
Volunteers were members of staff, undergraduate students and alumni studeriediu®a
Christ Church University. All recruitment and data handling proceduess conducted in
alignment with theJniversitys research governance framework following the publication by
the Department of Health Research Governance Framework for Health and Sweial C
(Department of Health, 2005)he Faculty Research Ethics Committee at Canterbury Christ
Church University approved all of the studies within this theisesting wascompletedat

the Canterbury Christ Church UniveysSport and Exercise Sciencatoratories.

3.2Testing Procedures
3.2.1Blood pressure

Resting blood pressure was measured using an automated oscillometric blood pressure
monitoring device (Dinamap Carescape V100, GE Medical Systems, Berkshited U
Kingdom). There are several documented advantages to using the oscillometric technique of
determinng noninvasive blood pressure (NIBP) in comparison to using the auscultation
techniquesuch as elimination of potential investigator bias and errors of interpretation
(O’Brien et al, 2010;2003; Coe and Houghton, 2002). A pneumatic cuff was placed around
the participant’s upper left arm approximately 1.5 cm above the antecubitaldiodst was
supported at the migternal level throughout the blopdessure measurements (FigllyeThe
participants arm circumference was measured whilst in a relaxedisiat) an anthropometric
measuringtape SECA, Germany The largest arm circumference was used to ensure the

appropriate pneumatic cuff size (Critikon Duracuf, GE Medical Systems, lBerké&/nited
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Kingdom). The same pneumatic cuff size was used for each participant during subsequent

measurements.

Figure 1. Demonstrates the appropriate equipment sdbupeasureaestingblood pressure
using the Dinamap Carescape V100

A microprocessor within the device controlled the inflation and deflation of the priewuft

to a predetermined pressure known as the DindhBP determination sequence. During each
stage of the determination sequence the transducer within the precnfiadetected changes

in pressure oscillation. During the deflation sequence, the oscillations weseiretan
conjunction with the cuff pressure. The microprocesgfiated the pneumatic cuff oseep
down the determination sequence every time twisgsuof relatively equal amplitude were
detected. The microprocessor stores the information regarding cuipFresnatched pulse
amplitude and the time between successive pulses. Mean arterial pressuetewamed at

the highest amplitude that oscilans occurred during the determination sequence and
subsequently systolic and diastolic pressures were derived using encefeglgorithm

(Dinamap Carescape V100 Service Man@8alll), GE Medical Systems, United Kingdom

The Dinamap ProCare (100 to 400) Pro Care 120and Carescape V10@utomated
oscillometric blood pressure monitoring devices have fulfilled the accuraeyiarof the

International Protocol for the European Society of Hypertension (2010) (O'&radn2010),
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American Assciation of Medical InstrumentatioANSI/AAMI SP-10) (1992) and the British
Hypertension Society revised protocol grade A/A (1993) (de Greeff et al., 2007; Redtde

al.,, 2006). The Dinamap Pro 200 device has been shown to be a reliable automated
oscillometric blood pressure monitoring deviggh no significant differences between trials

or between days faepeated assessmentre$tingSBP, DBP and MARWiles et al., 2010)

The woefficients of variation were 3.54%, 4.73% and 2.83%rdéstingSBP, DBPand MAP
respectively.Given thatreliability can differ betweerversions of equipment anthis can
directlyaffect sample size calculatiamreliability study will be conducteak part of thishesis

(seeSection 3.2.2

Figure 2. The standardised assessmentbtdod pressure using the Finometer® Erwoing
isometric exercisen the Isokinetic Dynamometer.

A nornrinvasive continuous finger blood pressure measurement dévnmemeter® ProFMS,
Finapres Medical Systems BV, Amsterdam, Natherlands) was also used to measioed
pressurdn the studies within this research the$tarticipants were required to maintain a
seated position with the arm supported at the-stednal levelduring blood pressure
measurementg\n appropriately fitted pneumatic cuff wpesitioned around the participant’s

upper left armapproximately 1.5cm above the antecubital fossa. An appropriately fittireg fing
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cuff was positionedaround the intermediate phalanx of the middle finger on the left hand
(Figure2). The finger cuff was comprised of a thin inflatabletd&dder, whichwas inflated

by an air hose connected tdrant-endmicroprocessor strapped to the participant’s left wrist.
The fast pneumatic proportional valve in the frentd microprocessor itrmodulates the air
pressure, whiclkshanges the finger cuff pressure to allow for adjustments in continuous blood

pressure measurement.

The Finometer® Pro device utilises infrared photoplethysmography to measure lelegd @r

An infrared light source and infrared sensing photodiode photsdaliilt into the finger cuff
andmeasured fluid blood tissue inside the artery. The photoplethysmograph inside ¢he fing
cuff was positioned in front of the artery and the light source (lightiegndiode, LED)and

light detector (photodiode) were placed symmetrically on each side of the finger. T
Finometer® Pro utilises the volurodamp method of Pefids to continuously evaluate
transmural pressure in the finger which is calculated as the differereeeeinta-arterial

and finger cuff pressure (Bogart and Lieshout, 2005). When transmural pregaate zero

the pressure applied by the adjustable finger cuff must equataméngal pressurethis
adjustment isconsidered representative of prevailinlgpod pessurelevels. The inflatable
finger cuff with inbuilt infrared photoplethysmography responds to the pulsatile unloading of
the arterial wall of the finger. The unloading of the finger arterial wallhgeged through the
volume<lamp method, whereby blood volume is detected by the photodiode and kept constant
through the application of corresponding pressure by the inflatable fini€Fltis continuous
counter pressure is required to keep finger arterial blood volume constant artty dire

corresponds to arterial blood pressure.

The PhysioCal criteria of Wesslitgchnologyis incorporated into the Finometer to calibrate
the pressure detected from the finger cuff with that of the brachial arteaynedtfrom an
upper arm pneumatic cuff (Wessliagal, 1995). This process is performed at regular intervals
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during continuous measurements to adjust for changes in vascular tone of theveatksial
Finger arterial pressure measurement was calibrated using brachiapeetsyre waveform
reconstructiorand height level correction (Gizduligt al, 1997; Boset al, 1996). Brachial
artery pressure waveform reconstruction and height level correction arsleredsto
compensate for the distortion of the pressure waveform alongradlcial arteryThe Riva-
Rocci upper arm pneumatic cuff was positioned near the level of the heart amdyénectiff
was consistently positioned at rsternal level. It was essential that the two ends of height
correction sensor were placed at both the level of heart and finger. A pressisduter
measured the difference in height of the liquid column between the sensors at tw@ahevel
this was subtracte from the finger pressure. The brachial artgmgssure waveform
reconstruction method has been shown to fulfildbeuracy criteria outlined by the American
Association of Medical InstrumentatioANSI/AAMI SP-10) (1992) (Guelert al, 2003; Bos

et al, 1996). The weighted accuracy across 43 studies measuring continuous finger blood
pressure using a Finometer has been shown to fall within ti8g limits outlined by the
ANSI/AAMI SP-10 (1992)criteria (Imholz et al, 1998). The Finometer has been shown to
satisfy theANSI/AAMI SP-10 (1992) criteriafor accuracy and achieved an overall A/B
grading according to thBritish Hypertension Society criteria (Schugtieal, 2004).Previous
studies have published reliability data using previous versions of the Findhateray have

a direct impactupon sample size calculation.raliability study will be conducteds par of

this thesis, iis necessary to ascertain thiats a reliable measure since this will be used to

monitor BP during exercise (see&ion3.2.2.
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3.2.2 The reliability of blood pressure measurement using a Dinamap Carescapg&00
and Finometer® Pro device

Aims
The aim of this prelimiary study was to assess the irttrater reproducibilityf the Dinamap
Carescape V10@nd Finometer® Proavice to measurblood pressure across annv@ek

period.

Methods
Participants

Ten healthy males volunteered to participate in this preliminary study (6ge:92years;
height: 178.1 + 5.7 cm; weight: 79.9 = 14.2 kg) (me&D}. All participants were required to
adhere with the testing criteria as outline din the participant information she@tr{éix 2.

Prior to testing, and after receiving institutional ethical approval, eacltipartt received a
written explanation of # procedures including any potential risks, completed a Health and
Fitness Questionnair@Appendix 1)and provided written informed conseppendix 2)

thereby adhering to the guidelines set by the Declaration of Helsinki (1964).

Testing procedures

Prior to the study commencing all participants confirmed their adherence to thg tegéna.
Following an initialvisit to the laboratory for familiarisatigrwo trials were performed at ek
1 and ahird trial at week 8 to mimic the proposed duratidthe subsequergxercise training
study. Participants visited the laboratory at approximately the same time oh d@gh visit.
Following completion of this initial process, participants were asked toraseated position
for 20-minutes. Measuremets werefirst performed using the Dinamaparescape V100
device. Following the fitting of aappropriately sized blood pressure cuff at the stdlteorest

period, 3automatedblood pressureneasurements were performed each separated by a 1
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minute rest period and the lowest value was used for analy&i8B{Wiles et al., 2010).
Following the removal of th®inamap Carescape V10@evice blood pressure cufthe
participant was asked to remama seated position whilst the Finometer® Pro blood pressure
cuff was fitted. Upon completion of the Finometer® Pro calibrat@onontinuous Sninute
measurement was recorded interfaced Labchart 7 soff@&ardnstruments.td, Australia)
Systolic bloodpressure, diastolic blood pressure, mean arterial blood pressure and heart rate

values were recorded anded forfurtheranalysis.

Statistical Analysis

Data was analysed using the statistical software programme SPSS 2¥ifdows. Data was
assessedof conformity with parametric assumptions (Field, 2000). Parametric data was
analysed using a repeated measures analyses of va#d#O& A) to assess for differences
between manual and automated software techniques and trialsn(@ 32). Where data was
found to have violated parametric assumptions apavametric Freidman test was used. The
significance level was set Bt<0.05. A sinde coefficient of variation (CV%) was derived by
logarithmically transformed twavay ANOVA, intraclass correlatiortoefficient (ICC) and

95% confidence limits for the &6 were calculated usingot mean square erroRSE)
(Atkinson and Neville, 2001)Data are presented as mean + SD. The sample rgizeaé
estimated for a crossover design exercise training studyg dsen withinsubject variation

expressed as coefficient of variati@h &nd the change scom (Figure 3.

n=16 *&/ d?

Figure 3. Sample size estimation equati@topkins et al., 1999
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Results

The systolic, diastolic and mean arterial blood pressure data was norraaiityutied for the
DinamapCarescape V108nd Finomete® Proautomated blood pressure monitoring devices
(P >0.05). There were naignificant diferences between trials for restiSgP € =0.510
when measured usingither the Finomete® Pro device or the DinamapCarescape V100
device There was a significant difference between technique for resting BB®.09),
restingSBP was significantly high€b £ 2 mmHg)when measured using the Finometétro
devicecompared to the Dinam&arescape V100evice There wereno significant diferences
between trials for resting DBRP (=0.720)when measured usirgtherthe Finomete® Pro
deviceor the DinamapCarescape V10@evice Therewas a significant difference between
technique for resting DBRP(=0.002), resting DBP was significantly high@r+ 2 mmHg)
when measured using the Finome@&tétro devicecompared to the Dinamap Carescape V100
device There waso significant diference btween trials for resting MARP(=0.355)when
measured usingitherthe Finomete® Pro deviceor the DinamapCarescape V10@evice.
There was a significant difference between technique for ragifi® (P =0.007) which was
significantly higher by(5 £+ 1 mmHg when measted using the Finometer Pro device
compared to the Dinama@arescape V10@evice. Based on the reliability study data,
estimated sample size using the Dinamap device is betw&eand 16 participants. Table 4
displays the group mean coefficient of variation arich class correlation coefficiefdr the

DinamapCarescape V10andFinomete® Prodevice.
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Table 4. Restingblood pressure measures obtained from repeated meastt3. (

Variable Visit 1 Visit 2 Visit 3 CV% ICC

Dinamap Carescape/100

SBP 120 +9 124 +10 127 +10 3.05 (2.09 5.56) 0.87
DBP 737 736 747 6.05 (4.16- 11.05) 0.58
MAP 90£5 92+5 93+6 2.80(1.93 5.11) 0.79

Finomete® Pro

SBP 127 +6 130 + 10 130 + 10 4.76 (3.28 8.70) 0.67
DBP 765 807 81+6 3.26 (2.24 5.94) 0.90
MAP 93 %5 97 +8 98 +7 3.78 (2.60 6.90) 0.82

Note: Data presented as group mean CV% (lower and upper 95% confidence inté®@ssintra class correlation coefficiel®@BP=systolic blood pressure, DBP
diastolic blood pressure, MARmean arterial blood pressure. Data presented asf1®8Bn



Discussion

The aim of this preliminary study wased to estimate the sample size requirement for a
crossover study conducted over arw@ek period. Resting blood pressya@ameters were
independently incorporated into the sample size equation (Hopkials, 1999) (Figure B
Change scores were incorporatesihg the datfrom researctwhereby similar blood pressure
measurement protocaking a Dinamap Pro 20@ereutilised (Wiles et al., 2019 The results

from this study demonstrate that both the Dinamap Carescape V100 dnddimete® Pro
devicereport reliable resting blood pressure values over a prolonged period of time with
coefficiens of variationranging ketween 3.05% and 6.05%.caefficient of variation less than
10% should be considered good and less than 20% should be consictapthble (Scott,

Randolph and Leier, 1989).

The operation manual for the Dinamap Pro Series (100 to 400) specifies thlabthpressure
values obtained using the device correspond to comparisons wittaantia values, which
either meet or exceed the American National Standards Institute (ANSI)/AAMIOS
standards for accuracy (a mean difference of <5 mmHg, and a standard deviation of <8 mmHg)
(GE Medical Systems, 2002). There appears to be very few publications that theport
reliability of the Dinamap Carescape V100. The reliability of the Dinamnme @260 for the
measurement of blood pressure was explored in thetRédds of Wiles (2008using ten
healthy male participants within anleek teting period. When the lowest blood pressiaieie

of each of the three trials were compawedoefficient of variation of 3.54% (CI: 2.4795%),
4.73% (Cl: 3.29%6.62%) and 2.83% (CI: 1.93.96%) for resting SBP, DBP and MAP
respectivelyWiles, 2008. The coefficierd of variationin the present study are comparable to
those reported by (Wile2009. Whilst the validity of the Finometer device has been
established, there is less information existing related to the reprodyadsilitonrinvasive
finger blood pressure (Paratial.,2001). ®od shorterm reproducibility of the Finapregth
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coefficients of variation below 10% has bemported(Hgjgaard et al., 200%arati et al.,
20017, however there appears to be few studies that have me#sairetability of RBP using
theFinomete® Pro. The results of this preliminary study should contribute to the existing body
of research surrounding the reproducibility of fR@omete® Pro device The Dinamap
Carescape V100 provided lower resting blood pressure values compared-ioothete®
Pro(See Table ¥ These findings are in agreement with the findings repdayed Brienetal.
(1993) thaDBP measured using the Dinamap 8100 $¢adbe underestimated by 7.6 mmHg
which doesot meet the AAMI criteria and only a grade D on the BHS critéidahis point,

it is essential to be aware thatthe aforementioned study the Dinamap blood pressure was
compared to those measured using the auscultateityod Thisis also an indirect measure of
blood pressurand nota gold standa method foreference, which &spotential sources for

measuremergrror (Friedman, 1997).

Summary

The results from this study demonstrate that the Dinamap Carescape V10@rkindrhete®
Prodevicereport reliable resting blood pressure valaesr time in healthyopulationsThe
reliability reported bythis research appears to be adequdatethe detection of meaningful
changes in the primary outcome variable resting blood presgwer a relatively moderate
sample size of betweerr9 and16 areutilised.The blood pressure reproducibility results from
this study are likely to contribute to the limited existing research and this hastéméiad to
inform future studies of sample size estimation using the same measurement heols. T
reliability was similar betweedevices, and therefore for the purpose of continuity between
studies the Dinamap Carescape V100 will be used to measure change in RBExertise

training study conducted as part of this thesis.
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3.2.3Heart rate and heart rate variability

Heart rate and heart rate variability components were measured and recorded via
electrocardiography using a-téannel chart recorder, PowerLab/SP16 with Chart 7 software
(AD Instrumentd_td, Australia). A standard thrdead bipolarelectrocardiogrararrangement
was used as recommended by AD InstrumeAtsstralia Participants were fitted with three
blue sensor R electrode pads (Ambu. Imdaryland, USA). A thredead shielded Bio Amp
cable (MLA2340, AD Instrumentistd, Australig was attached to the electrode padd the
cable was connected to the PowerLab/SP16 via a Bio Amp CF Amplifier (ML132, AD
InstrumentsLtd, Australig. Electrodes were placed inferior to the right (earth) and left
(negative) clavicle both midway between the conoid tubercle and the costakitjband an
electrode was also placed over the tenth rib (positive) on the left side (Klabunde P2{it1).

to electrode application the skin was prepared during each laboratory visitreehevas
cleaned using a steret isopropyl alcoholic skin wihedlock Medical Ltd, United Kingdom)
and allowed time to dry before the electrodes were positidRestingHR andHRV were
measured and recorded following a regferiod of 26minutes in a supine position in a quiet
room. In order to avoid uncertain spectral components participants were instoubtedthe

at a pace of 12 breaths per minute using a metronome during réd#engnd HRV
measurementglrask Force othe European Society of Cardiology and The North American
Society of Pacing and Electrophysiology, 1996). Participants were askgaxand minimise

movement during the restingrbinuteHRV measurement and recording period.

Heart rate variability represents the difference in duration between suededR intervals
measured during the electrocardiograpégording and is considered to represent the state of
control of the cardiovascular system through the sympathetic and parasymma#rethes of

the adonomic nervous system (Malliani, 1999) signal for each QRS complex was detected
duringthe electrocardiographgcording using Chart 7 software to identify heartbeats before
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undertaking powespectral density analysis. Anrigave detection threshold wastablished

for each individual participant immediately prior to the testing protocol (Figur& sample

rate of 1000 Hz was used for batiR andHRV measurements as recommended to reduce the
risk of signal noise being included within thERV spectrum (Task Force tfie European
Society of Cardiology and The North American Society of Pacing andr@&dbysiology,
1996). A visual check of thelectrocardiographyecording was performed elihe in
conjunction with the automatic Chart 7 software interpolation check before furthgsianal
(Task Force otheEuropean Society of Cardiology and The North American Society of Pacing
and Electrophysiology, 1996). If the percentage of ectopic beats duringmmuge
electrocardiographyrecording exceeded 10% ofethtotal measurement it was deemed
unacceptable foRV analysis (Task Force e European Society of Cardiology and The
North American Society of Pacing aritlectrophysiology, 1996)Ectopic heartbeats are
defined as abnormal heartbeats originating from aesgltable site in the atria or ventricles
as opposed to originating from the sinoatrial node. Ectopic heart beats can prooiueeus
HRYV data and subsequently result in anabmal QRS complex which is usually evident with

extended RR interval in comparison to ainoatrialnode derived normal heartbeat.
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Figure 4. R-wave detection thresholds indicated by circular events marker above the signal
using Chart 7 Labchasoftware.
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Heart ratevariability data was divided into consecutive sections comprising 1024 data points
(Task Force otheEuropean Society of Cardiology and The North American Socidacihg
and Electrophysiology, 1996) and a Fast Fourier Transform algorithm wasdafipkach of
the sections. ThEast Fourier Transformlgorithm transforms the signal from time domain to
frequency domain data expressed in cycles per beat and converted to hertz by dnheiatg b
per second. Power spectral density analysisR¥ demonstrateeow power distributes as a
function of frequency and allows the identification of three main spectral freguen
components. The spectral frequency bands H®V analysis were standardised for all
participants and consisted ofjhifrequency (0.15 0.4 Hz) (HF), low frequency (0.04 — 0.15
Hz) (LF) and very low frequency (< 0.04 Hz) (VLF) components. The spectral freqoandg
for HRV were reported in absolute values of power?jméich included the components total
power (TP), high frequency, low frequengcwery low frequency componeniand low
frequency to high frequenawtio (LF:HF). Total powerrepresents the variancé all R-R
intervals across a-®inute recording. The spectral frequency band$ifR¥ were reported in

relative values of power expressed as normalised units (nu) (Madliahj 1991)(Figureb).

LFnu = LF / (TP= VLF) x 100

HFnu = HE / (TR- VLF) x 100

Figure 5. Spectral frequency bands for heart rate variability reported asatisethunits
(Malliani etal., 1997).

In accordance with recommendations outlined by the Task Fortbe Bliropean Society of
Cardiology and The North American Society of Pacing and Electrophysiol@6) the
absolute and relativdRV parameters wemecordedRelativeHRV parameters are considered
to represent the state of control of the cardiovascular system through the syimgattiet

parasympathetic branches of the autonomic nervous system (Malliani, 1999), théxedere t
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parameters took precedence over absolute paeasngithin this thesis. The use of calculated
normalised units redussignal noise and minimise the effect of changestial poweron the

low frequency and high frequencgmponents. RelatiidRV parameters have been reported

to be moreppropriate whe evaluating the effect of an intervention on participants particularly
when large differences itotal power are evident (Malliani, 1999). Considerable-tdegay
variation has been demonstratedHiRV measures (Pinnet al, 2007; Sandercoait al, 2004
JaureguiRenaud et al, 2001). Mean coefficients of variation for frequency domain
components dfiRV have been reported to vary between 32% and 93% using three instruments

(Sandercock et al2004).

3.2.4 Ultrasonography- Artery diameter and blood flowwelocity

Doppler ultrasound is a ndnvasive technique, underpinned by the Doppler ultrasound
principle, to provide quantitative data regarding the structure and function of blood vessel
(www.bmus.org). Duplex ultrasound involves the simultaneous adquisit artery diameter

and blood flow velocity through Biodeand pulse wave Doppler imagingrtery diameter

and blood flow velocity were measured usihgo-Dimensional Duplex Doppler ultrasound
(LOGIQ e book, GE Healthcare, United Kingdom) and&.-RS probe (GE Healthcare,
United Kingdom) operating a variableDopplerfrequency of 4 to 10MHz. Blood vessels
were imaged in the longitudinal plane in order to identify the clear vasculabovaddaries
(Pignoli et al., 1986) (Figure 6. A). Doppleeamvessel angle of isonation of 60 degrees in
relation to the vessel orientation was usggermitthe most accurate estimation of Doppler
velocities whilst maintaining optimal-Biode artery diameter images (Gerhbeiefmanet al.,

2006). The sample volume cursor was positioned in the centre of the blood vessel atel the ga
width was as wide as possible without encompassing on the vessel walls (Halrri2@10)

and meanblood flow velocity was measured as determined bg tsample size volume
(Thijssen et al., 2011dResting vascular ultrasound parameters wegasured following 20
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minutes rest in the supine position on a portable bed in a quiet room. The ultrasound settings
and transducer position on the limb were naed remained constant for each participant
throughouteach studyParticipants were instructed to remain in supine position and minimise

movement during testing.

To examine brachial artery diameter and blood flow velochg, arm was extended at
approximately 80 degrees to the participant’s torso and supported at heart levbrachial
artery was imaged by positioning the probe approximately 9 cm proximal to the medial
epicondyle Figure 7. A). To examinecommon femoral artery diameter and blood flow
velocity, the transducer was positiorgidtal to the inguinal ligament and approximat2lyo

3 cm above the bifurcatioof the common superficial and profunda femoral art€fRigure 6

B to D). To examine superficial femoral artery diameter, the traresdwas positionedistal

to the bifurcation of the common, superficial and profunda artéreslectrocardiogrartrace

was recorded simultaneously using arbuilt systemwithin the ultrasound devicéGE

Healthcare, United Kingdom) to identify distinct phasgthin eachcardiac cycle.

Artery diameter and blood flow analysis

Brachial, common femoral and superficial femoral artery diameter is definetheas
perpendicular measure from the inbk@men to inter-lumen space (Peiffer et al., 2007).
Brachial, common femoral and superficial femordery diameter was determined -tifie

using automated edgketection wall tracking software (Woodman et al., 200rxery
diameter was determined across the complete cardiac cycle and calculated as the anerage fro
the highest qualit30-second video recording. To perform analysis using the edge detection
and wall tracking software,-Biode ultrasound video recordings of the artery were stored as
audio video interleaves onto the computer that contained the software. A regi@nextintas

selected which encompassed the desired section of the artery to be analysed. ¥he arter
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diameter was then calibrated against the image size on the computer by caaregun
between two points on the ultrasound image of a known distance apart. A yaitgirake
algorithm of 200 to 400 parallel lines within the region of interest with subsequent quadratic
spline interpretation at 20 80 Hz was used to calculate the diameter (Green et al., 2002).
Brachial, common femoral and superficial femoral artery diametenia blood flow velocity

was determined ofine by the operator using-iouilt ultrasoundrace software (LOGIQ e, GE
Healthcare, United Kingdom). Due to incapability of the software with the oiltrasmodel,

following the analysis of artery diameter using edge detection and wall trasxkimgare, in
order to determine blood flow the cressctional area of the artery was calculatedtia%,

wherer represats the half of the artery diameter (Naylor et al., 2005).

Brachial, common femoral and superficial femoral artery blood flow veleatg calculated

as the average of all velocity time integrals from the highest quaksg&ond video recording,
whichwas the same video recordinged to calculate artery diameter. Using an average over
multiple cardiac cycles appears advantageous to minimise the normal phgalolagation
depending on the relationship between the cardiac cytfemuscular presserand pulse
pressure (Harris et al., 2010; Radegran, 1987.velocitytime integral curve was determined
off-line by the operator using-uilt velocity trace measuremesoftware (GEHealthcare,
United Kingdom)Antegrade blood flow velocity (cmi¥was calculated as ttaerage of the
maximum velocity time integrals measured as the highest velocity in a Dopplerusp
within each cardiac cycle. Retrograde blood flow velocity (dnvgas calculated using the
average of theninimum velocity time intgrals measured as the lowest velocity in a Doppler
spectrum within each cardiac cycle. Antegrade blood flow (mfYnivas calculated as the

product of the cross sectional area of the artery and antegrade blood flowyveloci

67



INVERT ACE0 _

Figure 6. A. Two-dimensional Bmode ultrasound image of the superficial femoral aery
femoral veinin longitudinal axisview. B. Two-dimensional Bmode ultrasound image of the
common femoral artery duringnuscular contractignC. Upon cessation of muscular
contraction and. Underresed conditions.

Retrograde blood flow (ml.mif) was calculated as the product of the cross sectional area of
the arteryandretrograde blood flow velocijyAntegrade shear rate{jswas calculated as four
times and antegrade blood flow velocitlivided by the cros sectional area of the artery
Retrograde shear ratejswas calculated as four times and retrograde blood flow velocity
divided by the cross sectional area of the grt€he antegrade and retrograde components of
blood flow velocity, blood flow and shear rate were calculated accordance with leaxdling
research within this fieldGreen et al., 2005; 2002%hear rate, an estimate of shear stress

without accounting foiblood viscosity wasused to avoid the implementation of invasive
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testing procedures (Pyke and Tschakovsky, 2@$cillatory shear indewas calculated using
the following equationfretrogradeshear raté (antegradeshear rate- retrograde shear rate
(Newcomer et al., 2008; Wu et al., 200@scillatory shear index values nearoindicate

unidirectional shear rate throughout the cardiac cycleoanilatory shear indexalues near

0.5 indicates oscillatory flow (Padilket al, 2011a; 2011b).

Day-to-day reliability coefficients of variations have been reportedgstingcommon femoral
artery diamete(2.42%),brachial artery diametgB.06%),common femoral artery blood flow
velocity (3.19%),brachial artery blood flow velocit{8.45%),common femoral artery blood
flow (2.76%) andrachial artery blood flo8.73%) (Barosst al, 2012). Waltheet al (2006)
has reported lower mean coefficients of variafmnresting common femoral artery diameter
(1.8%) andlarger mean coefficients of variath for common femoral artery blood flow
velocity (13.8%). Shoemakest al (1996) has reported coefficients of variation of 4.1% for
restingbrachial artery diametemnd 13.1% for brachial artery antegrade blood flas/part of
this thesis, the tester reliability needs todseertainedas this is the main component of
variability seen in this measurement. Furthermore, this may have a direct inpoecsam g

size estimatio (seeSection 3.2.h

3.2.5The reliability of ultrasonography measurements using the LOGIQ e ultraound

(GE Healthcare) device

Aims

The aim of this preliminary study was to assessrétiability of the observer to measure
brachial artery and common femoral artery diametendftow velocity and blood flow using
the LOGIQ e ultrasoundAn additional aim of thistudy was ta@ompare the reliability of the
observer performing repeated peripheral conduit artery diameter and blood fesurese

determinedusing manual and automated software techniques.
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Methods
Participants

Eighteen healthy males volunteered to participate in this preliminary study fagjg:y2ars;
height: 177.5 + 5.7 cm; weight: 80.9 = 10.6 kg) (me&D}. All participants were required to
adhere with the gtt testing criteria as outlimen the participant information sheet (Appendix
2). Prior to testing, and after receiving institutional ethical approval, eachipanticeceived
a written explanation of the procedures including any potential risks,letad@ Health and
Fitness Questionnair@Appendix 1)and provided written informed consef@ppendix 2)

thereby adhering to the guidelines set byDeelaration of Helsinki (1964).

Testing procedures

Prior to the study commencing all participants confirmed their adherencetésting criteria.
Participants visited the laboratory for an initial visit and two subsequent w@ighsseparated

by 7 days. Participants visited the laboratory at approximately the sameftaag on each

visit. Following completion of this initial process, participants were askedst in a supine
position for 26minutes. Before the commencement of ultrasound imaging the participant was
fitted with an inbuilt ultrasound dead electrocardiogramrrangement to measure the QRS
complex.Following a 20minute rest period in the supine position, brachial artery and common
femoral artery diameter and blood flow velocitgre measured usiriggo-dimensional duplex

ultrasound (LOGIQ e book, EsHealthcarg

Thebrachial and common femoral artevgre imaged in accordance with the protocol outlined
in the general metho&ection 3.20). The highest quality 38econd video recordingsd the
brachial and common femoral artery were determined by the researchesed for further
analysis.Two different methods of artery diameter analysis were investigated ad fag o

study. Manual analysis was performed using thebunt ultrasound softwarevhere the
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diameterwas measured as tiperpendicular distancedm interlumen to intelumen space
and averaged@cross 3 cardiac cycles at peak sys{@@GIQ e, GE HealthcareUnited
Kingdom). Automated analysis was performed using ediggection and wall tracking software
(Woodmanet al.,2001) where the diameteraw calculated as the average across the cardiac
cycle in a continuous 3fecond recording as outlined in the general method (Sectiah). 3.2.
Subsequentlyblood flow wascalculatedfor the brachial and common femoral artas/the
product of blood flow vedcity and artery diametesbtainedfor both themanual analyis or
automated analysis method (Section 4.2All measurements of brachial artery, common
femoral artery diameter and blood flow velocity weepeated in the sanwder of testing

during subsequent visits to the laboratory.

Statistical analysis

Data was analysed in an identical manner to the previous reliability studygsien 3.2.2

Results

Based on initial data checks the datdained for brachial artery and common femoral artery
diameter, blood flow velocity and blood flowere normally distributed There were no
significant differencebetween trials for the assessmertmaichial artery diamet¢P =0.248).
Brachial artery tmeter was significantly higher using the manuahalysis technique
compared to using edgketection and wall tracking software analyshnique P =0.003).
There was no significant difference between analysis techrifyu@.849) or trials =0.351)

for the assessment obmmon femoral artery diametérhere was no significant difference
between trials for the assessmenbiaichial artery blood flow velocity?(=0.229)or brachial
artery blood flow(P =0.295). Brachial artery blood flonwas significantly highemwhen

calculated using artery diameter obtained ftbe manuaanalysis techniqud?(<0.01)
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Table 5. Restingultrasonograph¥yrachial artery and common femoral artery measures (diamefie3, blood flow velocityn=12, blood flow,
n=12) measures obtained from repeated measures.

Variable Visit 1 Visit 2 Visit 3 CV% ICC
Brachial artery

Manual (in-built ultrasound software)

Diameter (mm) 0.42 +0.04 0.42 +0.04 0.43+0.03 3.15(2.55 4.13) 0.87
Blood flow velocity (cm.3) 70+£15 73+18 68 £ 15 10.09 (7.80 14.28) 0.86
Blood flow (ml.min?) 60+ 16 62 £ 15 59+12 10.98 (8.49 15.54) 0.89
Automated (edgeletection and wall tracking

software)

Diameter (mm) 0.39+£0.04 0.40+£0.04 0.40+£0.04 5.42 (4.39-7.11) 0.78
Blood flow (ml.min?) 54+ 17 57+14 53+ 13 12.93 (10.0 18.30) 0.88
Common femoral artery

Manual (in-built ultrasound software)

Diameter (mm) 0.92 +0.10 0.92 +0.09 0.92+0.10 1.95 (1.57- 2.55) 0.97
Blood flow velocity (cm.3) 56 9 57 +12 60+ 12 5.96 (4.61- 8.43) 0.92
Blood flow (ml.min?) 226+ 51 231+ 48 242 + 57 8.39 (6.49-11.87) 0.88
Automated (edgeletection and wall tracking

software)

Diameter (mm) 0.89+0.11 0.88 +0.10 0.90+0.11 3.69 (2.99 4.84) 0.92
Blood flow (ml.min?) 214+ % 218+ 48 237+ 57 11.07 (8.5615.67) 0.82

Note: Data presented as group mean CV% (lower and upper 95% confidence inté®@dsintra class correlation coefficient. Data presented as tn&a&n



presumably because of the higher brachial artery dianiétere was a significant difference
between trials 1 and 3 for the assessment of common femoral artery blood floityW@&oc
=0.037).There was no significant difference betweeals for common femoral artery blood
flow (P =0.055) or analysis technigul €0.097).Table 5displays the group mean coefficient
of variation and intra class correlation coefficient forlh&chial artery and common femoral

artery measures

Discussion

The results from this study were used to assess the potential impact ofehehes in
collecting this dataand demonstrate that the researcher had the ability to reliably measure
peripheral vascular conduit artery diameter and blood flow velocity overveeeB time
period. The measurement of brachial artery diameter was higher using the manualsanaly
technique given that measurements were are performed at peak systole, thiecaatmmated
analysis technique which utilises edtgtection and wall tracking software measures the
diameter across the entire cardiac cy@emmon femoral artery blood flow velocity was

slightly higher at trial 3 compared to triglHowever this did not affect the calculation of blood

flow. The manual method of analysing artery diameter is potentially more tieresive in

comparison to using edgketection and wall tracking software and subjedhta-observer

bias.

Summary

The findings from this reliability study show thihe researchaanreliably measure peripheral
vascular conduit artery parameters over ame@k period. Furthermore, due to the similar
coefficients of variation but less time intensive requirements, it magdvantageous to
continue using the edgietection and wall tr&ing software to analyse artery diameter and

determine blood floveompared tahe manual analysismethod Furthermore, the results from
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this reliability study appear to demonstrate favourable estimations of sairgledsange

scores from previous reseamire incorporatethto the sample size equatiof®pence et al.,
2013; Stebbings et al., 2013; Baross et al., 2012; Hambrecht et al., 2B@8ample size for
a cross over designed study was estimated to=bearticipantfor brachial artery blood flow
and n=8 for brachial artery diametarsing the automateddgeedetection and wall tracking
softwareanalysis methodl'hesample size for a cross over designed study was estitodted
n=2 participants for both common femoral artery blood flow and dianusiag the automated

edgedetection and wall tracking software analysis method.

3.2.6 Ultrasonography-Brachial artery flow-mediated vasodilatation

Flow-mediated vasodilatation (FMD) is the dilator response of the blood vessel to asencrea

in blood flow or more preciselghear stres@Correttiet al, 2002).The brachial arterfFMD
technique is a valid nemvasive technique used as an indicatomitfic oxidemediated
endothelium-dependent vasodilatati@elermajeret al, 1992).Participants rested for 20
minutes in the supine position on a portable bed in a quiet room. Duplex ultrasound was used
to measure brachial arteRMD thus allowing the simultaneous quantificatiorsb&ar stress
(Padilla et al, 2008; Pyke and Tschakovsky, 2007; 2005). The right arm was extended
approximately 80 degrees to the participant’s torso and supported at heart Eveldpystable

table in order to measuthe brachial arteryFigure 7. A). The transducer was positiomed

the dstal one third of the upper arm. The ultrasound settings and transducer position on the

limb were recorded and maintained for each particiffaoughout eacktudy.
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Figure 7. A. The standardised arrangement for all brachial arteryfi@adiated vasodilatation
(FMD) assessmentB. Brachial artery flommediated vasodilatation (FMD) analysis using
edge-detection and wall tracking software (Woodman et al., 2001).

A rapid inflation pneumatic cuff (D.E. Hokanson, Bellevue, WA) was positioned around the
forearm, immediately distal to the olecranon process to provide a stimulus foniasehemia
(Corretti et al., 2002). The placement of the cuff distal to the sileeasurement has been
shown to produce predominantly endothekdependent vasodilatation (Betik et al., 2004;
Berry et al., 2000). Following collection of baseline brachial artery diamaeteiblood flow
velocity measurements, the rapid inflation pneumaetiff was inflaedto supra systoliblood
pressure (200nmHg) for 5minutes to provide an ischemic stimulus (Par&eal, 2006)
Brachial artery diameter and blood flow velocity recordings were resunwedgdeflation of

the pneumatic cuff. Following deflation of the pneumatic cuff, artery diamedeblaod flow
velocity continued for 3-minutes thereafter in accordance with technical specifications
(Thijssen et al., 2011d). Blood pressure was recorded prior to and followiaggbsesment

(Pyke andl'schakovsky, 2008).
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Brachial artery flow-mediated vasodilatation analysis

Baseline and peak brachial artery diametas determined ofine using automated edge
detection wall tracking software (Woodmah al, 200). For further detail regarding the
software processing algorithms, seetion 3.24. Baselineartery diametewas calculated as

the mean across the entire cardiacleyrom the highest quality é@econdvideo ecording.

Peak artery diameter was calculated as the highest diameter frormthat8 video recording
following pneumatic cuff deflationPeak artery diameter was detected according to an
algorithm thatidentified the maximum bracket of data in the post cuff deflation period
(Woodman et al., 200 Figure 7. B). The automated software uses designated time bins to
locate the maximum diameter throughout the entire post cuff deflation period, as opposed to
using a predetermined timéndow thatis more likely to lead to erran calculation(Luini et

al., 2010). The post cuff deflation shear rate area under the curve was detenofiitied by

the operator using ibuilt ultrasound trace software (LOGIQ e, GE Healthcare, United
Kingdom) from the maximum velocity time integraigp to thetime of peak diameteand

calculated using the trapezoid rule (Harris et al., 2010; Tinken et al., 2008).

An allometric model involvingorachial arterypeak diameter as the outcome and baseline
diameter as the covariate was used and-bracisformed to represent percentage mean values
of FMD ‘adjusted’ for baseline diametéAtkinson and Batterham, 2043 Shear ratearea
under the curves considered to represent the total stimulus involved in the FMD response and
wascalculated as the total shear regsponse from immediate cuff deflation up to the time of
peak diameter(Pyke and Tschakovsky, 2007). Thermalisation oforachial arteryFrMD to

shear rate area under the cus/eonsidered to eliminate tpetentialinfluence ofthe variation

in shear rat@rofile created by cuff ischemia (Padilla et, &008). Studies have used different
mathematical equations and timings to determine thedioéar rateesponse, McGowaet al

(2006) used the peak shear ralbgained during cuff release whilst others have similarly used
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blood flowaveraged across the cardiac cycle up to the point of peak diameter (Llestellyn

2012; Pyke and Tschakovsky, 2007; 2005; Ratkal, 2004).

Thenormalisation of FMD to thsehear stresstimulus should not be adopted if the relationship
betweershear stressmd FMD is weak (>1) (Atkinson and Batterham, 2013a; 2013b; Atkinson

et al, 2009). Therefore, adherence to the relevant assumptions underlying thie rteda of
FMD ratios weretested to determine whether normalisatiofaichial artery-MD to shear
stressshould be applied. It has been demonstrated that the meanbs&ever coefficient of
variation of repeated measures of FMD is significantly lower using comgrdesoftware
(6.7%) compared to manual analysis (24.8%) techniques using the-lntmaa nterfaces
(Woodmanet al, 2001). The coefficient of variation for between visit reproducibility of

brachial arteryrMD was 14.7% using the software (Woodneaial, 2001).

3.2.7 Echocardiography-Aortic diameter and blood flow velocity

Transthoraci®oppler ultrasound is a nanvasive technique used to provide quantitative data
regarding the direction and velocity of blood flow through the heart during the e@neprdiac
cycle,alsoknown as echocardiography (Oxborough, 2008)ppler ultrasound isonsidered

a safe technique when undertaken in accordance with the British MedicabUtidaSociety
Guidelines (www.bmus.org)This technique involves the emission of ultrasound waves from
a transducer at a givérequency, whiclare reflected from thmoving blood flow within the
heart and vasculature at a different frequetcyhe transducer. This shift in frequency is
proportional to the reflecting object’s velocity vector in the direction of the incidané as

represented by the following Dogplequation (Figure)3
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v= c(f-f
2f (cosB)

Figure 8. Doppler Shift equation.

Whereby v is velocity of the blood, ¢ is speed of sound in the mediumthe frequency
received by the transducerjd the frequency transmitted by the transducerthigithe angle

betweenthe transmittediltrasound waves and the direction of blood flow (Celermajer et al.,
1992; Coats, 1990)The transducer angulation was optimised throughout measurements to
ensure that the angle of incidence between blood flow velocity and the tradarititisound
waves waspproximatelyat zero or below 20 degrees (Feigenbaum, 1994; Lewis et al, 1984).
All echocardiographic parameters were measured followingi@0tes rest in the supine

position in a quiet room.

Aortic diameter and aortislood flow velocity wee measured using twdimensional Doppler
ultrasound (LOGIQ e book, GE Healthcare, United Kingdom) aneRSSprobe (GE
Healthcare, United Kingdom) operating at a pulse wave Doppler frequency of 2.2Ms&. Pu
wave and colour Doppler ultrasoundiswsed to depict the direction of blood flow, depth
discrimination and locate specific blood flow sites.rtiegants were instructed to remain in
the left lateral decubitus position and raise the left arm above shoulder hemygiemto
maximise the echocardiographic acoustic window (Lang et al., 20053lestrocardiogna

trace was recorded simultaneouslying a systemin-built in the ultrasound devic€GE
Healthcare, United Kingdom) and displayed in real time on the ultrasound monitor toyidentif

distinct phases of the cardiac cycle.
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A.
Figure 9. A. Echocardiography assessment in the parasternal long axisB/i®arasternal

view of the aortic valve and diameter measurement of left ventricular outflovdtnacy peak
systole.

The parasternal long axis view was used to measure thesgctssnal area of the aoffagure

9. A). Thetransducer was positioned between the third and fourth intercostal space against the
left sternal border. The index point of the transducer was angled by théoopewaards the
participant’s right shoulder. The aortic diameter was measured at thevabradinge points

as the perpendicular distané®m interlumen to intedumen spae (Figure 9. B and
determined ofline by the operator using -ouilt ultrasound measurementlipers (GE
Healthcare, United Kingdom). Aortic diameter was calculated as the avbasageteracross
threecardiac cycles at peak systole. The apical five chamber view was used to medi&ure ao
blood flow velocity. The participant was instructed to move into a slightly moreesppsition

in order to optimise image acquisitian the apical view. The transducer was positioned
between the sixth and seventh intercostal space in the mid axilla. The index point of the
transducer was angled by the operator towards the participant’s left shalgdaracquisition

of the desired vie, the sampl@ulse wave volumeas measured imrde&tely proximal to the

aortic valve Aortic blood flow velocitywas determined ofine by the operator usirig-built
ultrasoundvelocity tracesoftware (GE Healthcare, United Kingdom). The Doppler signal
received by the transducer for each heart beat was displayed as a blood flawy e@eleadope
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over time also known as a velociiyne integral. The area beneath the velotitye integral
curve was determined dlihe by the operator using -touilt velocty trace measurement
software (GE Healthcare, United Kingdpr(Figure 10).Aortic blood flow velocity was
calculated as the average across 10 consecutive velioogyntegrals from the highest quality

30-second video.

Figure 10. Velocity time integraspectrum tracéhighlighted in greendf aortic blood velocity
with in-built ultrasound velocity traceaneasurementsoftware (GE Healthcare,United
Kingdom).

Determination of stroke volume, cardiac output and total periphesastance

The aortic artery cross sectional area was calculat&m‘%,swherer represents the half of the

artery diametefLewis et al., 1984)Stroke volume was calculated as the product of aortic
blood flow velocity and aortic crossectional area Iilen et al., 1987). Cardiac output was
calculated as the product ¥ andrestingHR (Opie, 2004). Total peripheral resistance was

calculated asestingMAP divided byQ (Wiles et al., 2010; Levick et al., 201@orrelation

coefficients have been reported between pulse wave Doppler ultrasound usingt the lef

ventricular outflow tract method and thermodilution techniques to me&uré&=0.95,

SEE=0.6 mL/min) and) (r= 0.91, SEE=0.63 mL/min) (Lewis et al., 1984).eThithin-day

reproducibility forQ using aortic methods, when expressed as coefficients of variation, range

between 4% and 10%. The betwakay reproducibility forQ using aortic methods when

expressed as coefficients of variation range between 9% &adQdats, 1990).As part of
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this thesis, a reliability study will be conducted in order to able to interprettistdtis

significance

3.2.8The reliability of echocardiography measurements using the LOGIQ e ulasound

(GE Healthcare) device

Aims

The aim of this preliminary study was to assessdhability of the observer to measuaertic

artery diameterSV andQ using the LOGIQ e ultrasound.

Methods
Participants

Eighteen healthy males volunteered to participate in this preliminary styety2@ 15 years;
height: 177.5 + 5.7 cm; weight: 80.9 = 10.6 kg) (me&D}. All participants were required to
adhere with the gtit testing criteria as outlimen the participant information sheet (Appendix
2). Prior to testing, and after receivingstitutional ethical approval, each participant received
a written explanation of the procedures including any potential risks, complelealta and
Fitness Questionnair@Appendix 1)and provided written informed consef@ppendix 2)

thereby adhering tthe guidelines set by the Declaration of Helsinki (1964).

Testing procedures

Prior to the study commencing all participants confirmed their adherencetésting criteria.
Participants visited the laboratory for an initial visit and two subsequelsteéaah separated
by 7 days. Participants visited the laboratory at approximately the sameftalag on each
visit. Following completion of this initial process, participants were askeéstan a supine
position for 26minutes. Before the commencemehultrasound imaging the participant was
fitted with an inbuilt ultrasound dead electrocardiogramrrangement to measure the QRS
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complex.Following a 2Gminute rest period in the supine position, aortic diameter and aortic
blood flow velocitywere measured usirtggo-dimensionatluplex ultrasound (LOGI@ book,

GE HealthcargUnited Kingdom).

Upon acquisition of the desired aortic diameter and aortic blood flow velocity ultrasound
images the recordings were saved under each participant’s paitigret identification nonber

on the ultrasound device. The highest qualitys86ond videoecordingof theaortic diameter
and aortic blood flow velocityvere used for further analysi8ortic artery diametemwas
measured using the left ventricular outflow tract method and aortic blood flowityelas
measured in the apical five chamber vi@ection 3.2.7). Stroke volume aQdvere calculated

as outlined in the general method (Section 3.Adrtic diameter was calculated as the average
across threeardiac cycles at peak systole using thbuiit ultrasoundsoftware.Aortic blood
flow velocity was calculated as the average of 10 consecutive velocityntiegeals using the
in-built ultrasound software from the same highest qualitg&tbnd video recording as the
aortic artery diameter. Alichocardiography measurements wepeated in the sanoeder of

testingduring subsequent visits to the laboratory.

Statistical analysis

Data was analysed in an identical manner to the previous reliaildy Eeesection 3.2.2

Results

Based on initial data checks the datdained for brachial artery and common femoral artery
diameter, blood flow velocity and blood flomerenormally distributedThe data for SV was
normally distributed. The data f€ was not normally distributed’herewas no significant

difference between trials for the assessment oSM¢P =0.645) orQ (P =0.395).Table 6
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displays the group mean coefficient of variation and intra class correlatidicieneffor the

echocardiographic parameters.

Table 6. Resting stroke volume and cardiac outpetld) measures obtained from repeated
measures.

Variable Visit 1 Visit 2 Visit 3 CV% ICC
Stroke volumerfil.minY) 89 + 12 90+ 12 91+15 4.36 (3.43 5.97) 0.89
Cardiac outputl{min!)  51+0.9 5.1+1.0 53112 7.59 (5.98 10.40) 0.89

Note: Data presented as group mean CV% (lower and upper 95% confidence inté@@dsintra class
correlation coefficient. Data presented as me&b.

Discussion

The results from this study were used to assess the potential impact ofeehes in
collecting this datandto estimate the sample size requirement for asonas study conducted

over an 8week periodThe results of this study demonstrate that the researcher conducting the
ultrasound imaging had the ability to reliably measpr@nd SV over an-8veek time period.

In order to estimatesample size, change scores were incorporaed) the datérom research
wherebycardiac parameters were utilis€pence et al., 2013; Stebbings et al., 2013; Baross
et al., 2012; Hambrecht et al., 2000he sample size for a cro®ger designed study was
estimated to ba=1 participantfor SV andn=25 for Q. A number ofmeasures investigated as
part of this preliminary studyvould require very large sample sizes, unless the changes
detected by the current study are extremely large@,dnowever this data was still collected

to potentialy inform futurestudy design.
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Summary

The results of this study demonstrate that the researcher conducting Seuultranaging had
the ability to reliably measure echocardiographic parametensan 8week time periodThe
reliability reported bythis research appears to be adequatethe detection of meaningful
changes in selected cardiac variables when a relatively moderate sample size of fretween
and 25 areutilised. The reproducibility results from this study are likely to contribute to the
limited existing research and this has the potential to inform future studies of sareple

estimation using the same measurement tools.

3.2.91sometric torque

Isometridoque was measureding a calibrated Biodex System 3 Pro isokinetic dynamometer
(Biodex Medical Systems Inc., Shirley, New Yofkigure 11 A). The Biodex System 3 Pro
isokinetic dynamometer allowed for isometric muscular force to be appléethtyvement arm
using a hydraulic servoontrolled mechanism to create resistance against applied Toree.
isokinetic dynamometer was connected to a computer using Biodex Advantagees@dtwa
Windows XP (Biodex Medical Systems Inc., Shirley, New York). This allowed thetmpe¢o
program the commands relating to the desired protocol. A data link from the Biodabe rem
access to a t6hannel chart record¢PowerLab, AD Instruments Ltd, Australi@pabled the
synchronisation othe time component of surface electromyography and muscular force
recordings during incremental isometric exerdissts and subsequent isometric exercise
sessions. The Biodex System 3 Pro isokinetic dynamometer has been shown to haveagood intr
day and inteday reliability for the measurement of torque (ICC=0.99) and position

(ICC=0.99) throughout the complete range of motion (Drouin et al., 2004).

Participants were instructed to sit in an upright position on the dynamometeritte@0w

degrees of flexion at the hip and knee (Alkner et al., 2000) which was measured using a
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calibrated goniometer (MIE Medical Research, Leeds, United Kingdom)aiotam and
standardise this positioithe lateral femoral condyle of the participant’s right leg was aligned
with the centre of rotation of the dynamometer head (Croisier et al., 200 ackestvas
adjusted to ensure the back of the knees fitted comfortably over the front edge at tadse
adequate support of the lumbar spine region. The seat position was adjusted for ealciaindi
according to Heir anthropometric measurements. Participants were secured into the
dynamometer seat using a waist strap and thoracic straps cross#tedvent of the body at
mid-sternum level to prevent any extraneous movement. The dynamometer was ftitad wi
modified hip attachment that inserted into the standard knee attachment. The mogified hi
attachment allowed both legs to be secured to aesattichment. The modified hip attachment
was secured 1 cm superior to the medial malleoli of the ankles. The 30 cm wide modified hi
attachment strap was padded with 3 cm thick Jgighsity foam facing the anterior portion of
the shin and a 15 cm higlersity foam pad facing the posterior lower leg on the dynamometer
arm (Devereux et al., 2010; Wiles et al., 2010). Participants were instructeddaswvig their
upper body musculature during isometric bilateral leg extension ex@mcisder to satisfy
standardised levels of stabilisation and to avoid confounding effects on force (Magmis

al., 1993). Isometric torque was measured duringdiBeontinuous incremental isometric

exercise test and isometric exercise sessions

3.2.10Electromyography

Surface electromyography was used to measure myoelectric signals formplegsiological
variations in the state of the muscle fiber membranes (Basmajian antd)€l985) during
the discontinuous incremental isometric exercise tastl exercise sessionSurface
electromyographywas recordedusing 16channel Powerlab chart recorder with Chart 7
software for Windows XP (AD Instruments Ltd, Australia). A fiead shielded Bio Amp
cable (MLA2540, AD Instruments Ltd, Australia) was used in conjunction with aldoal
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amplifier to measure the electrical activity of the left and right vastus lateratifaneously.
The vastus lateralis of the quadriceps muscle group was examined since it hdoheeto s
exhibit a linear relationship betweeslectromyographyand force during isometric leg
extension exercise (r = 0.996, P <0.01) (Alkner et al., 2000). Swefacieomyographypf the
vastus lateralis measured during maximal isometric knee extension artddepeaetric knee
extension contractions at 50% MVC have demonstrated high day to day rel@BiGty0.70)

(Mathur et al., 2005; Rainoldi et al., 2001).

Two electrodes (Blue Sensor T Electrode pads, Ambu A/S, Denmark) were paolsiiimen

apart (from centre to centre) on ea@stus lateralis muscle approximately #thads on the

line from the anterior spina iliaca superior to the lateral side of the patella in ebgatiof

the muscle fibres (Figure 11) BCram and Criswell, 1998). A reference electrode was also
positioned on the olecranon at the proximal end of the ulna (Cram and Criswell, 1998).
Electrode placements were consistent among participants using the vasdlis latation as
outlined bySurface Electromyography for the Ntmvasive Assessment of Muscles guidelines
(SENIAM) (www.seniam.org).Prior to electrodepplicationthe skin was prepared and a skin
impedance check was performed during each laboratory visit which required theemmeas

of electromyographyEach participant was assigned their own disposable razor and the
eledrode placement area was dry shaven and prepared using 2 to 3 gentle strokesawith ul
fine abrasive paper. The area was cleaned using a steret isopropyl aléoholips (Medlock
Medical Ltd., United Kingdom) and allowed time to dry before the electrodes wetieped.

Skin impedance was measured using an impendence testing unit (UFI Checktrode Model 1089
mk IIl, Morro Bay, California) following each electrode application wittpedance values

below 10 K2 were classified as acceptable (Hermens g2@00).
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The root mean square of the ralectromyographgignal was computed using the Chart 7 and
smoothed using a window of 1.5ms (Chart 7 for Windows XP, AD Instruments Ltdahaist

The electromyographgignal was sampled at 2000 Hz with the bioamp set to apply a 10Hz
high pass filter, 500Hz low pass filter and a 50Hz notch filter (Wiles et al., 20h6Yoot

mean squarelectromyographyrom each leg was summed and the total was averaged over 1
second to provide a single root mean sqetgetromyographyalue(Wiles et al., 2010). This
value was deemed to represent the total effort required to maintain a given faroé pere.

This singleslectromyographyalue was displayed in real time as millivolts ¥ @8 a computer
monitor to paticipants during thediscontinuous incremental isotrie exercise tesend
isometric exercise sessions to provide a participant specific ‘target’ exercise intdmaty

equated to a predetermined percentage of plegkromyography

Figure 11 A. Thestandardised dynamometry arrangement for all exercise tests and exercise
training sessionsdB. The sandardisectlectromyographylectrode placemenin the vastus
lateralis muscle
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3.2.11Maximal voluntary contraction and discontinuous incremental isometic exercise

test protocol

An individual’'s maximum voluntary contraction was determined betbee discontinuous
incremental isometric exercise test using a calibrated strain gauge ¢(&dweorced Gauge
2500N, Mecmesin, West Sussex, United KingddPaxticipants were appropriately fitted into
the seat of the isokinetic dynamometer in an upright position, with 90 degreesmf #ethe
hip and with the thighs supported. Bilateral isoneeligg extension was performed at a knee
angle of 90 degrees (Alkner et al., 2000) which was measured and set at thieestalnt test
using a calibrated goniometer (MIE Medical Research, Leeds, United Kimgda
standardised warm up consigfirof steadystate cycling for Sminutes and a series of
predominantly lower body stretching exercises were completed pritbetstart of exercise
testing (Appendix 5). The primary aim of the warm up was to prepare the leg nuscalzd
knee joints for maximum ex@on during the maximum voluntary contractiotest Three
maximum voluntary contractionsere performed each terminated after Ztseconds, and
each was separated by amthute rest period (Wiles et al., 2007). The strain gauge device
consisted of a digital unit connected to a modified leg attachment, which was patidadm
thick high-density foam. The strain gauge device waachid to the base of the isokinetic
dynamometer with the modified leg attachment positioned on the anteriammpairthe lower
leg and 1cm superior to the medial malleoli of the ankles. Peak electromyo@EdiGyeay)
was determined from thmaximum voluntary contractiorattemptwhich producedhe highest
torque.Peak electromyography was established as the mean eettieomyographwactivity
recorded 0.25 seconds immediately prior to the highlestromyographyaluerecorded as

used by Wiles et a(2010).

The peak electromyographyalue was used to calculate percentage ‘targetspeak
electromyographjor increments during the discontinuous gmental isometric exercise test.
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This incremental testvas performed using the isokinetic dynamometer (Baross et al., 2012;
Devereux et al., 2010; Wiles et al., 2010). Omcontinuous incremental isometric exercise
testhas demonstrated a linear relationship betwesanmt rate and electromyograpny= 0.93

to 1.00, P <0.05 in all cases) (Devereux et2010). Isometric exercise intensity has since
been prescribed using an individual targktctromyographyalue that equates to a given
percentage of each participant’s peak HR (Baross et al., 2012; Wiles et al., 20Ieubete

al., 2010). Participantsegan bilateraleg isometric exercise during the incremental test at 10%
EMGyeak for a period of 2 minutes. Thereafter, the intensity increased in 5% increments
interspersed by -Binute rest periods, up to volitional fatigue or failure to maintain
electomyographysignal within +/ 5% of theelectromyographstarget’ value. The final 60
seconds of each increment were used for further analysesreliability of theincremental
isometric exercise testas been reported withcoefficient of variation of 17.5%, 5.2% and
5.3% forEMGpeak HR and SBP respectively (Wiles et al., 2D@&ectromyography, torque
andheart ratewvere continuously recorded throughout thaximal voluntary contraction test

and discontinuous aremental isometric exercise tes
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CHAPTER 4: ACUTE ISOMETRIC EXERCISE STUDY

4. The effect of acute isometric bilateral leg extension exercise at high and low
intensities on flowmediated vasodilatation with specific reference to isometric

exerciseinduced haemodynamic parameters

This work was presented at the European College of Sports Science Annual Conference,

26th-29th June 2013, Barcelona.
4.1 Introduction

Adaptations within the gripheral vasculaturtllowing exercise trainingnay account, at

least in part, for the incompletely explained reduction in trathlicardiovascular risk
factorsfollowing exercise training (Green et,&01%; Moraet al, 2007) The maintenance

of theoverall health of theasculatures imperative for maintaining optimal blood pressure
Maintaining optimal vascular healtppears increasingly important given that endothelial
dysfunction has been associated with increased risk of developing hypertension

(Dharmashankar and Widlansky, 2010; Corrado et al., 2005; Panza et al., 1990).

Thereis evidence to suggest thheblood pressurtowering effecs of exercise trainingre
attributable tachanges in th&unction andstructureof the peripheralvasculature (Greeet

al., 2009; Joyner and Green, 2009; Laughlin and McAllister, 1992). Furthermeveys
research has highlighted that exercts@ning intensity influencesthe magnitude of
endothelium-dependadtilatation due to the increaspbdiction ofendotheliahitric oxide
anddecreasetevels ofoxidative stres§Goto et al. 2003). In order to further understanding

of the peripheral vascular mechanisms that may elicit improvements RBP following
iIsometric exercise training, it is important to explore the acute impact of acute impact of
iIsometric exercise on endothelitshependent flowmediated vasodilatation as this may

inform the adaptations that occur following repeated bouts.
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It has been theorised thaxerciseinducedchanges irblood flow and shear rafgatterrs
within the exercising limlare likelyexert a significant influencever subsequengxercise
traininginducedvascularadaptationgGreen et al., 2011a; 2011d)here is conflicting
evidence surrounding thanpact different blood flow and shear rate patterns exert
immediately upon the vascular endothelium. What is mibre,longterm influence of
antegrade and retrogratiood flow and shear raggatterrs upon vascular adaptatioms
humans areinknown Recent evidence has proposed that a ‘critical threshold’ of antegrade
shear rate exists during an acute exercise bout whictecessary to enhance vascular
endothelial function (Atkinson et al., 2015). In contrastyations in retrograde shear rate
during an acute exercise bdwve been reported to haveatentially negative impact on
vascular endothelial function (Thijssen et al., 200Bmmetric muscular contractions elicit
substantial increases in intramuscular pressure, blood flow occlusion, metabolite
accumulation and impaired delivery of oxygen to the exercising muscle (8eéjetsal.,
1984; Barnes, 198@yhichareunique and challenginghysiological stimuli Therefore, the
changes in blood flow and shear raéeised by isometric muscular contractioresy prove

a potenimodulatorfor adaptations in vascular endothelial function. To date, the patterns of
blood flow and shear rate within the exercising limbs durwgteisometric exercise

remains largely unknown.

The main aims of this study weré¢o investigatethe effect ofan acute bout of isometric
bilateral leg extension exercise at high and low intensibesrachial arteryFMD
immediately and at 3thinutespost exerciseand toestablish thdlood flow andshear rate
patterns within the exercising limb during an acute botigarhetric bilateral leg extension
exerciselt washypothesised thdi) peripheralvascular endothelial function will be reduced
immediately post high intensity isometric exercise and will remain unchanged iatetgd

following low intensity isometric exercise, and (iilgh intensity isometric exercise results
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in a more pronounced posixercise hyperaemic response upon cessation of muscular

contraction compared to lowtensityisometric exercise

4.2 Methods
Participants

Eleven healthy normotensive males (mean age* 23ears; body mass: 78.2 + 9.2 kg;
height: 178.0 + 6.5 cnhours spent exercising per week0 & 1.5 hours) volunteered to
participate in a repeated measures design stBdgr to testing, and after receiving
institutional ethical approval, each participant received a written explanatidheo
procedures including any potential risks, completed a Health and FitnessoQuaas
(Appendices 1 and 3), and provided written informed consent, thereby adhering to the

guidelines set by the Declaration of Helsinki (1964).

Study design

All participants adhered to thesting criteria as outlined in the ged methods $eeSection
3.1). This study required the participant to visit the laboratory on eight separasians
The first visit to the laboratory acted as a familiarisation for ttmaximal voluntary
contragion testanddiscontinuous incrementaometric exercise teg¢see Sectior3.2.1].
Participantsreturned to thdaboratorybetween 2 and dayslater to repeat the maximal
voluntary contractiotestand discontinuous incremenisbmetric exercise tegearticipants
returned for a further 6visits to complete the exercise sessions. The exercises session
consisted of isometric bilateral leg extension exercise whereby four ciomsawere held
for 2-minutes each separated byndute resperiods(Figure12). Theisometric exercise
sessios were performed in a random order each separated by at least 48tbausid
potential confounding effects of serial measurem@paslilla et al., 2007)Two isometric

exercise sessionswere performed at high intensity, twgsometric exercisesessions
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performed at low intensity and two nemercising control sessions. Brachial artEMD
was assessed ipr to, immediately post and 3fQinutes post cessation tie exercise
session Artery diameter andblood flow velocity were measured continuously the
common femoral artergf the participant’s right leg throughotiite exercise sessioasing
Doppler Ultrasound. Blood pressurbeart rate,torque and electromyography were

measured continuously throughout thercise sessian

—r — —r —  —r >  —  —>

2-minutes 3-minutes 2-minutes 3-minutes 2-minutes 3-minutes 2-minutes irdias

Figure 12.A schematic representation of the isometric exercise session protocol

4.3 Experimental procedures
4.3.1 Maximal voluntary contracticest

Three maximum voluntary contractiongere performed each terminated after 2 to 3
seconds, and each separated bynairfite rest periodPeak electromyography (EMé&z)
was determined during theaximal voluntary contractiotest attempt which produceie
highestoverall meariorque.Peak electromygraphy (EMGeay was established as the mean
electromyography activity recorded the 0.25 seconds immediately prior to the highest
identified electromyography value (Wiles et &#010). The EMGeakwas used to calculate
percentage electromyography ‘tatg for the subsequent discontinuous incremental

isometric exercise test which is described in détaihe general methodSéction 3.2.11).
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4 .3.2Discontinuous incremental isometric exercise test

Following completion of the aximal voluntarycontractiontest, @rticipantsrested for 5
minutes in a seated position and thmerformeda discontinuous incremental isometric
exercise test. Twminute isometric bilateral leg extensionuscular contractionsvere
performed at a constaletvel ofelectomyographyThe discontinuous incremental isometric
exercise test starteda level 0f10% EMGeakandthe intensity increased in 5% increments
thereafter. During thaliscontinuous incremental isometric exercise testh 2minute
muscular contractiomcrementwasinterspersed by-hinute rest periodperformedup to
volitional fatigue or failure to maintaielectromyographysignal within +/ 5% of the

electromyographitarget’ value.

4.3.3Isometric exercise

All isometric exercisesessions and exercise tests waryeducted using a calibrated Biodex
System 3 Pro isokinetic dynamometer (Biodex Medical Systems IndgysiNiew York).
Participants sat in the dynamometer in an upright position, with 90 degréesarf it the
hip and knee with the thighs supported (Section 3.Z%Biodex System 3 Pro isokinetic
dynamometer wassed to synchronizemuscular force recordingbe time compoant of
surface electromyographyhich is described in detail in the general meth8désijon 3.2

and 3.2.1D

4.3.4Exerciseintensity

Participants performed high intensity exercise at a particigaatific torque valuderived

by using the methods d@evereuxet al. (2010Q. This equated to 105.4% of the average
torque achieved durinthe last 68seconds of thdinal incrementof the discontinuous
incremental isometric exercise t¢$05.4% 2min torqueeay. Particpants performed low

intensity isometric exercisa&t a participanspecifc torque value which equated to 75% of
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the average heart rateterpolated from the regression dirof heart rateversus torque
ascertained during théast 60seconds of thefinal increment of thediscontinuous
incremental isometric exercise tg3%5% HRpeak). Further details of the discontinuous
incremental exercestesthave been reported in previous research (Devereux et al., 2012;
Wiles et al.2010) Two high intensity sessions required the participant to exercise at 105.4%
2-min torqueeak and twolow intensity sessions required the participant to exercise at a
torquevalue thakequated to 75%Rpeak During the exercise session, participants performed
four isometric bilateral leg extension muscular contractions each lastingnioru2es in
duration and each separateddayinute rest period&eeFigurel2). Exercise sessions were

separated by a minimum of 48 hours but no longer than 7 days.

4.3.5 Exercising electromyography

Surface electromyographyas recordethroughout theliscontinuous incremental isometric
exercise tesandexercisesessionaising a fivelead shielded Bio Amp cable (MLA2540,
AD Instruments Ltd, Australia)n conjunction with a dual biamplifier to measure the
electrical activityfrom both vastus laterali simultaneouslyand interfaced with thel6-

channel Powerlab chart recorder with Chart 7 software for Windows XP (AD Iresttsm

Ltd, Australia)which is described in detail in themeral methodéSection 3.2.10).
4.3.6 Exercising blood pressure and heart rate

Blood pressure was measured continuously throughowgxeisesessionsising a non
invasive continuous finger blood pressure measurement device (Finometer® Pro, FMS,
Finapres Medical Systems BV, Amsterdam, Thetherlandy interfaced with the 16
channel chart recorder (Powerlab/SP16 with Chart 7 Software, AD Instrsinhéd,
Australia)which is described in detail in the general methods (Section) 3:&art rate was

continuously recorded using a standard three lead biplgetrocardiogranarrangement,
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as recommended AD InstrumentdNSW, Australia) interfaced with the ddhannel chart
recorder (Powerll@SP16 with Charf Software, AD Instrumentstd, Australia) which is

described in detail in the general methd8ledgtion 3.2.8

4.3.7 Exercising blood flow and shear rate

Common femorahrtery diameter and blood flow velocityere measured continuously
throughout eaclexercisesession Measurements were performddring each isometric
muscular contraction (the average of founkhute contractionsduringthe recoveryeriod
in between eackontraction {he average of threg-minute recoveryperiods in between
contractionyand at baselingh{eaverage of a 38econd recordingnder rested conditiohs
prior to the start ofhe exercise sessioBommon femoral artergiameter and blood flow
velocity were measuredontinuouslyusing twaedimensional Diplex Doppler ultrasound
(LOGIQ e book, GE Healthcare, United Kingdar@ommon femoral artergiameterwas
analysed usingutomateadgedetection and wall tracking softwa@oodmaret al, 2001)
and blood flow velocitywas analysed using-iouilt ultrasound trace softwa(@OGIQ e,
GE Healthcare United Kingdam) (Section3.2.4).Common femoral arterynéegrade and
retrogradeblood flow, antegrade and retrograde shear asgoscillatory shear indewere

calculated in accordance with the genenathods outlined (Section 3.2.4
4.3.8 Brachial artery flow-mediated vasodilatation

Brachial arteryFMD was ass&sed at baseline following a-2@inute rest period using in
accordance with recently published guidelines (Thijsstnal., 2011d. A rapid
inflation/deflation pneumatic cuff (D.E. Hokanson, Bellevue, WA) was positioned around
the forearm distal to the olecranon process and inflated to suprasystolioreré30
mmHg) for 5minutes. Bseline and peakrtery diameteweremeasured during the FMD

assessment andnalysed usingautomatd edgedetection and wall tracking software
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(Woodmanet al.,2001). Bood flow velocitywas analysed using-iouilt ultrasound trace
software (GE Healthcare, United KingdomB)achial arteryrMD was adjusted for baseline
diameter and back transformedrépresent an adjusted percentage FMD as outlined in the

general methodsSgction 3.2.5

4.4 Statistical analysis

Data was assessed for conformity with parametric assumptions, @éld). Where data
was not normally distributed, data transformation wedormed where appropriate. nA
alpha level oP <0.05 was set for statistical significance. The dvangein brachial arterfgFMD

pre to post exerciseas assessed using General Estimating Equations (GEE) using the
methods outlined by Atkinson and Batterh&0133. Condition (highexerciseintensity,

low exerciseintensityandnon-exercisingcontrol) wasertered aghe independent variable
and bgarithmically transformed baseliagtery diametewas entered aa covariate Data

was back transformenh orderto calculate covariate adjusted percentage brachial artery
FMD. General estimating equation analysias used to assess for charngeexercise
induced haemodynamic variables: common femadery diameter, antegrade and
retrograde blood flowvelocity, antegrade and retrograde blood flow, antegrade and
retrograde shear radémdoscillatory shear indexCondition (high and lovexercisantensity)
andtime (contraction recoveryperiodand baselinejere entered as independent variables.
General estimating equation analysiwas used to assesfor changein exercising
cardiovascular and neuromuscular parameters includowd pressure, heart rate, torque
andelectromyographyA paired samplestest was used to assess for differences in mean
arterial blood pressure ameart rate which was measungdor to and immediately upon
completionof the FMD assessmentvhere data was deemed Roerametric arequivalent
Wilcoxon test wa used Repeated measures correlation analysis was performed to assess
for linear dependence between changes in brachial affey and exerciséenduced
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haemodynmic andexercisingcardiovascular parametei3atais presented as mean + SE
for brachial arteryffFMD, common femoral artery diametantegrade and retrograbod
flow velocity, blood flow, shear rate and oscillatory shear indgata is presented asean

+ SD for all other parametersless otherwisstated
4.5Results

4.5.1 Brachial atery FMD assessment post exercise

There was a significartondition effect for brachial artefyMD from pre toimmediately
post exercis€P =0.003. Change inbrachial arteryFMD from pre to immediately post
exercisewas significantlylower in the high exerciseintensity condition compared to the
non-exercising control conditiofmean difference:5.78 + 2.70%, P <0.001)(Figure13).
Change inbrachial arterykMD from pre to immediately post exercise was significantly
lower in the high exercise intensity condition compared to the low exercisesiiyt
condition (mean difference:5.08 + 1.70%, P =0.050)(Figure13).

15+
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Figure 13. Brachial arteryflow-mediated vasodilatatio(FMD %) measured at pre and
immediately postisometric bilateral leg extension exercise and-ewercising control
conditions. Note: * indicates statistically significant compared to low exercise intensitindicates
statistically significant compared to control condition.

Change in brachial artery FMD from pre to immediately post exercise wasfieverm
between low exercise intensity condition and -esrrcising control condition (mean
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difference-0.74 = 2.45 %P =0.761). There was no significant condition effect fiadhial
artery FMD from pre to 3@ninutes post exercis® (=0.966) (Figure 14). Tabde7 and 8
show brachial artergharacteristics gpre andpost high exercise intensity, low exercise
intensity and non-exercising control condition.
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Figure 14.Brachial arteryfflow-mediated vasodilatatiofrMD %) measured at pre and 30-
minutes post isometric bilateral leg extension exercise andexencising control

conditions. Note: * indicates statistically significant compared to low exercise intensitindicates
statistically significant compared to control condition.
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Table 7. Brachial artery characteristics measured at pre and immediately postteigtity exercise, low intensity isometric bilateral leg

extension exercise and nerercising control conditions.

Condition

High exercise intensity Low exerciseintensity Control P value
Variable Pre Post Pre Post Pre Post
Adjusted FMD (%) 11.44+2.21 8.43 +1.91% 9.83+2.13 11.52+1.80 7.93+1.26 10.97 £ 1.56 0.002
Unadjusted FMD (%) 11.55 +6.52 7.82 +£3.90 10.11+6.44 12.17 +6.12 8.28+6.19 11.16 + 6.36
Baseline diameter (mm) 4.00+0.28 4.09 £0.26 3.99+0.33 3.94 +0.39 3.98 + 0.40 3.99+0.27
Peak diameter (mm) 4.46 £0.38 4,41 +£0.39 4.38 £0.38 4.41 £0.40 4.29+0.33 4.42 +£0.27
SR AUC (S'x 10%) 3.91+1.94 5.13+2.01 3.55+1.52 3.24+1.61 4.03+2.01 3.90+£1.96

Note: FMD = Flow-mediated vasodilatation * indicates statistically significant compartmitexercise intensityf indicates statistically significant compared to control conc

Adjusted FMD (%) presented as mean * SE, all other data presented as mean * SD.
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Table 8. Brachial artery characteristics measured at pre andiBQtes post high intensity exercise, low intensity isometric bilateral leg extensio

exercise and neaxercising control conditions.

Condition
High exercise intensity Low exerciseintensity Control P value

Variable Pre Post Pre Post Pre Post

Adjusted FMD (%) 8.17 +1.97 9.07 £1.57 10.79 £ 2.07 11.36 £2.23 8.02+2.32 9.18+2.13 0.966
Unadjusted FMD (%) 8.14 + 4.63 8.80+4.31 11.68 £5.61 11.71 £10.82 8.33+6.22 9.11 +6.28

Baseline diameter (mm) 4.04 £0.28 4.08 £0.28 3.92+0.40 4.04 £0.30 4.01+£0.32 4.08 £0.45

Peak diameter (mm) 4.38 £0.40 4.43 £0.30 436 £0.41 450+0.35 4.34+£0.42 4.45 +0.52

SR AUC (S'x 10%) 3.96 £2.08 4.62+2.13 3.17+1.20 3.16 £ 1.86 2.80+£1.02 3.63+2.03

Note: FMD = Flow-mediated vasodilatation * indicates statistically significant compartmit@xercise intensityt indicates statistically significant compared to control conditic
Adjusted FMD (%) presented as mean * SE, all other data presented as mean + SD.



4.5.2 Exercise-induced haemodynamic variables speoitheexercising limb
Table 9 displays the summary data for the exeficideced haemodynamic variables.
Common femoral artery diameter

There was no significant condition by time interaction observed for artenyetba P
=0.081). There was no significant difference in artery diameter atifesa during
isometric muscular antractions between exercise intensities=0.458 andP =0.649).
There was a trend for lower artery diameter during muscular contractionsigtitexercise
intensity condition P =0.087) This was also the case fartery diameterwhich was
elevated during the recovery period in the high exemtsasity condition compared to low

exercise intensity conditioff? =0.055).

Common femoral artery antegrade and retrograde blood flow velocity

There was a signidant condition by time interaction observed for antegrade blood flow
velocity (P <0.001). Antegrade blood flow velocity during contractions and the recovery
period was elevated compared to baseline for both high and low exateisgies (all P
<0.001). There was no significant difference in antegrade blood flow velocityedinieasr
during isometric muscular contractions betwéstensities P =0.143). Antegrade bbd

flow velocity was greater during the recovery period in the baghpared to low exercise

intensity condition P <0.001).

There was a significant condition by time interaction observedetongrade blood flow
velocity (P <0.001). Rtrograle blood flow velocity was significantly elevated durlngh
intensitycontractionsaandlower during the recovery periabmpared to preceding baseline
(P =0.001 andP <0.00). Retrograde blood flow velocityas not significantly altered

during low intengy contractionor therecovery period compared to baseliRe=0.171 and
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P =0.282respectively) Retrograde blood flow velocitwas greateduring highcompared
to the low intensity contractiongP <0.001) Retrograde blood flow velocity wdewer
during the recovery period in the higompared to lowexerciseintensity condition P

=0.002.

Common femoral artery antegrade and retrograde blood flow

There was a significant condition by time interaction observed for anteglaod flow(P
<0.001).Antegrade blood flow during contractions and recovery peviaslelevated above
baselinefor both high and low exercigatensiies (P <0.001 for all cases)here was no
significant difference in antegrade blood flow during contractions betingensites (P
=0.345).Antegrade blood flow was greater during the recovery period in thebigpared

to the low exercise intensi{yp <0.001).

There was a significant condition by time interaction observed for retrograaie fidw P
<0.001). Retrograde blood flow waslevatedduring high intensity contractions ataver
during the recovery period comparedhaseline P =0.001 andP <0.001 respectively).
Retrograde blood flow was significantly elevated during low intensity cdrdrecand
unatered during the recovery period compared to basekhe(Q.031 andP =0.896
respectively. Retrograde blood flowas greateduring contractiongP =0.002)and lower
during the recovery period for high compared to the é@rciseintensity condition @

=0.002.

Common femoral artery antegrade and retrograde shear rate

There was a significant condition kiyne interaction observed for antegrade shear(Rate
<0.001).Antegrade shear rate was elevated during contractions and the recovery period

comparedo baseline for both condition® €0.001 for all cases). There was no significant
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difference in antegrade shear rate during contractions between exercisatiestens
(P=0.122). Antegrade shear rate was greatkrring the recovery period in the high

compared to low exercise intensity conditién<(0.001).

There was a significant condition by time interaction observetetfavgrade shear ra(f
<0.001).Retrograde shear rate wakevatedduring high intensitycontractions andbwer
during the recovery period compared to baselPe@.001 andP <0.001respectively.
Retrograde shear rate duritayv intensity contractions and the recovery periads not
significantly different compared to baselineP(=0.295 andP =0.143 respectively).
Retrograde shear rateas greater duringigh compared tdhelow intensitycontractions®
=0.001).Retrograde shear rate wlasver during the recovery period in the higpmpared

to the lowexercisantensity condition® =0.003.

Commorfemoral artery oscillatory shear index

There was a significant condition bje interaction observed fareoscillatory shear index

(P <0.001).The cscillatory shear index was lower during contractions and the recovery
periodcompared to baseline values both high and lovintensitiesP <0.001 for all cases).
The oscillatory shear indexas greateduring contractionsn the high compared to low
exercise intensity conditioP=0.009. The oscillatory shear index wéswer during the

recovery period in the high compared to the exercisesntensity condition P <0.001).
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Table 9. Mean common femoral artery diameter, blood flow velocity, blood flow and shear ti@mpat baseline, during bilaterabmsetric
leg extension exercise muscular contractions and recovery periods in bedbwtantmns at high and low exercise intéesi

Condition

High exercise intensity

Low exercise intensity

Variable Baseline Contraction Recovery Baseline Contraction Recovery
Diameter (cm) 0.96+ 0.02 0.97 + 0.02 0.95 1 0.02 0.97 £ 0.03 0.98 £ 0.03 0.98 £ 0.02
AntegradeBFV (cm.st) 6.6+0.4 9.5+ 0.6* 12.9 + 0.5% 6.5+04 8.9+ 0.5* 9.0+ 0.7*
Retrograde BFV (cnry -3.7+0.2 -4.4+0.2* -2.1+0.4% -3.4+0.1 -3.7+0.3 -3.2+0.2
Antegrade BF (ml.min) 284 + 19 427 + 33* 549 + 21% 286 + 18 404 + 28* 404 + 30*
Retrograde BF (ml.mif) -162 £11 -197 £ 14 -96 + 19* -148 +7 -170 + 16* -146 + 13
Antegrade SR (§ 28+ 2 39+ 2% 55 + 3*f 28+2 37+ 2* 37+ 3*
Retrograde SR (¥ -16+1 -18 £ 1%t -9+ 2% 14 +1 -15+1 -13+1

OSil (au) 0.36 £ 0.01 0.32 + 0.02* 0.14 + 0.03* 0.34 £0.01 0.30 + 0.02* 0.27 £ 0.02*

Note:* indicates statistically significant compared to baseline. T indicates statjstigalificant compared to same time pdietween exercise intensities. BFV= blood flow velocity, BF=
blood flow, SR= shear rate OSI=oscillatory shear index. Data presented as mean + SE



4.5.3 Exercising blood pressure, torque, electromyography and heart rate

The groupmean‘target torquefor the high and lovexerciseintensityconditionswas 135t
39 Nm and & + 17 Nm respectively The group mearexercising torquechievedfrom the
vastus lateralis of both legsrihg the high and low intensitysometric exercise sessions was
129 + 35Nm and62 £ 15Nm respectively. The group meaxrercising electromyograplisom
the vastus lateralis difoth legsduringthe high and low intensitysometric exercise sessions
was 122 + 48 mV and 60 + 24V respectively. Thgroupmean exercisinglood pressurand
heart rateduringthe high and low intensitgxercise sessior@epresented ifable10. There
was no significant difference betwe®®AP measuredfollowing the pre exercise FMD
assessmer{85 + 5 mmHg) andorior to the post exercisEMD (87 £ 5 mmHg) P <0.001).
There was no significant difference betwdwrart rateneasured following the prexercise
FMD assessmelf64 £ 9 bpm) andorior tothe post exercisEMD assessment (63 A Dbpm)

(P =0.544).

Table 10. Blood pressure and heart rate during high and low intensity isometric exercise
compared to baseline conditions.

High exercise intensity Low exercise intensity
Variable Baseline Exercising Baseline Exercising
SBP (mmHg) 119+6 163 £11 120+ 7 144 £ 15
DBP (mmHg) 64 +5 101 + 12 63+5 90 +7
MAP (mmHg) 85+ 4 107 + 14 85+5 108 +9
HR (bpm) 63+9 121 +14 64 + 10 83+11

Note Data presented as mean + SE.
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4.5.4 Associations between vascular endothelial functéond exercising haemodynamic

variables

There wasa significant negative correlation of moderate to higangjth between change in
brachial arteryFMD immediately jpst exercise and exercisiigBP (P =0.018, r=-0.67),
(Figure 15A). A significant negative correlation of moderate strength wasrobd between
change in brachial arteMD immediately pst exercise and exercisi®P @ =0.045, r=
0.59). The results also show a significant negative correlation of modesatgtstbetween
change in brachial arteiMD immediately pst exercise and exercisiMAP (P =0.031, r=

0.62)(Figurel5.B).

20n P=0.018r=-067 2 20- P =0.031r =-0.62

T 1
138 140

FMD (%) Change from baseline
°
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Exercising DBP Exercising MAP

>
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Figure 15. A. The relationship between change (pre to post exercise) in brachial artery vascular
endothelial functiorand exercising diastolic blood pressuaedB. brachial arterywascular
endothelial functiormandexercisingmean arteriablood pressure.

4 .6 Discussion
4.6.1The effect of acute isometric exercisevancular endothelial function

The resultsrom the present studyonfirm the existence of an intensilgpendentiecreasén
brachial arteryFMD when assessed immediately pbgh intensityisometric bilateraleg
extensionexercise(FMD pre to post:11.44 to 843%) SeeFigure 13. The immediate

reduction inbrachial artery-MD observed following high intensitgometric exercisevas
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comparablen magnitude tahe reduction inbrachial arteryFMD reportedfollowing high
intensity cycling exercise KMD pre to post:6.6% to 3.6%) (Birket al, 2013). Indeed,
numerous studies have reported an immediate reductioraamial arteryFMD following an
acute bout of high intensity or maxal effort resistanceF¢anklin et al., 2014; Choi et al.,
2014; Gonzales et al., 2010; McGowan et al., 2006; Jurva et al., @006¢robic exercise
(McClean et al., 2015; Birk et al., 2013; Llewellyn et al., 2012; Gori et al., 2010; Rognmo et
al., 2008).High intensity isometric bilateral leg extension exercise was the only cantitio
elicit a significant transient reduction in brachial artery FMD, which returnadtoebaseline
levds when measured again at therBwte time pointBrachial artery FMD was unchanged
immediately following low intensity isometric bilateral leg extension exercise witken th
present studyFMD pre to post: 9.83 to 11.52%8ee Figure 13 This finding ofunchanged
brachial arterybrMD immediately post low intensity isometric exercise is in agreement with
those oBirk et al.(2013) who reportednchangedbrachial artery-MD immediately following

low intensity cycling exercisd=-MD pre to post: 6.3% t6.9%).1t is evident from the results

of the present study that isometric exeedntensity performed at 105642-min torqu@eakwas

of a sufficient threshold to elicit a significant change in EMDereas this was not the case
for the low intensity condition performed at%5IRyeax The findings from the present study
indicate that exercise intensity is likely to play an important role in modulatingilaasc
adaptations to exercise, with higher intensity isometric exercise asdowitttea transiently

larger decrease in brachial art&iyiD.

The results from the present study demonstrate brachial artery FMD ereged compared
to preexercising values at 3@inutes post high (FMD pre to post: 8.17 to 9.07%), low
intensity bilateral isometric leg extensi exercise (FMD pre to post: 10.79 to 11.36%) and
following non-exercising control condition (FMD pre to post: 8.02 to 9.18%é¢ Figure 14)

These findings are in alignment with the results presented by Birk et al. (2013¢pdrted
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that brachial artery FMD had returned to near pre exercise levelsnainG@es post cycling
exercise unddow (FMD pre to post; 50%HfRx: 6.4% to 6.9% moderate {0%HRuax: 6.7%

to 5.999 and high exercise intensigonditions (85%HRax: 6.1% to 6.8%). These findings
tendto alignwith those of Johnson et al. (2012b) who reported an exercise intdapigyndent
decrease in brachial artery FMD immediately post high intensity exerdisevbich returned
to baseline levels when measured again anBlutes post exercisénterestingly, the results
from this study showed that brachial artery FMD retutogéhrds preexercise levels at a faster
rate than reported jpreviousstudies whergypically repeatmeasurements of FMD have been

performedat 1-hour post exercise.

Atkinson et al. (2015) reported a significant increase in brachial artery &Dminutes
following high intensity isotonic handgrip exercise offdye to 60minutes post: 2.5% to 4.4%)
andunaltered brachial artery FMD immediately post isotonic hanaggpcise The findings
from the study by Atkinson et al. (2015) contradictttiaelitionalbiphasic respondgypothesis
(Section2.4.1and 2.4.2) and are in contrast to gagtern of change in brachial artery FMD
reportedmmediately and 3@ninutes posisometric exercisen the present study. Atkinson et
al. (2015) have stated that small changes in exeirigeed retrograde shear rate may explain
the observed immediate improvement in brachial artery FMD at the highersexietensity.
The results frm the present studgndto support this proposaince the amount of retrograde
shear rate was greater during lower limb isometric muscular contractiosiss vistonic
handgrip contractions (Atkinson et &015). Thereforethe discrepanciesvithin existing
research regardingascular endothelial functiomaywell be attributed to distinct differences
in the shear rate stimulus afforded by the exengiséocol. It is not possible to definitively
conclude whether a biphasic response in vascular endothelial function existgiphovacute
bout of isometric bilateral leg extension exercise, since vascular funcii®mot assessed at

numerous consecutive time points beyondn8Autes. Although speculative, the biphasic
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responsenayexist sine an initial decrease in brachial artery FMD was observed immediately
following high intensity isometric exercise, which returned near to badelnets within 30

minutes post exercise.

Previous research has attributdée immediate attenuation in braghartery FMD in young
healthy individuals to heightened oxidative stress (Llewellyn et al., 2012;s@dvet al.,
2002). Normal regulatory vasodilator pathways dependent on the synthesis of inilgi@iax

the availability of Larginine at the level othe vascular endothelium are limited (Jin and
Loscalzo, 2010), and therefore increased levels of oxidative stress are¢dikefther reduce

nitric oxide bioavailability and production. Whilst the present study did not asgbess of
oxidative stressprevious studies have demonstrated that high intensity exercise is associated
with increased production and circulation of reactive oxidant species (Poweracksdn]

2008; Peters et al., 2006; Cooper et al., 2002). Goto et al. (2003) reported tiiaatad
individuals high intensity exercise increasadices of oxidative stress, althougihdothelial
function remained unchanged. Goto et al. (2003) also reported that in trained individuals
moderate intensity exercise significantly improved endothelial function aneéna for
increased oxidative stress was pres€his clearly demonstratéiserole of oxidative stress in
modulating the acute vascular function response to exercise which is dependentize exe
intensity. In the present studynty high intensity exercise caused a significant change in
vascular endothelial function post exercise, and therefore this intensitgnigafurther

investigation in future training studies examiningaalar adaptations.

Theinfluence of shear rate and baseline artery diameter durirfgMBeassessmeiiself and
following an acute bout aéxercise have been implicated as a potential mechanisméyat
explain the FMDresponse to an acute bout of exerdgaseline artery diameter was elevated

immediately post exercise in the present study, with the largest increase inebdisgheter
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occurring post high intensity isometrexercise $ee Tabler). The concomitant elevation in
baseline diameter and decrease in peak diametenred only in the high intensity exercise
condition, which consequently resulted the largest decreaseadahial arteryFMD. In the
current study, the slope of the relationshgvween logarithmically transformed baseline and
peak diameters were differentt@ndthus the need to control for baseline diameter using an
appropriate allometric model was requir@dstatistical analysis approach was utilised in the
present study which controlled for potential changes in baseline artery digAt&iason et

al., 2015). Bllowing covariate control for baseline diameter an exeicignsitydependant
decrease in brachial artery FMD was gtilesentimmediately poshigh intensityisometric
bilateral leg exercisel he results from the present study are in alignment with thpsaed

by (Katayama et al., 2013) whereby increased post exercise baseline deané&tfuence

the magnitude of post exercise changes in FM®part ofthe present studyripr data checks
were alsaonducted to determine the relationship between FMD and shear rate area under the
curve andt was established that thi@rmalisation technique was not appropriate due to the

weak relationship between shear rate and FMD post ex¢Atldason et al., 2009).

4.6.2Exerciseinduced blood flow and shear rate patterns

Antegradeblood flowwas elevatedbovebaselineby 50% andt1%, during both highnd low
intensity isometric muscular contractiongspectivelywhen compared tdasdine values
Moreover, highintensity isometric exercise elicited greater antegrade blooddiowg the
recovery periodersudow intensityisometric exerciswith a93%increasen antegrade blood
flow during the recovery pericabove baselinégsee Table 9)The changén retrograde blood
flow brought aboutluring an acute bout of isometric bilateral leg extension exesmeeda
distinctly different pattern at high versus l@xerciseintensity Retrograde blood flowvas

elevatedby 22% and 15%above baselineduring both highand low intensity isometric
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muscular contractionsespectively Moreover, highintensity isometric exercise elicited
significantly greater retrograde blood flmuringisometric muscular contractions versos
intensityisometric exerciseOf particular interesthigh intensityisometric exerciséowered
retrograde blood flovby 42%below initial baseline valueduring the recovery periogsee
Table 9) Whereas,dw intensity exerciseesulted in unchanged retrograde blood flow during
the recoveryperiodcompared to initial baseline valuékhis resultdemonstrateshat lower

intensityisometric bilateral leg extension exercise hradimal effect on retrograde blood flow

Antegrade shear rate watevatedby 41% and 33%abovebaselineduring high and low
intensity isometric muscular contractioespectivelyPehaps most interestingly, there was a
greater increase in antegrade shear rate during the recovery period in tiverbighlow
intensity isometric exercise conditiofhere wasnincrease in antegrade shear dieng the
recovery periotbf 98% abovebaseline following high intensity isometric exercisad an
increase oB5% abovébaseline following low intensity isometric exercig®trograde shear
rate increasedduring isometric muscular contractiortsy 15% from baseline in the Hig
intensityisometric exerciseonditionand unchanged in the low intensity isometric exercise
condition. More remarkably, retrograde shear rate was significalotlyered during the
recovery periody 46% inthe high intensity isometric exercisenditionand unchanged in
the low intensity isometric exercismndition. Oscillatory shear index wdswered during
isometric muscular contractiony 11% and 1% belowbaselinevalues for high and low
exercise intensitiesespectively.During the recovery perioascillatory shear indexvas
lowered by61% in the high intensity isometric exercissndition andby 21% in the low
intensity isometric exerciseondition This reduction in oscillatory shear index during the
recovery periodin betweenmuscular contractionsdicatesthat blood flow became less
oscillatoryin nature; most likely due to @oncomitant increase in antegrade shearaatke

decrease in retrograde shear rate upon cessation of muscular contraction
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High intensity isometric bilateral leg extensioteeciseappears t@rovide a unique stimulus
whereby upon the releaseisbmetricmuscularcontractions there is a substantial increase in
blood flow through the common femoral artery, commonly referred to as post exercise
hyperaemia.Only high intensity exercise elicited a heightened antegrade and reduced
retrograde pattern of blood flow upon cessation of the isometric muscular dontrécis
plausible that an intensiyependent increase in post exercise hyperaemia exists upon cessation
of isometric bilateral legxtensiormuscular contractions. This notion is also supported by the
absentheightened post exercise hyperaemia responsewioly low intensity lower limb
isometric.McLoughlin et al. (2012have reportedomplete reversion of retrograde blood flow
upon cessationof muscular contractianduring handgrip exerags a similar pattern was
observed in the present study. McLoughlin et al. (20B2F indicated this is suggestive of an
adaptive response in downstream miasculatureAlthough speculative, increased antegrade
blood flow and reduced retrograde blood flow during the recovery period in between high
intensity i®metric muscular contractions malge due to an increase in vasodilatation
downstream from the exercising muscle bdtiss feasible to suggest that the increase in
antegradéblood flow and shear rate observed within the common femoral artery during the
present stdy may also be due to conducted vasodilatation from the level of resistance vessel
and microvasculature to upstream conduit feed arteries likely due tocaomitie mediated

vasodilator mechanism (Markos et al., 2013).

The observedransientreductionin FMD occurred in response to an exercise stimulus that
elicited both aconcomitantincrease in antegrade shear rate and retrograde shear rate during
contractiongnda concomitant increase in antegrade shear rate and decrease in retrograde shear
rate upn cessation of muscular contractidinhas been hypothesised that an attenuation in
post exercise brachial artery FMD occurs in response to increased level®grfadsrshear

rate during exercise (Johnson et al., 2012a; 20¥2bat is moreincreases in retrograde blood
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flow and retrograde shear rate have been associated with a reductiom ioxidei availability
mediated by an increase in superoxides due to activation of the nicotinamide adenine
dinucleotide phosphatexidase system (Godle et al., 2009; Lu and Kassab, 200¢4Qwever,

it is also interesting to consider that isometric lower limb exercise resulted in hewjhten
antegrade blood flow and shear rate and diminished retrograde blood flow and stehanimgt

the recovery periadrhese areseemingly favourable blood flow patterns within the peripheral
vasculature for promoting an aatiherogenic environment (Adams et al., 2005; Woodman et
al., 2005). Although, investigation intdé exerciseinduced haemodynamic parameters
respasible for mediating acute changes in brachial artery B bgond the scope of this
thesis;it may be that thenagnitude ofreduction in brachial artery FMD immediately post
exerciseis associated witthower retrograde blood flovandretrograde sheart@and highe
antegrade shear rate in the lower limbs during the recovery p#risccurrently unknown
whethera transient decreasa conduit artery vascular endothelial functipost exercise
provesa potentially beneficial or harmful stimulughen utilised as part of a lorigrm exercise

training intervention

4.7 Summary

Isometric bilateral leg extension exercise performed at a high intesisiits a transient
reduction in systemic endothelivdependent vasodilatatiolrsometricbilateral legexercise
performed at a high intensity was the only condition to result in a transientioedadirachial
artery FMD andtemporarily diminishretrograde blood flow and retrograde shear tgen
cessation ofsometricmuscularcontractionsThe exercisenduced haemodynamic stimulus
and systemic vascular endothelial functasadistinctly different at the high and loexercise
intensities investigated as part of this acexercisestudy. In light of the findings from the
present study, the haemodynamic challesfferded duringabout of high intensitysometric
bilateral leg extension exerciggay be an important physiological stimulus f@ductions in
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RBP following isometric exercise trainirgjven the transient nature of the FMD reduction
combined with the associated gtherogenic effects of lower retrograde and oscillatory shear

stress
CHAPTER 5: ISOMETRIC EXERCISE TRAINING STUDY

5. The effect of an eightweek isometricexercise training intervention on resting blood
pressure with a specific focus upon functioml and structural peripheral vascular

adaptations

This work was presented at the American College of Sports Medicine Annual N2g@¢ting

May-31st May, Orlando, USA.
5.1Introduction

Isometric exercise training has been shown to beffattive training methodoy which to
lower blood pressurehoweverthe causal physiological mechansmesponsibleremain
equivocal. Aterations in TPR and/a@ have been inferred dse mechanisis) for exercise
traininginducedreductiors in RBP, with reductions in TPR modulated lapprovementsn
peripheral vascular function and struct(fPescatellet al, 2004; Huonkeet al, 1996).There
is considerable evidence which has shawprovement irconduit arterywascular endothelial
function following exercisetraining (Section 2.5), and it has been proposed thhese
adaptatios in functional responsemresuperseded bstructural adaptations within peripheral
conduit arteries(Laughlin, 1995) Existing researchsupportsthe notion thatvascular
endothelial functions improved within the first 2 to 4 week$ isometric handgrip exercise
trainingfollowed by progressivencreases in indices of resistance artery remodd{limken
et al, 2010).Improvements irvascular function and structunave been inferred as theost

likely mechanism responsible forediatingexercise trainingnduced reductions in RBP; this
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theoryremains to belucidated for isometric bilateral leg extension exercise traiimdgced

reductions in RBP in healthy individuals.

The findings from previous isometric bilateral legtension exercise trainirgjudies clearly
demonstrate reductions in RBP are possible following as little as 4 weisksnatric exercise
training (Devereuxet al, 2010; Howderet al, 2002). Research has investightiee optimal
exercise intensity for lower body isometric exerasel it has been reportéy Devereux et

al. (2011)exercise training at the average torque sustained during the-fimakl@e increment

of a graded exercise test correlated most strongly reductions in RiBPexercise intensity
indicated by Devereux et al. (2011) equated to the high intensity workload participants
completed inChapter 4; this intensity demonstrated a heightened haemodynamic response
during exercise compared to a lower intengikercisesessionand was the only exeres
intensity to impact upon vascular endothelial functiéollowing the findingsrom the acute
exercise study (Rapter 4) which demonstrated a transient reduction in brachial artery FMD
immediately post high intensity isometric exercise, it is importargxplore the effect of
repeated bouts of high intensity isometric exercise as a training interventifunctional and

structural vascular adaptations and associated reductions in RBP.

Themain aims of thistudy were to investigate the effeétan 8weekhigh intensityisometric
exercise trainingntervention orRBP, restingbrachial arterfrMD and restingrtery diameter
and blood flow patternslt was hypothesised thdt) isometric exercise traininppduced
reductions in resting blood pressundll be associated with improvements peripheral
vascular endothelial function and structared thus reductions in total peripheral resistance;
and (ii) isometric exercise training will significantly redusting blood pressutey week 4,

and this reduction will be maintained followingw&eks of isometric exercise training.
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Structural changes in artery diameter will supersede vascular functional chantes as

programme progresses.

5.2Method
Participants

Fourteenhealthy normotensive males (mean age: 23 * 4 years; body mass: 80.7 + 11.0kg;
height: 178.8 = 6.2cmf{mean + SD) volunteered to participate in a repeated measures
experimental crossover design study. Prior to testing, and afteringcaistitutional ethical
approsal, each participant received a written explanation of the procedures imgclaiyn
potential risks, completed a Health and Fitness Question(@ppendices 1 and 4), and
provided written informed consent, thereby adhering to the guidelines se¢ Dyetharation

of Helsinki (1964).

Study design

All participants adhered to the testing criteria as outlined in thergkemethodssge #ction
3.1). This study requiredhe participarg to visit the laboratoryas part of an experimental
repeated measurasossovertraining study design. Sixteen participants volunteered, one
participant withdrew from the studyuring the intervention and one participant’s data was
withdrawn from analysis(seeFigure 16). Rarticipants were required to complete aweek
exercise trainingondition andan 8-week norexercising control condition.dpticipantswere
randomly assigned to an orderedperimentakonditionwith a fourweek transitiorperiod
used to separate tltempletion of the exercise training and retercising control condition.
All participants were required to visit the laboratory at the same time oftdayhour) for
baselinemeasurements &®BP, Q, TPR, brachial arteryFMD, heart rate variability, conduit
artery diameter, blood flow and shear rate pattants oscillatory shear indeRarticipants

returned to the laboratory between 2 @ndayslater to repeat thebaseline measurements
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Those jrticipantswho wererandomly assigned to the exercise training condition were
required to visit the laboratotyp performa maximal voluntary contractidestfollowed bya
discontinuous incremental isometric exercise ¢8sttion 3.2L1) in order to determine tire
subsequent exercigeaining intensity Those participants randomly assigned to the-non
exercising control condition were required to visit the laboratory tcoparthe maximal
voluntary contraction test onlyrollowing the collection of allbaseline measurements
participants assigned to the exerdisening condition visited théaboratory to perform an
isometricexercise session 3 days per waekl each session was separated by 24 to 48 hours.
Themaximal vduntary contraction test ardiscontinuous incremental isometric exercise test
were repeated following 4 weeks of exercise trainibgrcising blood pressurd the upper
arm wasmeasuredcontinuously throughout each exercise session. Exercienggie ad
electromyographyf the lower limbs wasneasired continuously throughout each exercise

session

All participants were required to visit the laboratemery 2 week$or repeatmeasuremertf
vascular endothelial function using theachial arteryFMD technique(Section 3.28) and
measurement of restingonduit artery diameter anblood flow velocity (Section 3.2).
Resting conduit artery blood flowshear rate patterns and oscillatory shear indexe
subsequentlgalculated(Section 3.21). All participantswere required to visit the laboratory
at the end of week 4 (midaining and end of week 8 (postining) for repeat measurement
of resting blood pressure and heart (&ection 3.2.1 All participantswere required to visit
the laboratoryat the end of week 8 for repeat measurerné®, TPR, SV (Section 3.2.7and

HRV (Section 3.2.3).
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5.3Experimental procedures
5.3.1 Maximal voluntary contracticest

Three maximum voluntary contractiongre peformed each terminated after 2 te&conds,

and each separated by amihute rest period Peak electromyography (EMé&) was
determined during the aximal voluntary contractiotestattempt thaproducedhe highest
overall meartorque.Peak electromyography was established as the mean electromyography
activity recorded in the 0.25 seconds immediately prior to the highasntified
electromyography value (Wiles et,&010). The EMGeakwas used to calculate percentage
electromyographytargets’ for the subsequent discontinuous incremaatahetric exercise

test which is described in detail the generainethods (Section 3.2.1.1

5.3.2Discontinuous incremental isometric exercise test

Following completion of the aximal voluntarycontractiontest, @rticipantsrested for 5
minutes in a seated position and tpenformeda discontinuous incremental isometric exercise
test. Tweminute isometric bilateral leg extensiotuscular contractions were performed at a
constant level oklectomyography The discontinuous incremental isometric exercise test
startedat a level 0f10% EMGeak andthe intensity increased % increments thereafter.
During the test each-@inute muscular contraction was interspersed-byirtute rest period.
The dscontinuousncremental isometric exercise tegs performedip to volitional fatigue

or failure to maintain electromyography signal within5% of the electromyographtarget’
value. The final Zninuteincrement completed during the discontinuousanental isometric
exercise test wassed to derive exercise intensity subsegeant isometric exercise sessions
(Section 3.211). Electromyography, torque and heart rate were continuously monitored and

recordedhroughout the test.
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5.3.3Isometric exercise

All isometric exercise sessions and exercise tests gmréucted using a calibrated Biodex
System 3 Pro isokinetic dynamometer (Biodex Medical Systems Incleyshiew York).
Participants sat in the dynamometer in an upright position, witle@@ds of flexion at thap

and knee with the thighs supportégection 3.29). The Biodex System 3 Pro isokinetic
dynamometer wassed to synchronize the time component of surface electromyography and
muscular force recordingwhich is described in detail in the general meti{&xtion 3.2L0).

Each exercise session consisted of foumi@ute bouts of isometribilateralleg extension
exerciseperformed at agparticipantspecific intensitydetermined from theliscontinuous
incremental isometric exercise test. EacimiBute isometric muscular contraction was

separated by a@inute recovery perio(seeFigurel?2).

5.3.4 Exercisentensity

Participants performed high intensity exercise at a particgaattific torque value derived by
using the methods ddevereuxet al. (2010. This equated to 105.4% of the average torque
achieved during théast 608seconds of thdinal 2-minute incremenbf the discontinuous
incrementalisometric exercise tesi5.4% 2min torqueeay. Participants were required to
complete at least 95% of the Bbmetric exercissessions to demonstrate adherence to the
training intervention. If this requirement was not fulfilled the participant wegained to

withdraw from the exercise training study.

5.3.5 Brachial artery flow-mediated vasodilatation

Brachial artery flowmediated vasodilatation was assessed at baseline followingnan2ée
rest period using thbrachial artery-MD technique in accordance with recently published
guidelines (Thijssert al.,2011d. A rapid inflation/deflation pneumatic cuff (D.E. Hokanson,

Bellevue, WA) was positioned around the forearm distal to the olecranon pancesslated
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to suprasyolic pressure (200 mmHg) forfBinutes Baseline and peakrtery diameteduring
FMD assessment was analysed using @tijection and wall tracking software (Woodn&dn
al., 2001) and blood flow velocitwas analysed using-ouilt ultrasounl trace softwareGE
Healthcare, United Kingdom). Brachial artdfilD was adjusted for baseline diameter and
back transformed to represent an adjusted percentage brachiaFatergs outlined in the

general methodsSgction 3.2.5
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Figure 16.A CONSORT diagram for the isometric exercise training study




5.3.6 Resting artery diameter, blood flow and shear rate

Artery diameter andblood flow velocitywere assesséad the brachial, common femoral and
superficial femoral arterfollowing a 2@minute rest periodArtery diameter and blood flow
velocity were measuredontinuouslyusing duplex Doppler ultrasound (LOGKbook, GE
HealthcareUnited Kingdom) Artery diametemwasanalysed usingutomatededgeedetection
and wall tracking softwarandblood flowvelocitywas analysed using-iouilt ultrasound trace
measurement softwaf(eOGIQ e, GE HealthcaréJnited Kingdom) Antegrade and retrograde
blood flow, shear ratandoscillatory shear indewere calculatedas outlined in the general

methods (Section 3.2.4

5.3.7 Resting Cardiac Output and Total Peripheral Resistance

Aortic blood flow velocity and crossectional area of the aorta were measured using two
dimensional Doppleaultrasound (LOGIQ e book, GE Healthcdumjted Kingdonm andan3S-

RS probe (GE Healthcare, United Kingdomprtic diameter was calculated as the average
across 3 cardiac cycles at peak systwd thecrosssectional area of the aortic artery was
calculatedwhich is described in detail in the genaradthods (Section 3.7). Aortic blood

flow velocity was calculated as the average across 10 consecatoaty time integralérom

the highest quality 38econd videoecording. Stroke volume was calculated as the product of
aorticblood flow velocity and aortic crossctional argaandQ was calculated as the product
of SV and restingHR. Total peripheral resistance was calculatedeangMAP divided by

Q, which is described in detail in the general meth&dxon3.2.7).

5.3.8 Exercising electromyography

Surface electromyographwas recordedhroughout theliscontinuous incremental isometric
exercise tesaindexercisesessionsising a fivelead shielded Bio Amp cable (MLA2540, AD

Instruments Ltd, Australia)n conjunction with a dual biamplifier to measure thelectrical

123



activity from both vastus lateralisimultaneously anihterfaced with thé 6-channel Powerlab
chart reorder with Chart 7 software for Windows XP (AD Instruments Ltd, Australfagh

is described in detail ithe general methods (Section 3.2.10

5.3.9 Exercising blood pressure and heart rate

Blood pressure was measured continuously throughouexbecisesessionausing a non
invasive continuous finger blood pressure measurement device (Finometer@ NPso
Finapres Medical Systems BV, Amsterdam, The Nether)amdsrfaced with the 26hannel
chart recorder (Powerlab/SP16 with Chart 7 Softwa& Instruments Ltd, Australiayhich

is described in detailni the general methods (Section B)2Heart rate was continuously
recorded using a standard three lead bipgkstrocardiogranarrangement, as recommended
by AD Instruments (NSW, Australia) terfaced with the 18hannel chart recorder
(Powerlab/SP16 with Chart 7 Software, AD Instruments Ltd, Australiajhwikidescribed in

detail in the general methods (Section 3.2.3

5.4 Statistical analysis

Data was assessed for conformity with paramesgumptions (Fie|®000).Where data was

not normally distributed, data transformation was performed where appropriatihAmesel

of P <0.05 was set for statistical significance. Changes in resting blood pressarelheart rate
were assessed usinge@ral Estimating Equations (GEE) using the methods outlined by
Atkinson and Batterham (20483 Condition (exercise training ameén-exercisingcontrol) and

time (pre, mid and post intervention) were entered as independent variablaselibtesting
blood pressure wasntered as covariatgMillar et al, 2007).General estimating equation
analysis wasised to assesbangesn restingheart rate variability, velocity time integra®y,

Q andTPR Condition (exercise training amsbn-exercisingcontrol) and time (preand post

intervention) were entered as independent variaBleseral estimating equation analyses
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used to assess changesiachial arteryFrMD asoutlined by Atkinson and Batterham (2@)3
Condition (exercise t@ining andnon-exercisingcontrol)and time (pre, week 2, mid, week 6
and post intervention) were entered as independent varialdgarithmically transformed
baselineresting artery diametevas entered as a covariated dita was back transforméa
orderto calculate covariate adjusted percentage brachial artery. déDeral estimating
equation analysisvas used to assesshanges in restingrtery diameter, antegrade and
retrograde blood flow, blood flow, shear rate and oscillatory shear indéeitommon
femoral artery, superficial femoral artery and brachial adepyre, week 2, mid, week 6 and
post interventionRepeated measures correlation analysis was performed to assess for linear
dependencéetween changes iesting blood pressure aiart ratewith artery diameter
brachial arteryfFMD, heart rate variabilityQ andTPR Data is presented as mean + SE for all

parameters unless otherwistated

5.5Results
5.5.1 Resting systolic blood pressure

There was a significant cdition by time interaction for restingBP @ =0.007). The results
demonstrate a reduction restingSBP ¢4 mmHg) following 4 weeks of exercise training
compared to the control conditioR €0.002)(seeFigure B.A). There wasa trend towards a
reduction in restingBP ¢3 mmHg) following 8 weeks of exercise training compared to the

control condition (training: 11F 1 mmHgvs. control: 119 £ 1 mmHgP(=0.082).
5.5.2 Resting diastolic blood pressure

There was a significant condition by time interaction for redbB§ (P =0.048). There was a
significant main effect observed for condition (training: 72 £ 1 mmigeontrol: 73 = 1
mmHg,P =0.022). There was a reductionrestingDBP (-3 mmHg) from pre to week 4 within

the exercise training condition (pre training: 74 tnmHgvs. mid training: 71 £ 1 mmHg)R
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=0.001)(seeFigure 18 B). Therewas a trend towards a reduction in res8P (-2 mmHg)
following 4 weeks of exercise training compared to the control conditiaining: 71 + 1
mmHgvs.control: B+ 2 mmHg) P =0.072). There was no change in resRP (1 mmHQ)
following 8 weeks of exercise training compared to the comwadition (training: 72 + 1

mmHgyvs. control: 73 + 1 mmHQg)R =0.403).
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Figure 18. A. Changdn resting systolic blood pssureB. Changen restingdiastolic blood
andC. Change in resting mean arterial blood pressure measured througheueak 8xercise
and non-exercising control condition.

5.5.3 Resting mean arterial pressure

There was a significant cdition by time interaction for restingAP (P <0.001). The results
demonstate a reduction in restindAP (-3 mmHg) following 4 weeks of exercise training
compared to the control condition (training: 88L¥nmHg vs. control: 91+ 1 mmHg) @

=0.001)(seeFigure18.C) Therewas atrend towards aeduction in restingdAP (-2 mmHgQ)
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following 8 weeks of exercise trainingpmpared to theontrol condition (training: 8+ 1

mmHgyvs. control: 9 1 mmHg) P =0.059).

5.5.4 Resting heart rate

There was no significambhain effects omteraction observed faestingHR (P =0.712). The
results demonstrateo change in restingR (-2 bpm) following 4 weeks of exercise training
compared to the control condition (training: 69 + 2 bymrcontrol: 71 £ 3 bpm)R =0.588) or

following 8 weeks P= 0.454)(seeFigure19).
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Figure 19. Change inresting heart ratemeasured throughout anwiek exercise training
period compared to noexercisingcontrol condition.

5.5.5Resting heart rate variability

Therewas no significant condition by time interaction for low frequency noredlisits
following 8 weeks of exercise trainirf§ =0.756. There waslso nosignificant interaction
observedfollowing 8 weeks of exercise traininigr high frequency normalised unit® (
=0.605) for low frequency high frequency rati€f/HF) (P =0.445) or forvery low frequency

normalised units following 8 weeks of exercise trainiRg=0.899. There was a significant
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condition by time interactioor for total power(P =0.029),with lower total powefollowing

8 weeks of exercise trainirgpmpared to the control conditi¢ggeeTable b).

5.5.6Brachial Artery How-Mediated Vasodilatation

There was significant condition by time interactiontoacchial arteryfrMD (P =0.011). There
was a significant increase brachial art&yD at mid exercise training compared to mid
control condition P =0.013) (see Table 1)1 Brachial artery FMDincreased by 27226
following 4 weeks of exercise training compatedhe control conditior(Figure 20.0). A

significant difference was observed fbe covariatdaseline diameteP(=0.001)
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Table 11. Brachial arteryfflow-mediated vasodilatatiomeasured throughout anngek isometric bilateral leg extension exer¢raging and

non-exercising training control condition.

Time
Variable Condition Pre Week 2 Mid Week 6 Post
Adjusted FMD (%) Training 8.36 +1.13 7.68 £ 1.15 8.65 + 1.02* 6.78 £1.03 8.21+1.65
Control 7.57+1.25 6.81+1.42 6.38+1.14 8.81+1.29 8.35+1.35
Unadjusted FMD (%) Training 8.25+1.12 7.41+1.60 8.63+1.18 6.72+1.18 8.75+1.74
Control 7.63+0.98 6.64 +1.34 6.75+1.43 9.16 +1.71 8.54+1.19
Baseline diameter (mm)  Training 3.99+0.13 4.03+£0.13 3.96+0.11 3.98 £0.13 3.91+£0.15
Control 3.96 +0.14 4.02+0.15 3.92+0.14 3.94+£0.16 3.95+0.15
Peak diameter (mm) Training 4.31+0.12 4.32+0.11 4.30+£0.11 4,24 +£0.13 4.22+0.12
Control 4.26 +0.15 4.28 +0.15 417 +0.13 4.29+0.16 4.28+0.16
Mean SR AUC (au) Training 1949 + 176 2949 + 420 2237 £ 299 2885 + 411 2297 + 282
Control 2334 £ 226 2769 £ 369 3426 + 358 2891 + 211 2985 + 276

Note: FMD: flow-mediated vasodilatation, SR AUC: shear rate area under the curve. * indiaastisally significant compared to n@xercising control condition.
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5.5.7 Resting Vascular Artery Diameter and Blood Flow Patterns

There was a significant condition by time interactionbfiachial arteryantegrade blood flow
(P =0.00). There was a significant main effect observed for {{ifn20.00), wherebybrachial
arteryantegrade blood flowvas higher in thexercisetraining conditioncompared to control
condition (allP >0.005) There waso significant condition by time interaction fbrachial
artery diamete(P =0.895, retrograde blood flowP =0.582, antegrade shear rafe =0.139,
retrograde shear raf@ =0.639 or oscillatory shear indef® =0.781)(see Table 12 There
was no significant condition by time interactions foommon femoral artergiameter(P
=0.867), antegrade blood floyP =0.566, antegrade shear rae =0.673, retrograde blood
flow (P =0.369, retrograde shear ra{f =0.673 or oscillatory shear indei® =0.908)(see

Table B).

Therewas asignificant condition by time interaction feuperficial femoral artergiameter(P
=0.028). Superficial femoral artery diameter was higher following&ks of exercise training
compared to the control conditio®=0.006). There was asignificant condition by time
interaction forsuperficial femoral artergntegrade blood flofP =0.015) antegrade shear rate
(P =0.027) and retrograde shear ra®e=0.002)(see Table 1¥ Superficial femoral artery
antegrade blood flow was higher following 2 weeks of exercise training cothparée
control condition P=0.015).Superficial femoral artery antegradbear ratelemonstrated a
trend forhigher followirg 2 weeks of exercise trainingrapared to the control conditigR
=0.055). Superficial femoral artery retrograde shear rate was lower foll@viwgeks of
exercise training compared to the control conditffn=0.013). There was no significant
condition by time interaction for superficial femoral artery retrogradedofloov (P =0.445)

or oscillatory shear indefP =0.506) (see Table 4).
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Table 12. Characteristics of the brachial artery meastinedughout an 8veek isometric bilateral leg extension exercise trainil
and non-exercising training control condition.

Time
Variable Condition Pre Week 2 Mid Week 6 Post
Diameter (mm) Training ~ 3.99+0.15 4.03 +0.13 3.96 +0.11 3.98 +0.13 3.91 +0.15
Control 3.96 + 0.14 4.00 +0.15 3.92 +0.14 3.94 +0.16 3.95 +0.15
(Aglt?ﬁ’irn‘”’_‘ge BF Training ~ 51.4+3.7 60.3 £ 4.8 52.6 + 4.0 51.6+ 4.2 47.2+ 4.4
Control 54.7 +5.0 55.1+4.3 42.7+4.3 49.6+ 4.8 50.7+ 4.5
(Rn‘fl”r?]?nr_"f)de BF Training 157 +1.8 15.5 +2.2 13.4+15 13.9+2.2 13.7+ 1.9
Control 16.2+1.9 152+18 13.9+23 125417 14.6+2.3
Antegrade SR Training ~ 69.5+ 4.2 76.7 +3.6 71.3+3.7 68.8+ 3.1 66.5+ 3.7
(s9) Control 73.6 + 3.4 75.0 + 6.0 67.4+43 69.4+ 4.5 69.6+ 3.2
Retrograde SR Training 199+1.4 184+15 178+1.4 17.1+1.9 179+1.2
(Y Control 212413 195+13 17.9+14 16.5+ 1.7 18.4+ 1.3
0Sl (au) Training ~ 0.23+0.01 0.20 +0.02 0.20 +0.01 0.20+ 0.02 0.22+0.01
Control 0.22 +0.01 0.21 +0.02 0.21+0.01 0.20+ 0.02 0.21+0.01

Note:BF: blood flow, SR: shear rate, OSI: oscillatory shear index. * indicatdistically significant compared to rexercising control condition.
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Table 13. Characteristics of the common femoral artery measured throughoweek8&ometric bilateral leg extension exercise training

and non-exercising training control condition.

Time
Variable Condition Pre Week 2 Mid Week 6 Post
Diameter (mm) Training 9.38 £+ 0.22 9.28 +0.26 9.12 +0.22 9.25+ 0.30 9.13+0.29
Control 9.30 £ 0.30 9.33+0.37 9.20+0.31 9.44+0.29 9.42+ 0.29
(Arglter’gi"n"’_‘ge BF Training 285.6 + 16.3 280.5 + 18.9 2558+ 14.4 266.2+ 16.5 256.1+ 18.1
Control 271.8+13.2 265.2+£17.9 2454+ 175 271.6+ 14.6 303.7+ 27.8
(Rn?m?r:?)dEBF Training 165.0 + 11.4 154.0 +12.2 139.6+9.7  152.3+11.8 148.8+ 10.1
Control 147.5 +£10.7 152.9+10.9 132.4+£11.2 152.2+11.5 163.1+ 17.3
Antegrade SR Training 30.1+2.2 30.1+19 29.3+23 29.3+2.1 29.9+1.8
(sh Control 30.5+2.9 29.1+23 27.6+2.2 29.0+ 2.7 31.2+2.2
Retrograde SR Training 17.0+£0.9 16.3+£0.8 157+x1.1 16.4+ 1.0 16.9+ 1.2
(sh Control 15.7 +0.8 15.9+0.9 14.4 +0.7 15.2+ 0.6 16.3+ 0.9
OSl (au) Training 0.37+£0.01 0.36 £ 0.02 0.35+0.01 0.36+ 0.01 0.37+£0.01
Control 0.35+0.01 0.33 £ 0.03 0.35+0.01 0.36% 0.02 0.35+ 0.01

Note: BF: blood flow, SR: shear rate, OSI: oscillatory shear index. * indicsggistically significant compared to rRexercising control condition.
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Table 14. Characteristics of the superficial femoral artery measured throughoutieak8isometric bilateral leg extension exercise traini
and non-exercising training control condition.

Time
Variable Condition Pre Week 2 Mid Week 6 Post
Diameter (mm) Training 6.99£0.20 7.15+£0.20 6.97 £0.20 6.91+0.21 6.88+0.21
Control  6.82+0.24 6.67 +0.23 6.86 + 0.22 6.97+0.27 6.93+0.27
mltﬁ;"’_‘ge BF Training  128.4+8.7 156.6 + 8.6 1455+ 7.1 134195 138.3+10.2
Control ~ 145.2+7.3 1313+ 7.4 1412+ 8.8 146.3 9.4 137.0+ 8.8
(Rnfl”r?\?nr_?)de BF Training  64.8+4.8 72.0+3.1 70.7 £5.0 69.5+ 5.7 69.6+ 6.6
Control ~ 71.1+4.5 66.7 + 66.7 70.8+7.3 75.2+5.5 68.2+ 4.3
Antegrade SR Training 324+21 36.9+2.0 375124 34.4+1.6 36.3t2.1
(sY) Control 422 +4.3 39.5+2.9 39.1+3.7 38.6+3.4 37.1£3.3
Retrograde SR Training 16.3+1.1 172+1.1 18.1+1.3 17.8+x1.1 179+1.1
(sY) Control ~ 20.1+1.7 19.9+15 18.8+1.8 19.5+ 1.3 18.4+ 1.5
0Sl (au) Training  0.33 +0.01 0.32 £0.01 0.32 +0.01 0.34+0.01 0.33+0.01
Control  0.33+0.01 0.33 £0.01 0.33+0.01 0.34+0.01 0.33+0.01

Note:BF: blood flow, SR: shear rate, OSI: oscillatory shear index. * indicaggistically ginificant compared taon-exercising control condition.



5.5.8 Cardiac Output, Stroke Volume and Total Peripheral Resistance

Stroke volume was significantlgwer following 8 weeks of exercise training compared
to the control conditionR =0.039). There was no significant difference observe@for
following 8 weeks of exercise training compared to the control condifiorD(148.
There was a trend for hightatal peripheral resistance following 8 weeks of exercise

training compared to the control conditidh£0.054)(see Table 15).

Table 15. Cardiac parameters measured pre and posivege8 isometric
bilateral leg extension exercise training and-e&arcising training control
condition.

Time
Variable Condition Pre Post P value
Cardiac output L.min%) Training 452+ 0.26 4.50+0.25 0.148
4.84
Control 4.42+0.24 +
0.27
Stroke volumerfil.min%) Training 68.7£2.5 69.6+2.7* 0.039

Control 66.6+ 2.3 72.7+2.8

Velocity time integralsdm.s?) Training  19.2+0.8  19.4+0.8* 0.035
Control 18.6£0.7 20.31+0.8

Total perlpgergl _gesstance Training 210414 20.9+1.3 0.054

(mmHg-mL*min™)

Control 21.6x1.1 19.4+0.9

Heart rate variability
LFnu Training  65.2+4.8 67.2+2.8 0.713
Control 69.1+3.6 69.0+4.0

HFnu Training  26.2+3.6 26.9+2.2 0.605
Control 27.1+3.6 25.5+3.4

LF/HF Training  3.02+1.24 2.62+1.15 0.445
Control  2.89+1.21 3.04+1.24

TP (m$) Training 4966+ 534 3933+ 547+ 0.029
Control 3564+ 566 4142+ 503

Note: LFnu: low frequency normalised units, HFnu: high frequency nornohlissts,
LF/HF: low/high frequency ratio, TP: total power. * indicates statisticafjnificant
compared to nowexercising control condition.
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5.5.9 Maximal voluntary contractidiorque

There was no significant condition by time interaction for maximal voluntaryramion
torque P =0.430).Maximal voluntary contraction torque was 417 =N\t and 432 + 2Nm
for pre and post exercise training condition respectiwdaximal voluntary contraction torque

was432 =+ 21 Nm and 433 £ 24 Nm for pre and post control condition respectively.

5.5.10Exercisingtorque, electromyography and blootepsure

The group mearxercisingtorque values remainedgithin the target training zone: 5%)
duringweels 1 to 4 €4.53%) and week5 to 8 €3.50%). The group mean exercising torque
was higher at week 5 compared to week 1 and we&k=0.003 and® <0.001 respectively)

The group mean exercising torque was higher at week 8 compared to week 4 and veek 1 (
<0.001 and® =0.005 respectily). There was a significant main effemter timeobserved in
mean exercising electromyograpfi®<0.001). The group meaxercising electromyography
was higher during week 1 compared to week 4raihing (P <0.001). The group mean
exercisingelectromyographyluring week 5 was higher compared to week 1 and weé&k 4 (
=0.010 andP <0.001, respectively). There was no significant difference between mean
exercising electromyograplayring week 5 and week(B =0.055).The group meaeaxercising
electomyographyat week 8 was not significantly different from weekP}=0.237).There was

no significant main effect observéat timein exercising SBPH =0.088) exercising DBPR
=0.699)or exercising MAP P =0.375).All exercising torque, electromyography and blood

pressure data are presenitedable B.
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Table 16. Group exerciséraining data for exercising blood presswlectromyography
and torque during an ®eek isometric bilateral leg extension exer¢iaging.

Time
Variable Week 1 Week 4 Week 5 Week 8
Torque (Nm) 118+ 1 115+1 137 + 1*f 136 + 1*f
EMG (mV) 114 + 61 104 +6 131 £ 7*t 124 +9
SBP (mmHgQ) 167 +4 164 +4 171 + 3t -
DBP (mmHg) 108 +1 107 +1 110+1 -
MAP (mmHg) 127 +1 126 +1 130+1 -

Note:EMG: electromyography, SBP: systolic blood pressure, DBP: diastobd Ipressure, MAF
mean arterial pressure. * indicates statistically significant comparedek 1, T indicates statistic
significant compared to week 4.

5.5.11Relatimship between exercise trainimgduced resting blood pressure reductions and

selected cardiovascular and neuromuscular variables

The results show a significant negative correlation of moderate strength hewstieg
brachial arterfrMD andrestingDBP nmeasured gbre to midintervention P =0.037, r=0.54)
(Figure21. A). The resultsalsoshow a statistically significahoderate to strongegative
correlation between resting brachial artery FMid restingMAP measured apre to mid
intervention P =0.022, r=-0.60) (Figure 2. B). The results show a positive correlation of
weak strength close to statistical significance between resting brachialFiMBrand resting
brachial artery retrograde shear rd@e= 0.058, r= 0.2p(Figure 22) Theresultsdemonstrated
a negative cortation of low strength between resting SBP and brachial artery antdycade
flow (P =0.087, r=-0.32) and a positive corlation of low strength between restiftAP and
superficial femoral artery retrograde blofdw (P =0.096, r= 0.33) The results show a
positive correlation of low strength between resting DBP smgerficial femoral artery
retrograde blood flowP =0.066, r= 0.36and a negative cofegion of low strength between

restingDBP andsuperficial fenoral artery antegrade blood flow €0.079, r=-0.34).
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P =0.037r =-0.54 P =0.022r =-0.60
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Figure 21.A. The relationship betwearhangean brachial artery vascular endotheliahttion
(BA FMD %) and exercise trainingduced reductions in resting diastolic blood pressure
(DBP). B. The relationship betweenhange in brachial artery vascular endotheligction
(BA FMD %) and exercise trainiAgduced reductions in resting mean arterial bloodsumes

(MAP).

P=0.058r=0.25

_10_
Brachial artery retrograde shear rate (S%)

Figure 22. The relationship betweerhange inbrachial artery vscular endothelial function
(FMD %) and resting brachial artery retrograde shear rate.

5.6 Discussion
5.6.1Exercisetraining-induced reductions in resting blood pressure

Four weeks of isometric bilateral leg extension exercise resulted in dcsighifeduction in
both restingSBP ¢ mmHg) and MAP 8 mmHg) compared to the naaxercising control
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condition. There was a trend for a reduction in resting DBP followingeéks of isometric
bilateral leg extension exerciseining (2 mmHg) compared to the naxercising control
condition. kurthermore, there was a trend for reductions in resting SBP and MAP following 8
weeks @& isometric exercise training (3mmHg ar&inmHg, respectively) of which the
magnitude is still considered a clinicaltglevantreduction(Chobanian et al., 2003The
reductions in RBP reported in tpeesenttraining study are comparable to thasgported by
Wiles et al. (2010) following high and lowtensityisometric exercise trainingBP:4 mmHg

and 5 mmHg; MAP:3 mmHg and3 mmHg for high and lowintensity, respetively). The
reductions in RBP reported in the preseaining study are also similar in magnituddtiose
RBP reductionseported by Devereux et §2010) following 4 weeks dfigh intensity bilateral
legisometric exercise training young normotensive males (SEBPmmHg; MAP: 3 mmHg).

This discrepancy between isometric exercise traimdgced reductions in RBP from week 1
to 4 and week 5 to 8 may to relate to the existing optimal levels of RBP at baseliae €MV

al., 2007). Thisunexpected finding ay be due to the negative feedback response of the
cardiovascular system to prevent any further decrease in RBP. Furthisy &amother potential
explanation may relate the change in absolute exercise intensity following the tegdahe
discontinuous incremental isometric exercise test after wadkhe training interventiorihe

implications and future directions related to this finding will be discussed funtirapter 6.

Research by Devereux et. 42011) hasinferred that reductions in resting SBP could be
achieved following 4 weeks dfainingat a specific marker of intensitglating toa constant
forcemayprovide a markedly different exercise stimulus compared to exercisirgpas&nt
electromyography valueDevereux et al(2011) reported strong associations between the
average Zninute torque sustained during the final stage of an incremesataktricexercise
test (105.4% of 2nin torqueeay ard isometric exercise trainiAgduced reductions in RBP

Therebysuggestinghatthose individuals who trained at this specific marker of intemséy
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be guarantekto experience a reduction in restir®Sof at least 5 mmHg.heRBPreductions
observed in the current studyedmot support the previousuggstion by Devereux et al.
(2011);and this discrepancyamybe partly explained throughefactthat ‘responderand non-
respondersare documented followingarious types of exercise training interventiorboth
RBP and=MD (Greeret al, 2014; Millar etal., 2007).Indeedthe fact that only participants
demonstrated reductions in restlBBP, 9participantslemonstrated reductions in restiDBP
and 8participantsdemonstrated reductions in restiMi@\P (out of 15 participantsacross lie
first 4 weeksof training tends to support tlexistence othis phenomené#ollowing isometric
exercise trainingSincethe statistical analysis used by Devereux et28l11) did not account
for responder/nomesponder @ancept the predictiorof atraininginduced reduction in resting
SBP of 5 mmHg for all participants exercising at 105.4%-ofi2 torqugeak may not be an

accurate representation of how all individuals respond.

5.6.2Exercisetraining-induced changes estingvascular endothelial function, diameter and

blood flow patterns

A significant improvement ifbrachial arteryFMD occurredfollowing 4 weeks of isometric
bilateral leg extension exercise traininghose individus who experienced the largest
isometric exercise trainingduced reductions irestingMAP and DBP tended to demonstrate
the largest increase in resting brachial artelD (Section 5.511). This is a patrticularly
important finding considering that for every 1% improvemenbriachial arteryFMD, the
likelihood of the occurrence of cardiovascular events is reduced by 13% €nah2010).
According to the results ai metaanalysis by Inaba et.a(2010),isometric bilateral leg
extension exercise trainirias the potential to bdfective lifestyle intervention to altéuture
cardiovascular outcomeand reduce the risk of cardiovascular disease since this study
demonstrated an improvement in brachial artery FMD of 2.27%. The results froneseatpr
study are in agreement with thosem a recent metanalysis by Ashoet al (2015) who
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reported that aerobic, resistance and combaxedcise trainingnodalities increaselrachial

arteryFMD from 2.0 to 2.8%.

The present training studhasdemonstrated systemic improvement in brachiateay FMD,
which is in agreement with a large body of research having reported improstetngy
vascular endothelial function in healthy populatig8pence et al., 2013; Birk et al., 2012;
Simmons et al., 2011; Tinken et al., 2008; Clarkson et al., 1999; Kingwell et al., T887).
magnitude of improvement lorachial arterfFMD within the present study of ZZ%o isgreater

than that reported bgn earlier studypy McGowan et al. (2006 McGowan et al.(2006)
reported an improvement of 1.9% in medicated hypertensive individuals following 8 efeeks
isometric handgrigxercisdraining.The results from the present study are also comparable to
those demonstrating that 24-weeks of whole body resistance traimpngved brachial artery
FMD by 1.9% in healthy young individuals (Spence et al., 2013). Brachial &iédyin the
present training study was also similar to recent research wherebyiloweycling exercise
elicited significant improvements in restibgachial artery FMD at week 2 in healthy young
individuals (Birk et al., 2012). This would lead to the conclusion that the overall magnitude of
improvement in brachial artery FMD induced by lower limb isometric exetcigeing is

comparable to other molitees of lower body aerobic and dynamic resistance exercise training.

The results from the present studgmonstratano changen restingartery diametein the
brachial or ommon femoral throughout anveek bilateral legsometric exercise training
intervention.This isin agreement witla number of studies that haxeportedno change in
localised and systemic resting artery diaméi#owing lower limb aerobic exercise training
(Schreuder et al., 2015b; Thijssen et al., 2013; 2011a). This would suggestrubairal
adaptations, whenssessed vieestingartery diametem the brachial and common femoral

artery,are not a mechanismesponsiblefor reductionsin RBP following exercisetraining
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There was a significant improvement in superficial femoral artery diaraetereek 2of
isometricexercise training. It could be suggested from this finding that artenabdelling

may haveoccurred downstream from the exercising muscle, however it is unlikely that
structural adaptations could occur within such short period @& ttrs unlikely that arterial
remodellinghad occurred at thigarly stage in the exercise training intervention given that
changes in femoral artery structanetypically reported at later time points (Stebbings et al.,
2013).Therefore, thehangesn diameter are most probably a functional vasodilatory response
as opposed to structuradlaptationsThisresponsenay have been necessary to copi the
significanthemodynamic stimuli produced at the onset of exercise with the rapid elevation

blood flowwithin the exercising lower limbs

There was a significant increase in superficial femoral artery antegi@at fldw and shear
rate following 2 weeks of exdse trainingthis may be an indicator of improvétbod flow
capacity downstream from the exercising limb. Trasisienincrease in resting diametand
antegrade blood flowuggests thdtnctionalvasodilaton had occurredTheresults from the
present study demonstrate that isometric lower limb exercise training perfatnaedigh
intensity in healthy young menan elicit more favourable blood flowpatterns thatare
associated with promoting an aatherogenic environmerRecent research has alluded to the
potentially negative implications of excessive transient elevatioretrograde shear rate on
acute vascular endothelial function (Jenkins et al., 2013; Thijssen et al.,, 2009b), and
interestingly therevas a significant écrease in superficial femoral artery retrograde shear rate
following 2 weeks of exercise traininghe results of the present stufilyther emphasise the
beneficial impact isometric exercise trainingay have upon theresting haemodynamic
parameterswithin the peripheralvasculature in the lower limbglthough brachial artery
retrograde shear ratgas not significantly altered as a result of isometric exercise training

improvedbrachial arteryfFMD wasassociated with lower brachial artery retrograde shear rate
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(P =0.058) (Section 5.511). Collectively, these findingsighlight the potential influence

restingblood flow and shear rate pattemayhaveupon vascular endothelial function.

The improvement irbrachial arteryFMD at week 4 would infer that an improvement in
peripheral vascular tone had occurradd supposgthe theory that exercise trainiigduced
reductions in RBP occur via reductions in TPR (Fagard and Cornelisser), Bleart rate
variability remained unchangedt week 8 of the training intervention in young healthy
normotensive males; howewdee interpretation of no statistical significance for this parameter
is limited due to the high variabilifgreviously reported@Section2.3.J). It is unlikely that an
attenuation in cardiac autonomic nerve activity was responsible for isometricise training
induced RBP reductions considering there were no significant changeseobse resting
heart rate at week 4 or weekfBevious reseattinvestigatngthe effect odynamicresistance
and isometricexercise trainingon neuraimediated vasoconstrictor tone hagdominantly
shown no change in this measure in healthy individatatest(Section2.3.3). Nonethelessa
changein this parameter cannot bmmpletely discounteés apotential mechanism for
isometric exercise trainingducedreductions inRBP particularly ast was not measured at
week 4of theintervention The unexpectedncrease in TPReduction inSV, and unchanged
Q following 8 weeks ofsometric exercise trainingiay help to explain why theduction in
RBPin healthy young mewas not statistically significant at weekThose individuals who
experienced RBP reductions below itheptimal blood pressure classificationay have
experiencedn increase in TPR in order to prevent RBHNg into hypotensive ranggs.f.
responses to hypowadmia [Lanne and Ludvall, 1992]Albeit speculative, this may provide
an explanation for the heightened TPR following 8 weeks of high intensity tisomeercise

training.

143



Few studies havexplored the relationshipetweenexercise trainingnduced improvements

in RBP andenhanced vascular endothelial functi@adrovet al, 2013; Becket al, 2013;
Swift et al, 2012) Thereforethe existence of strongrelationship between exercise training
induced reductions in RBP and improvements in vascular endothelial fuinctioa present
study ought to be recognisétlis not possible to unequivocally conclude whether the observed
improvementdrachial arterf-MD were mediated via the systemic effectslodar stresJhis

can only be inferredrom existing evidence within the literature that has manipulsitegr
stresausing a pneumatic cufd determine its role in mediating improvements in Fdarter

et al, 2013; Tinkeret al, 2010).It is plausible that the improvemeint brachial arteryfrMD

in the present study iat least in partmediated through shear stressiechanism as this has
been demonstrated in inactive upper limbs in response to lower limb exerciset @irk012;
Simmonset al, 2011).The brachial arteryfFMD technique is considered an index of nitric
oxide mediated endothelium dependent vasodilatation, and therefore the present gsiney ass
that the improvement in FMD is nitraxide mediated and endothelitadiependent.An
improvement in vasodilator function as a result of improved vascular smooth musclerfuncti
cannot be eliminated entirely since endothelium-indéeenvasodilatation was not measured
in the present study (Correttit al, 2002). The majority of the evidence suggis that
improvement in conduit artery vasodilator function is predominantly due to improvement i
endotheliumdependent function (Conraads$ al, 2015; Luket al, 2012). 1t should be
acknowledged thatnattenuation in sympathetic nervous sysieetiated vasoconstrictor tone
may have contributetb the observed improvement lmachial arteryfFMD (Thijssenet al,
2014; Greeret al, 20119; however he role of the sympathetic nervous systameditating
changes in vascular tone within the peripheral vasculature cannot be eluridhtegresent

study.
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5.7 Summary

High intensity isometric bilateral leg extension exercise trairsngn effective strategy for
lowering RBP and enhancindprachial artery FMD Adaptations were evident following 4
weeks of training, and with a trend for a maintenance in the reductieBBffollowing 8
weeks of trainingThere was no change in restingeay diameter in the brachial and common
femoral arterythroughout the 8veektraining intervention howevermeasures of superficial
femoral artery diameter and blood flow were enhanced following 2 week®afise training
Furthermore|ower retrograde shear rate within the peripheral vasculature may be inferred as
havingan important mechanistic rolenmediatingexercise trainingnduced reductions in RBP
andimprovement irbrachial artery FMDThe improvements in vascular endothéfiaiction
were systemic in natureowever,it is possiblegiven the earlylocalised improvements
superficial femoral arteryiameter and blood flowthat adaptations within downstream
peripherakonduit arteriesr within the lower limb vasculatureaybe importanimechanisra

in bringing aboutraininginducedreductons in RBP Notwithstanding the limitationsvith
heart rate variability dat#he current findings suggest th@irdiac autonomic regulatiaos not
themechanismresponsible fomediatingbeneficial reductions in RBRsometric bilateral leg
exercise trainingffers an opportunity to improve systemic vascular endothelial funetiah
most notablythose participants who experienced the largest exetceeinginduced
reductions inRBP denonstrated the greatest improvement in systeragcular endothelial

function.
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CHAPTER 6: GENERAL DISCUSSION

6.1 Executive summaryof the findings

The primaryaim of this thesis was to elucidatesrole of peripheral vascular adaptations as
the physological mechanismesponsible for the RBP lowering effectsisdmetric exercise
training Thesecondargimwas to define theme course of vascular adaptatiamsn attempt

to explaintraininginduced reductions in RBPLhe main findings from this researeine

presented below:

Isometric bilateral leg exercise training performed at a high inteissejfective in

lowering resting SBP and MAP following 4 weeks of trainfBgction5.5.1and5.5.3);

- There was a trend foeductions in resting SB®BP and MAP following 8 weeks of
isometric bilateral leg exercise training although the results did not reach sthtistic
significance $ectiors 5.5.1t0 5.58

- Isometric blateral leg exercise trainingerformed at a high intensignhancedesting
brachial arteryrMD following 4 weeks ofraining (Section5.5.6;

- Isometric exercise trainingducedreductions inrestingMAP were associated with
improvements in restinigrachial arteryfFMD (Section 5.5.1¢

- There was a trend for resting brachial arteD to be associated with reductions in
restingbrachial artery retrograde shear rédection 5.5. 1t

- Isometric blateral leg exercise trainingerformed at a high intensiiycreased resting
superficial femoral artery diameter, antegrade blood flow and antegrade sbeardat
lowered retrograde shear rate following 2 weekisadhing (Section5.5.7);

- Total peripheral resistance wakevated andtroke volumewnas reducedollowing 8

weeks of isometribilateral leg exercise trainin@ection5.5.9;
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- An acute bout of high intensity (but not lospmetric bilateral leg extension exercise
transiently reduced brachial artery FMD immediately post exercise, wéigms to
nearbaseline levels by 30 minutes pegercisgSection4.5.J);

- Isometric bilateral leg extension exercise performed at high intensity déetes a
trend for decreased common femoral artery diameter during muscular dongactd
an elevated common femoral artery diameter during the recpgeaogd(Section4.5.2);

- High intensity isometric bilateral leg extension exergiseduces a distinctly different
blood flow and shear rate pattern with greater retrogbdoled flow and shear rate
during contraction and greater increases antegrade blood flow and shear lateeand
retrograde blood flow upon cessation of contraction compared to low intensity
(Sections 4.5

- High intensity isometric bilateral leg extension exercise produces |losodiatory
shear index during the recovery period compared to low intaasityetric bilateral leg

extension exercisgsection4.5.2).

Overall, it would appear thasometric bilateral leg exercise training performed at a high
intensity is an effective strategy in reducing RBP in healthy young menteBhlts from the
present egrcise trainingnterventiondemonstratéhatreductionsn RBP in the initial 4 weeks
were mediated via adaptations peripherhvascular endotheliurdependent vasodilatatipn
which are likely to contribute toa decreasén TPR The results from the preseexercise
training interventionstudy demonstrate thatterations in peripheral condudrtery resting
diameterand cardiac autonomic regulation were not the primary physiological meclkanism

responsible for the observederci® traininginduced reductions in RBP.
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6.2 The effects of sometric exercise trainingon resting blood pressure in healthy young

men

Isometric bilateral leg exercise training consisting of fotmi@ute muscular contractions
performed 3 days per week significantly reducestingSBP (4 mmHg)and MAP(3 mmHg)
after 4weeks of exercise traininigg young normotensive males. Although ntdtistically
significant, hese reductions iresting SBP (3mmHg) and MARrfmHg) were maintained
until week 8 of exercise training. The observed magnitude of reductigstingSBP was
comparable to the effectiveness of previously reported aerobig/aachit resistance exercise
training modalities (Cornelissen and Smart, 20IB)k observednagnitude of reduction in
restingMAP was similar to those reported imexent metanalysis which assessed the overall
effectiveness of isometric exercise train{f@grlson et al., 2014) and similar to previous studies
involving isometric bilateral leg extension exercise training in healthy youngaotiewing 4
weeks of exercise training (Wiles et al., 2010; Devereux et al., 20i0yvidely believed that
even small decreases in RBP could significantly reduce the likelihood of hygpierteelated
morbidity and mortality (Whelton et al., 2002; Cook et al., 1995). It has been estimatad that
5 mmHg reduction in resting SBP would result in a 14% overall tegtuim mortality due to
stroke, a 9% reduction in mortality due to cardiovascular heart disease #ndecigase in
all-cause mortality (Chobanian et al., 200)rthermoreit has been suggested that evéh a
mmHg reduction in resting SBP has preventedpostponed more than 11,000 deaths from
cardiovascular heart disease in England over the past 7 years (Public He&tidERQ14;
Bajekal et al., 2012). Therefore, the small but significant reductions in RBRvetise the
present isometric exercisining studycould be advantageous in contributing to improved

cardiovascular health outcomes.
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It is evident that performing isometric bilateral leg extension exercise trainingiraeasity
equivalent to between 24 and 33% MVC can induce significant reductions in RBP after just
weeks in healthy young men (Baross et al., 2012; Devereux et al., 2010; Wiles et al., 2010).
Wiles et al. (2010) previously reported that individuals who performedveeeR bilateral leg
isometric exercise traininigad statigically significant reductions in RBP at week 8, whereas
in the present study significant reductions in RBP were only observed at wbekpilte a
similar trend, eductions in RBRit week 8 were nattatistically significanbetween control

and experimentondition.Based on previous work, this finding was not anticipated, a potential
explanation for the time course of adaptation in RBBerved in the present training study
may relate to the altered exercisduced physiological stimulus at week 5 sirad®solute
exercise intensity s increased at this time poiiihe increase in absolute exercise intensity
during the latter 4 weeks of the training intervention, and this is likely to hawsedaan
exaggerated pressor response, heightened intramuscular pressure and a hegéteised
induced haemodynamic and metabolic stimullise latter part of the exercise training
intervention (from weeks 5 to 8) may have presented an insuffpeeioidto permit adaptation

to the imposed exercise stimul&sirther work on the time course of changes in RBP associated
with isometric exercise therefore is warranted in the future. Any imorethat induces
potentially beneficial adaptations needs to be investigated over a longeptirse to ensure
that he intervention continues to promote the desired outcomes. To date there is lingted lon
term >12 weeks data on isometric exercise training, and the data prdsseteduld indicate
longer term studies need to be conducted before this method of training is utiliskhgs a

term intervention to reduce RBP.

Nonetheless, the reductions observed in resting SBP and MAP may translateeititced
likelihood of hypertensiomelated morbidity and mortalityNational Institute of Clinical

Excellence, 2011; Chobanian et al., 2003). Albeit the observed reductions were evident in
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healthy young normotensive men, exercise training of this modality is cagfatdasistently
lowering RBP in a population already within the normal ranges. Tlaideneficial outcome
given thatin a population with prexisting BP of as low as 115/75 mmHg the risk of
developing cardiovascular disease doubles with each 20/10mmHg increase (Pe=tcalel
2004). Moreover, an SBP reduction of just 2 mmHg could reduce the resedibvascular
eventsmortality by 10% and the risk of ischaemic heart disdag&% in a middle aged
population withoutcardiovascular diseasgewington et al., 2002)Therefore,the main
findings from this research thesis add further support to the growing @oe@vidence
indicating that isometric exercise training is an effective lifestyle interventiodhaanon

pharmacological alternative to reduce RBP

6.3 The effects of isometric exercise trainingon peripheral vascular adaptations in

healthy young men

Vascular endothelial function

The findings from the preseekercise trainingtudy are the first tdemonstrate clinically
relevant and significant reduction in RBP following 4 weeks of high intensdgnetric
bilateral leg exercise, accompaniegt an improvement in systemic vascular endothelial
function.Following 4 weeks of isometric exercise trainitige vascular endotheliumayhave

an increased ability tbalance the synthesis and release vasoactive molecules in favour of
vasodilatation. e resuls from the presertraining study infer that those individuals who
experieced the largest reductions in resting MAP and DBP exubigher restingorachial

artery FMD folowing 4 weeks of training. Thiprovidesadditional evidence that isometric
exergse traininginduced reductionsn RBP areinversely associatedwith improvements
vascular endothelidlnctions, whichmay be reflective of a reduction PR (Bronas and

Leon, 2013).
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According to Poiseuille’s &w, a small change in vessel diameter hdarge effect on
resistance to flowas represented by improvedscular endothelial function. Thus, this
improvement in endotheliwdependent vasodilatation of the conduit artery is likely to be a
mechanismesponsibleat leasin part, for the observed RBP reduction wabmetric exercise
training(Smith and Fernhall, 2011; Fagard and Cornelissen, 2007). Despite the clear theoretical
links presented above, improved endothelial function cannot be unequivocally confirmed as
the sole mechanismesponsibldor lowering RBP since neither TPR), indices ofcardiac
autonomic function or neural regulation of vascular tarege measured at week 4 of the
exercise training intervention. Nevertheless, an improvement in systasaalar endothelial
functionin theory would allow enhanced vasodilatation of the peripheral arteries, and hence a
decrease in peripheral vascular resistance leading to a reduction in RBR. ihtagreement

with previously reported findings within the literature whereby exertceaing has been
shown to lower RBP and decrease TPR at rest (Hambeeaiht 2000; Clausen, 197 7Mhe
current study measured the indices of cardiac autonomic function pre and-wesk 8
intervention,it is suggested that these measures are performed more frequently duriag futur

isometric trainingntervention studies.

There are few studies which have directly examined réiationship between vascular
endothelial function and exercise training-induédP reductions in humans (Scholten et al.,
2014; Cotie et al., 2014; Swift et al., 2012; Beck et al., 2013; Badrov et al., 2013; McGowan et
al., 2007a; 2007b) and animal models (Mota et al., 2014). Two studies have demonstrated that
improvements in vascular endothelial function are associated with benefitiiations in RBP

in healthy young individuals (Beck et al., 2013; Badrov et al., 2013). The results from the
present training study are in agreement with previous research frokneBal. (2013) who
reported concomitant reductions in RBP (SBP:mmHg and DBP8 mmHg) and brachial

artery FMD by 34% when expressed as a percentage change from pre to pageein 8
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resistance exercise training intervention in young prehypertensive woheepresent traing

study showed a comparatively similar magnitude of improvement in conduit asascylar
endothelial function46%) when expressed as a percentage change from pre to week 4 of
isometric exercise training. It is unclear from the results presentededy € al. (2013)
whether concomitant reductions in RBP and improvement in conduit artery vascular
endothelial functioroccurred at week 4 since these parameters were only measured at pre and
post(8-weeks)training. Bachial artery FMD the present stuidigreased by.27% (raining:
8.65% vscontrol:6.38%), and the extent of this improvement may have positive implications
for vascular health. As mentioned@hmapter 5, for every 1% improvement in brachial artery
FMD the likelihood of the occurrence cdirdiovascular events is reduced by 13% (Inaba et al.,
2010). Isometric bilateral leg extension exercise training may be aotieffdifestyle
intervention to alter future cardiovascular outcomes and reduce the risk of candiavasc

disease since thisugty demonstrated an improvement in brachial artery FMD of 2.27%.

Endothelial dysfunction is a significant prognostic indicator of increasedihtioel of
experiencing an adverse cardiovascular event (Yeboah et al., 2007). In a previous study
examining therelationship between endothelial function and risk of adverse cardiovascular
events (Gokce et al., 2082 those individuals who had experienced no prior evigh89%)

had a larger resting FMD than those who had a history of prior cardiovaseerds é.9%).

The main finding from this thesis would support the effective role of isometrier l6mb

training in improving endothelial function in healthy individuals. It remains to &e teewhat

extent isometric exercise training can improve endotheliakifum@n those populations with
endothelial dysfunction, further research should examismall improvemerstsimilar to that

observed in this thesis may have the potengi@lice longerm healthrisk.

152



Badrov et al. (2013) also reported exercise traimagiced reductions in resting SBP
following 4 weeks of isometric handgrip exercise traingnyjresistance vessel function was
improved by 57% relative to baseline following 8 weeks of exercise training. This
improvement is higher in magnitude compared to the improvement reported in condyit arter
vascular endothelial function in the present isoimeixercise training study. It is problematic

to compare the time course and magnitude between the findings from Badrov et al. (2013)
because of the location of the measurement at the resistasseland conduit vessel
respectively. There is evidence that the mechanisms differ by which conduisastance
vessels endothelial function are altered following exercise trainingoertgnsive rats (White

et al, 1996). More specifically, resistance vessels have been proposed to bevaigttlie to
mediators of endotheliatiependent vasodilatation other than nitric oxide such as endothelium
derived hyperpolarising factor (Houghton et al., 1998; White et al., 1996) amdathexplain

the relatively greater increases in resistance vessel function in the sBadgroy et al. (2013).

There is limited research investigating the effectiveness of isometric ex&ais@g to
improve vascular endotheliiinctiontherefore direct comparisons between the same exercise
modality are difficult to achievehowever research involving dynamic resistance exercise
training is more readily available. Brachial artery FMD increasgd {raining: 8.65 + 1.0%

vs.mid control: 6.38 + 1.14 %) compared to the rexercising control condition in the present
study. This magnitude of improvement is comparable to previous improvements in brachial
artery FMD ranging between 1.70% and 2.07% following dynamic resestx®ecis training

and combined aerobic and dynamic resistance training interventions (Ashor et al., 2015;
Spence et al., 2013)heimprovement in brachial artery FMD following 4 weeks of isometric
exercise training were alsimilar tothoseimprovements observed at week 4 of awekk
intervention (8.4%) (Tinken et al., 2008) and at week 2 ofarékintervention (8.66) (Birk

et al.,2012; both of these studies used a lower limb cycling exercise training intervention
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summary, he overall magnitude of improvement in conduit artery endothelial function is
comparable with dynamic resistance and combined exercise traimodglities, and most
importantly, the reductions in arterial blood pressure are associated withavdsactional

adaptations.

There was a significant improvement in brachial arteiD following 4 weeks okxercise
training however no such changes were evident at week 2, week 6 or week 8 of the training
intervention.The observedmprovements in brachial artery FMD did not occur until week 4
and therefore arein alignmentwith the concept that improved conduit artewascular
endothelial function typically occussithin theinitial 2 to 4 weeks of exercise training (Hunt

et al., 2013; Birk et al., 2012; Tinken et al., 2010). Témults of the present study do not
support the concept originally proposed by Laughlin (1995) that functional vascular
adaptations are proceeded by permanent changes in artery structure, sinneonatant
changes in artery diameter were observed during weeks 5 to 8 of the isexatrise training
intervention. In agreement with the present results, Birk et al. (2012) has alseddpat
lower limb cycling exercise training significantly increased in brachtahaFMD at week 2

and arterial remaelling not altered at any time point in thev@ek intervention. Although the
improvement in brachial artery FMD occurred earlier in the study by Bidk. ¢2012), the
pattern was similar between studies i.e. there was an initial increase in FMDtivgHirst 4

weeks with no further changes in artery diameter from week 4 onwards.

Previous research has shown a significant improvement in vascular functiam tivé first 2
weeks which was progressively increased or maintained until week 4 of thesexeaiming
intervention (Hunt et al., 2013; Tinken et al., 2010; 2008). The more rapid onset and maintained
improvement in vascular function in the aforementioned studies is likely to bedreldte

smaller amount of muscle mass involved in handgtgra@se and plantar flexion exercise. A
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smaller amount of muscle mass involved in muscular contractions is considered to arovide
significantly lower neurohumoral, haemodynamic and metabolic challenge mnpa
exercise involving large muscle groupsKifsson et al., 2015). Arguably the traditional time
course notion proposed by Laughlin (1995), thatrapid localised functional responses are
surpassed by structural adaptations, may be more likely to occur in exaiigegtstudies
involving small nuscle groups (Hunt et al., 2013; Tinken et al., 20T0g slower rate of
improvement in vascular endothelial function in the present study may relate tstthet di
exerciseinduced haemodynamic changes in blood flow, shear rate and blood pressure known
to vary between exercise modalities (Green et al., 200&thermore, darger amount of
muscle mass involved during exercise may substantially influence overdirasenduced
haemodynamic stimylibecause the amant of muscle mass recruitbas beershown to be
positively related to the exercise pressor reflex (Galvez et al., 2000e5ah|s1989; Mitchell

et al., 1980).

The slower rate of improvement in vascular endothelial function in the present stydism

be attributed to the exerciseansity, the exercise modality and the progression of the exercise
stimulus over the isometric exercise training intervention. Although the sartieerebeercise
training intensity was used throughout the isometric exercise training intierveparticipats
were retested at the end of week 4 using the discontinuoumiertia isometric exercise test
Thetarget training torque was significantly increased for the latter 4 weekg agdmetric
exercise training interventididee Table @); and the levedf overload may have been too great
to elicit a state of vascular hormesis within the time frame investigated. In subgbrs
theory, the measurement of electromyography has been used as an inderatfi central
command during exercise (Taylor &t 4988; Schibye et al., 1981) and the level of central
command has previously been shown to be positively related to the number of motor units

activated during an isometric muscular contraction (Mitchell et al., 1983; 1980hgTthis
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into account, theobserved decline in electromyography from the vastus lateralis during
muscular contractions performed at a constant force might be reflectimpobved
functioning of the neuromuscular system within the first 4 weeks of present training study.
Whereas,electromyography from the vastus lateralis remained elevated during aruscul
contractions performed at a constant force during week 5 to 8 (Section) 5véhidh may
indicate that the exercise stimulus remained a heightened neuromuscukmgshédl whib

the body had not undergone supercompensation.

In light of this, recent evidence has demonstrated that adequate progressive overgsad br
about continuous and dynamic improvement in vascular endothelial function and inaneases i
resting artery diametasver a more prolonged period (24 weeks) (Spence et al., 2013) than
typically reported in previous time course studies (<12 weeks) (Hunt et al., 2013; Birk et al.,

2012; Tinken et al., 2010; 2008). Spence et al. (2013) reported that 24 weeks of dynamic
resstance exercise training, that wagerloaed in a progressive manner, resultec tme
course of functional and structural changes whdidmot lend themselves to conform with the
traditional notion proposed by Laughlin (1995). Arguably, the highly dynamic ramfes
balancing changes in vascular function and structure are particularly t#lscep a
progressive overload of an exercise stimulus. The findings from Spence et al. (20%8) woul
support the viewpoint that adaptations in vascular function and structure can occuhat muc
later time points within an exercise training intervention than typically repeoriiih the
literature. It is videly acknowledged that vascular structural remodelling occurs in order to
normalise transient repeated increases in shear stress (Green et al., 26&tbudda this
assumption, structural adaptations may not have occurred in the present trainusgiioter

if the exercisanduced haemodynamic stimulus was still undergoing normalisation to find an

optimal state of vascular homeostasis.
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This is a potentially importanfinding that exemplifiesthe heightened exerciseduced
stimulus may have induced functional overreaching (Kreher and Schwartz, 2012) and in
combination with the inadequate recovery period prevented supercompensation (Bdmpa a
Haff, 2009). The findings from this thesis indicate that vascular structagel did not occur

in measured variables during weektX or weeks 5 to 8, and future work may elucidate as

to whether the progression applied at week 5 in this study lirsitadtural changes at week

8. It is currently unknowrwhether adaptations in all primary outcome variableslavbhave
occurred if measures were assessed a further 2 weeks upon cesséigmxefcise training
intervention future direction of research could focus on this pefied 10week or 12week

exercise training interventisl, and the application of pyeessive overload in these contexts.

Vascular structure

Eight weeks ohigh intensity isometric bilateral legxtension exercise trainirdjd not alter
common femoral artery or brachial artery resting diam&temy time pointhroughout the
intervention. These resuliemonstrate thatructurakchanges, when assessed via resting artery
diameter, were nogssential formediatingRBP reductiondollowing 4 weeks of exercise
training Interestingly, superficial femoral artery resting diameter was signifly increased

at week 2 of training alongside increased antegrade blood flow and shear andtiogeade
shear rate. It could be implied form these results that skeletal muscle lolvazhpacity had
increased and that improved vascukaativity had occurred downstream from the exercising
limb because of the very early time these improvements occurred in the exexicisg tr
intervention. Previous studies have not reported changes in vascular structure to®eauiythi
in an exercisdraining intervention (Tinkert al.,2010), substantiating the notion that these
changes in superficial femoral artery diameter may in fact be functional pasemp to

structural.The significant improvement in superficial femoral artery resting diansdtarcek
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2 may be representative of a functional improvement, yet this finding magsubat this
conduit artery is more responsive to lower limb training and therefore futuresstihald
consider assessment of vascular function in the superfionaréé arteryFuture studies may
also benefit from measurindternative markers of vascular structural adaptations such as
intima media thickness/lumen ratio as thay permit clearer differentiation from vascular

functional changes (Dinenno et al., 2001; Bots et al., 1997).

There were no significant changes in restangry diameter in either the brachial, common
femoral or superficial femoral arterguring the latter 4 weeks of the exercise training
intervention which does not support the original hypothesis by Laughlin (1995}rinctural
remodelling of the vasculature takes over from earlier functional improveniémtack of
observable change in vascular structure (and function) between weeks 5 to 8 woudk coinc
with the findings that RB®as uraltered following 8 weeks of isometric exercise trainihg
date, the findigsareequivocalwith reportsof increasedocalisedor systemic artery diameter
(Stebbings et al., 2013; Spence et al., 2013; Baross et al., 2012; Tinken et al., 2@8%6nThij
et al., 2007; Rakobowchuk et al., 2005; Miyachi et al., 2001; Dinenno et al), Zb@llack

of change in resting brachial and common femoral artery diameter reportegnesient study
are in alignment wittother studies have reported no chamg#calisedor systemic artery
diameter(Thijssen et al., 2013; Hunt et al., 2013; Birk et al., 2012; Tinken et al., 2R08).
possible explanation fohé unaltere@¢ommon femoral resting artery may relatehtelargely
unresponsivaature ofconduitarterieswith large diameters, particularly in the lower limbs, to

a shear stress stimulus in healthy individuals (Walther et al., 2008; Wray28105).

The discrepancy between the results of the present study and those reporéedsisgtEl.
(2012, who reported increased resting common femoral artery diaraftézr 8weeks of

training are likely to beattributed to factors includindifferences in resting artery diameter at
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baseline, initial training status, and health status of the particiganéen et al., 2014b).
Previous research has shown that unhealthy populations have a smaller baselidearéter

and undergo significant localised structural adaptations following-tdront leg extension
exercise training (Billinger et al., 2009). This may help to explain why coniemaral artery
diameter was higher at baseline in the present training study comparedpibraed in the

study by Baross et al. (2012) in middle aged pre hypertensive men (9.34 mm vs. 8.10 mm
respectively), which arguaplkeduces the likelihood for adaptation due to encroachment on a

ceiling diameter.

Furthermore, a key consideration that may help to explain the present findingesiaiyin
theprogressive overloaof the exercise stimulus. It is importantacknowledge that although
significant reductions in RBP were observed at week 4 in the present study in theg@udse
improved brachial artery FMD, it is not possible to eliminate the prospect ofedelay
improvements in structural vascular adaptatipres beyond 8 weeksYhe present exercise
training intervention might have been insufficient in total duration to balance gy hi
dynamic nature of adaptation to the exercise stimulus. This is feasible givethéha
modification of the isometric exesg stimulus introduced at week 5 could have adjusted the
dynamic balance of functional versus structural adaptations, which is in atigmitle the

concept proposed by Spence et al. (2013).

Vascular blood flow patterns

Previous researchas attempted to investigatiee relationship betweeexercisetraining
induced adaptations in resting blood flow, shear rate, vascular endothelial functiBBRnd
(Scholteret al.,2014).The resutis from the present study showed a trend for impravazhial
artery antegrade blood flow at rest at week 4 and significantly improved isighdefmoral
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artery antegrade blood flow at rest at wedk@ction 5.5.7)Previous research has shotlhiat

12 weeks of aerobic exercise training significantly reduessing retrograde shear rate
(Scholtenet al., 2014). Furthermore, reductions in resting retrograde shear rateeeawve b
associated with enhanced conduit artery vascular endothelial function andoreslucRBP

in healthy and unhealthy populations (Scholten et al., 2014). The data from the curdent st
demonstrates a trend between improvements in brachial d&MEB and reductions in
retrograde shear raff =0.058) (Section 5.5.11). Thi®uld indicate that there afavourable
changes in shearress patterns may be a key physiological stimthias could contribute to

improvements in vascular health.

It has been suggested thatprovenent in antegrade blood flow is indicative ehhanced
skeletal muscl®lood flow capacity to the neexercising limbsand arterial compliance, this
may contribute to a reduction jeripheral vascular resistan@&@r@¢nas and Leon, 2013; Rippe,
2012). Favourablehanges itblood flowpatterns antbtal blood flowhave been implicated in

the beneficial artatherogenic effect of exercise training on vascular endothelial cell phenotype
(Whyte and Laughlin, 2010). Regions of sufficient levels of blood flevihich is
predominantlylaminar in naturanay offer protection against pratherogerd conditions of

low and turbulent flow (Augustin et al., 2009). Whereas in vitro and in vivo animal studies
have demonstrated that resting shear stress patterns characterised eyetsgbf Iretrograde
shear rate can increase {atherogenic gene expréss (Laughlin et al., 2008). Resting
antegrade blood flow and antegrade shear rate increased and retrogradsesdeargased in

the superficial femoral artery at week 2, thsuld infer that blood flow moved in a
predominantly forward direction and teatially became more laminar in nature. These
findings may have potential implications for promoting an-atiterogenic state of flow within

the vasculature, and therefore may contribute to reduced risk of developing &thestsand

the risk of advese cardiovascular events.
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6.4 The effects of an acute bout ofsometric bilateral leg extensionexerciseat high and

low intensities on peripheral vascular endothelial function

The primary aim of the acuxercisestudy within this thesis was to ascertain the precise
antegrade and retrograde components of blood flow and shegratimns during an acute
bout of high and low intensity isometric bilateral leg exercisgedate researchnvestigating

the blood flow and shear ratpatterrs inducedduringan acute bout asometriclower limb
exercisds sparseThe acute exercise study within this thesis dematestmovel findings with
regardto the patterns of arterial blood flow and the influence this exerts eipdothelium-

dependent vasodilatation within the brachial artery.

The concomitant elevation in antegrade and retrograde components of blood flow and shea
rateduringisometric bilateral leg extension muscular contractions resultegp@ated forward

and backward oscillatiorsf flow across the surface of the vascular endothelium. This in turn
may act as a potent modulator for letgym adaptations in endothelial cell membrane
deformation and signalling events in favour of nitric @qadoduction (Dimmeler and Zeiher,
2003). There is aclear difference in thetimuli created during the isortre bilateral leg
extension exercis&henperformedat ahigh compared tdow intensity which may go some

way to help explain why the transient reduction was observed only post high inéxesdise.
Increasedantegrade shear ratkiring isomeric muscular contractionsas previously been
attributed toelevatedexercising SBRThijssen et al., 2009b), and increased retrograde shear
rate duringisomeric muscular contractions has been attributed to the compression of blood
vessels within the exercising skeletal muscle (Sadamoto et al., 1983)lditecimplied that
whilst an increase in intramuscular pressure and/or sympathetically mediaiednstriction

is likely to have caused the increased retrograde shear rate (Padilla et alCr2od@r et al.,

2009), there was an elevation in exercising SBP and heart rate during high intezrsiisee
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in the presendtudy 6ee Tabld 6).This was lkely to have occurred in order to «fét increased
retrograde shear rate during muscular contraction via increased antegrade sluearaiatain

or attempt to maintaiadequate blood flow perfusion to the exercising muscle.

The present study algevealed more pronounced post exercise hyperaemia following high
versus low intensity isometric exercise. This is arguably an integrattaspthe exercise
induced haemodynamic stimulus for subsequent alterations in vascular endé@ihetiah

The magnitude of post exercise hyperaemia is considered to réfflecxtent of metabolite
accumulation (Bangsbo et al., 1998; Kagaya and Homma, 1997; Wallge and Wesche, 1988) as
well as the magnitude of oxygen debt and the subsequent level of the stimulus fessioe pr
reflex response to exercise (Osada et al., 2003; Taylor et al., 1988). Thieangmicrease in

blood flow upon release of high intensity isometric muscular contractions majidutive of

a higher magnitude of oxygen debt and metabolite accumulation compared to low intensity
isometric muscular contractions. An intengiigpendent increase in blood lactate
accumulation has been documented during sustained isometric bilateral legesfi@egiereux

et al., 2012). Furthermore, an intengiigpendent increase in blood lactate accumulation during
isometric muscular contractions has been positively associated withatipatade of post
exercise hyperaemia (Taylor et al., 1988). The intert@pendent increase in the magnitude

of post exercise Iperaemia may also have been due to heightened downstreamdidated
vasodilatation in the profunda femoral artery that has been previously cefmooiecur (Koller

and Kaley, 1991). In addition, factors including increased intramuscular pressuneniceic
compression of the vasculature, and subsequent ischemic conditions during muscular
contractions as well as local metabolite accumulation within the quadriceps greédikave
contributed to the significantly heightened post exercise hyperaerttia imgh versusow

isometric exercise intensity.
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An important finding from the present study is tloatillatory shear indexvas lowerin
comparisonto baseline valuesluring both high andlow intensity isometric muscular
contractionglespite the increasetiatrograde blood flowThis finding is in alignment with the
results of Padilla et ak201Q whereby a decrease oscillatory shear indekompared to
baseline values was reported to occur during rhythmic handgrip exercisaltmyhyoung
individuals.Moreover, acillatory shear was reducéalgreater extenipon cessation dfigh
intensity muscular contractions compared to low intengtymetricmuscular contractions
This is likelyto beattributed to theoncomitant reductionis retrograde shear raeingoffset

by greateincreass inantegrade shear rafehe results from the present study are in alignment
with previous reports of low or temporarily eliminated retrograde blood flow iphpal
vessels during periods of reactive hyperaemia (Mahler et al.,, 1977) and shiseba
considered to be caused by reduced pressure from wave reflections nhodtigki® increased
vasodilatation downstream (Nichols et al., 2011). It could be inferred from the iigicea
absence of retrograde blood flow and retrograde shear rate during the reeuiaet\that the
arteries and arterioles downstreawnfrthe profunda femoral artesych as in the superficial
femoral or popliteal artery, resistance vessels and microvasculature, nugyga
vasodilatation in order to normalise the heightened exeimiteed shear strestimulus

although this requires further investigation.

The StarlingResistor Theory might provide another possible explanatiothirobserved
significant increases ipost exercisélood flowimmediately following cessation of isometric
muscularcontraction(Halliwill and Minson, 2010)The change inantegrade and retrograde
blood flowfrom contraction to cessation of contian, and the resultant shear ratatterns,
arelikely due to the balance between central arterial pressure and the microvasaultoa
closing pressure. As such, increased vasodilatation downstream would thepreticadlthe

critical pressure of resistance. Thigy explairthe larger increase in antegrade shear rate and
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decreased retrograde shear @te oscillatory shear indexpon cessation of high intensity
isometric muscular contractions. Elevationsostillatory shear ancetrograde shear rate

vitro areconsidered to exed negative impact upon vascular health via increased upregulation
of endothelirl, increased adhesion molecules and increased superoxide production by
xanthine oxidas&om the mitochondriaTakabe et al., 2011; McNally at., 2003; Ziegler et

al., 1998Db). It would therefore appear advantageous for vascular health that sbilaténal

leg extension exercise can elicit a temporary reversal in retrograde sheardaseillatory

shear indexiuring the recovery period lmetween muscular contractiodgcording toin vitro
studiesoutlining the potential detrimental impact of oscillatory and turbulent flow behaviour
upon the vascular endothelium (Jenkins et al., 2013), the transient reductions in retrograd
shear rate malgave a favourable long term influence over the vascular endothelium although

further research is reqed to substantiate this concept.

This is the first studyof its kind to demonstratéhat high intensityisometricbilateral leg
extension exercisgiciteda greater increase in antegrade sheaaradgeduction in retrograde
shear rate uporelease oimuscularcontractionscompared to that induced by low intensity
isometricbilateral legextension exercisgseeChapter4). Furthermore, onlyan acute bout of
high intensity isometric exercise incredgetrograde sheanate duringisometric muscular
contractionsand decreaskretrograde blood flow and retrograde shear ugien cessation of
isometric muscular contractiomempared to baselinealues In marked contrast, acute bout
of low intensity isometric bilateral leg extension exerclgknot alter retrograde shear rate at

any point in comparison to baseline values.

The exerciseinducedhaemodynamicesponses argarticularly notable when the change in
blood flow and shear ratreexpressed as a percentage change from muscular contraction to

the recovery period in betweenuscularcontractions. High intensity isometric exercise
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resulted in a larggrercentagéncreasen antegrade shear rdt®m contraction to recovery(
41%); there wasio changen antegrade shear rate from contraction to recovery folloleiwg
intensity isometric exercise. High intensity isometric exercise also resulted in a larger
percentage decreaseretrograde shear rateom contraction to recovery\(-50% compared

to low intensityisometric exercis@\ -13%).A recent study showed that isometric bilateral leg
exerciseperformedat a high intensityas part of graded exercisestbrought about &essor
increase in antegrade shear i@td 5%) and lessordecrease in retrograde shear (ate18%)

from contraction torecovery(Smith, 2014) compared to the present study finding#is
evidencesuppors the notionthat isometric bilateral legxtension exercisperformedat a
constant forcenay produce a differengxerciseinduced haemodynamic respongetentially
more effective at promotingntegrade shear rated reducingetrograde shear ratgon
cessation of muscular conttemns,in comparisorioisometric exercise performed at a constant
level of electromyographywhere cardiovascular responses are more steadily controlled
(Schibyeet al, 1981). Theefore, itcouldbe implied that thenethod of prescribingsgometric
exercise intensity according to astained torque versus electromyographyealthy young
individualsis likely to alterblood flow perfusionwithin theexercising limbs. It is also likely

to affect thedegree of mechanical compression of the blood (& gsigamuscular compression

of the blood vessels and the net balance between centrally mediated vasoconsiddtioala

metabolic vasodilation (Hansen al, 1993; Gaffnet al, 1990).

In summary,increasedantegrade and retrograde blood flaring isometric muscular
contractionss likely to occurin orderto overcome the level of intramuscular pressure and
degree of mechanical compression (Rowell, 1993). fkightenedlood flow response is
likely to permit adequate muscldood flow perfusion, which isarguably alsaachieved by
substantial increases axercisingblood pressurdSmolanderet al, 1998; Petrofsky et al.,

1975; Goodwinet al, 1972). Isometric bilateral leg exercise performed at a constant force
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(equivalent to 326 MVC) caused a significant increasepiost exercise hyperaemand it is
likely to bereflective of the magnitude of the oxygen debt aoclimulation of locally released
metabolites (Osada et.,a2003; Bangsbet al, 1998; Kagayand Homma, 1997; Gaffnest

al., 1990; Walke and Wesche, 1988). sustained elevation iexercisingblood pressurand
slow rate of wash out of accumulated metabolic factors within the exercisilegaskeuscle
upon cessation @éometric muscular contractionsay help to explain the greater post exercise
hyperaemidollowing high versus low intensity isometric bilateral leg extension exefise
finding thatbrachial artery FMD was immediately and temporarily reddickolwing an acute
bout of high intensitybu not low, isometric exercis€see Chapter 4). This findingnay
indicatethe presence dympathetic vasoconsttion within the norexercising limbs in order

to direct increasedlood flow to exercising limbs during the recovery period in between
isometric muscular contractionsn support of this proposal, sympathetically meditated
vasoconstriction has been shown to occur in active areas in order to redirebtondridow

to the fatigued exercising muscle beds (Frances,e2@8; Shoemakest al., 2007; Rowell

and O’Leary, 1990).

Themagnitude and patterns of blood flow and shear rate, blood pressdiated differences
across the vessel wailhcreaseaxidative stress and inflammatory markeray be associated

with decreased FM[Carter etal., 2013; Hunt et al., 2013; Birk et al., 2012; Newcomer et al.,
2011) Based upon the findings from Peters et al. (2006) who reported increased oxidative
stress following acute isometric exercise, it could be speculated that thaqdigal stimulus
produced by an acute bout of isometbitateral leg extensiomxercise may have caused
transient heightened levels of oxidative stress. The downregulation of oxidatss, st
increased antioxidant capacity and pressoegliated haemodynamic responses iwitthe
peripheral vasculature may be potential precursory mechanisms for knafiaptations

observed in vascular function thus mediating exercise trainghgced RBP reductions. These
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temporary elevations in oxidative stress during an acute isoneggicise bout may play a
crucial role in the normal vascular response to exercise with prolonged exeeirsng

(Suvorova and Kojda, 2007).

Repeated exposure to an acute exercise bout has been shown to produce excess hydrogen
peroxide, a reactive oxygepecies molecule produced in the mitochondria of endothelial cells,
which diffuses through the vascular wall increasing the expression and aaftefM{DS Lauer

et al., 2005; Cai et al., 2001; Drummond et al., 2000). A reduction in oxidative stréssaand
upregulation of antioxidant pathways may be a likely precursory mechanismhanced
endotheliumdependent vasodilatation following isometric bilateral leg extension exercise
training. Most recently, improvements in brachial artery FMD have ssmtated with lower
nitrotyrosine (a critical marker of endothelial oxidative stress)esdrih venous endothelial
cells (Gurovich et al., 2014). Endothelial cells are exposed to cyclic stoandistention of

the arteries caused by an increase indjm@ssure. Cyclic strain has been shown to upregulate
endothelial nitric oxide synthase mRNA expression (Ziegler et al., 1998bisdtaet al.,
1996), endothelial derived hyperpolarising factor synthase, vasmdathelial growth factor

and reduce vasitar smooth muscle cell proliferation in cultured cells (Schad et al., 2011).
Isometric exercise performed at a high intensity elicited a higher exercisiod piessure,
heart rate and distinct blood flow and shear rate pattern compared to thenkengty (see
Sectiors 4.5.2 and 4.5)3lt is plausible that vascular adaptations may be pressure mediated
(Newcomer et al., 2011), not solely shear strasdliated, and this is supported by recent
evidence which has demonstrated that exercising blood peesspositively associated with
improved resting vascular endothelial function (Lambaise et al., 2014). The exiehich
cyclic strain signals the upregulation of fgatherogenic gene expression or atkierogenic
gene expressiom vivo remains uncleaand warrants further investigation, this may have a

potentially important role in the exerciseluced haemodynamic stimulus for beneficial
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vascular adaptations and ultimately favourable effects on RiE#®thesis has highlighted that
the isometric exerciseinduced increases in blood flow and shear rate upon cessation of
muscular contraction may be an important modulator contributing to the immediateoeduc

in endothelium-dependent vasodilatatioran acute exercise model.

6.5 Specificexerciseinduced blood flow and shear stress patterns as a potential stimulus

for vascular adaptations and restingblood pressure reductions

Theimportant mechanistic role of the exereisduced haemodynamgtimulus in bringing

about beneficial vascular adaptatidras been highlighte@Padilla et al., 2014; Newcomer et

al., 2011; Laughlin et gl2008). However the exploration of the association between acute
exerciseinduced haemodynamic stimuli and chroeiercise trainingnduced adaptations in
RBPis a concept described as rarely explored in humans (Raven and Chapleau, 2014; Green
et al., 2011c; Whyte and Laughlin, 2010he haemodynamic alterations that occur durdmg

acute bout oéxercise have beeatescribed as having a major role in modifying the expression

of genes linked to alterations in vascular phenotype (Newcomer et al., 2011; Badilla
2010).To date, there has been no investigation into the optimal blood flow and shear rate
magnitude and/or pattern responsible for alterations in peripheral vascultoriuaed/or

structure and the overlying impact this has upon TPR and RBP.

It could beinferred from the acutexercisestudy within this thesi@Chapter 4Yhatthe distinct

blood flow and shear rate patterns induced as a consequence of a high intensity bout of
isometric bilateral leg extension exercise were sufficient to impresgngbrachial artery

FMD, resting blood flow patterns within peripheral conduit artesie$loweredRBP after 4

weeks of trainingAlthough the specific component of blood flow and shear rate responsible
for modulating favourable adaptatioimsvascular function have nbeenisolated heightened

levels of antegrade blood flow and shear rateduced levels ofetrograde blood flow,
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retrograde shear rasndor oscillatory shear indexluring the recovery period in between
contractions ray play an important roleMoreover a combination of stimuli includinthe
amalgamated effect oincreasedantegrade and retrograde shear rdtging muscudr
contractions, diminishedetrograde shear raés well as increased antegrade sheardwieg

the recovery periodnay be key modulators for subsequent adaptatiohisese may be
important exercisénduced haemodynamic stimuli given that only the high intensity exercise
condition (and not the low intensity exercise condition) caused the aforementioned acut

haemodynamic response

Previous research has alluded to a possibtegrade shear ratiereshold during exercismuts,
which maypositivelyinfluence the magnitude and rate of vascular adaptadikmgonet al,
2015; Tinkenet al, 2009).The heightened antegrade blood flow and antegrade shear rate
observed was of sufficient magnitude to initiate an effect on vascular endothelial function.
However, these components were elevated to a siextant between high and low intensity
exercise conditions, leading to the notion that aspects of the exiadiged haemodyamic
profile other than antegrade blood flow and shear rate may be of more interest wigetotryi
establish the mechanism responsible for vascular adaptafinolysone study has attempted
to investigatethe impact ofelevations in retrograde blood flopatternusing an external
compression cuff upovascular endothelial functiasver a prolonged period of time (Thijssen
et al, 2015).Two weeks of continuously applied external compression was repotiragpao
localisedvascular endothelial functicandthis wasattributed to elevatedktrograde shear rate
during exercisgThijssenet al, 2015). Arguably, the continuous application of an external
compression cuff is not representative of repeated bouts of acute exercise efudettier
specific acuteexerciseinduced haemodynamic stimuksponsible for mediatingubsequent

beneficial adaptations in vadar function and blood pressuruire clarification
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Theacute exercisenduced haemodynamic stimuiduced by high intensitigometric exercise
have been shown to haae immediatelown regulatorgffect on systemigascular endothelial
function ceeChapter 4) The results from the present study support the existdracbiphasic
responsebhrachial arterfFMD was immediatelyeduced and returnedimostto baseline values
within 30-minutes post high intensitigometric exerciseThis biphasic respondeas been
proposed to be amssential catalyst fofavourablevascular adaptens in function and
structure, a process referredasvascular hormesigDawsonet al.,2013).This initial down
regulation of vascular functiomaybe a key modulator of subsequent chronic upregulation of
resting vasodilator function, and therefore reductions in TPR and lowered TRBRmMain
findings from the isometric exercise trainirsgudy within thisresearchthesis would tend to
supportthe vascular hormesiteory given that bothRBP and brachial arteryFMD were
significantly improved following 4 weeks dkometric exercise trainingsée Chapter5)

performed at the santégh intensityas utilised within the acute exercise study in this thesis

To date, only one study has combined the assessment of vascular endothelial farastion
acute exercise model and chronic exercise training adaptatieasdalar endothelial function
and RBP (McGowanet al., 2006) Whilst McGowanet al. (2009 did not investigate the
haemodynamic responses caused by an acute bout of isometric haexiEngse, brachial
arteryFMD was attenuatennmediately posacuteisometric handgrigxerciseat the start of
an 8week training intervention. Interestinglyhen the same acusometric handgrigxercise
protocolwas performegas part of a traininghterventionthree timeger week for a total of 8
weeks,restingbrachial arteryFrMD was improved andionsignificant reductions imesting
MAP were evident. Furthermoreshenbrachial arteryFMD was assessed immediately post
isometric handgrigxercisethe transientreduction in FMD was less noticealjdcGowanet
al., 2006). This is the only study of its kind to demonstrate such translation of changes in

vascular endothelial functioinom an acute exercise model into amw@ek exercise training
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model.This finding, in conjunction with the results from the present thesis, are likely to have
implications for the way that acute responses in vascular function are nietmsun®rm the
effectiveness and progression of an exercise training progrdirimeurently unknowrnwhat

the transient reduction iorachial arteryr-MD changes in theesponse to cumulative bouts of

acute isometric bilateral leg exercise over amg&k exercise traininigitervention.

6.6 Interpreting the physiological mechanisns) responsible for isometric exercise

training -induced reductions in resting blood pressure

The physiologicalmechanisr(s) by whichisometric exercise trainingiduced reductions in
resting blood pressure have been proposeddarinclude alterations in cardiac function and
structure, vascular function and structure, autonomic regulation of the cardiovaystdan,
neural regulation of vascular tone, oxidative stress and ischampaovement in systemic
vascular endothelial funion and regionablood flowpatternsarelikely to havecontributed to

a redudion in TPR and are seeminglyalid mechanismm for the RBP lowering effects of
isometric exercise trainingsevidenced in the present training studgults(Section 5.5 The
improvement irvascular endothelial function as assessed via brachial artery FMD (Corretti et
al., 2002; Celermajer et al., 1998)the present thesmaybe attributed to the upregulation of
endothelial nitric oxide synthase and nitric oxide bioavailability (Hambetcdit, 2003; Delp

and Laughlin, 1997; Sessa et al., 1994). Increased endothelial nitric oxide synthasgesubst
(L-arginine), reduction inendothelial nitric oxide synthase inhibitor, enhanced vascular
regeneration through endothelial progenitor cells (Giannotti et al.,, 2010) and enhanced
expression of vascular endothelial growth factor (Servos et al., 19809play a role in the
mediatingimproved vascular endothelial function. There is some evidence to suggest that
alteration in early endothelial progenitor cell phenotype is resdenfib enhanced repair
capacity, and this may be a potential mechanism responsible for the upregulatidotbtlial

nitric oxide synthase activation and nitric oxide bioavailability (Giannotti et a0R
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Furthermore, the improvement in brachial artery FMD at week 4 may plaired by
improved shear stressduced signal transduction within endotheliallg including the PI3
Kinase signalling pathway and endothelial cell membrane channel activaionechanisms

such as deformation and cytoskeleton reorientation (Johnson et al., 2011).

Recent research has suggested that additional biomarkers of vaswldghelial function,
including increased plasma concentrations of prostaglandin and decreased ientipbhight

play a role in the improved vascular function (Beck et al., 20EBhanced nitric oxide
endotheliumdependent vasodilatation is likely to have been responsible for the observed
increase in systemic resting antegrade blood flow, however the possialitgrt attenuation

in vasoconstrictor function via either neural or hormonal factors cannot be excluded. In
addition, the endothelium is aiprary sensor for changes in shear stress which has been
proposed to mediate changes in artery function and the arterial remodellbegp@reen et

al., 2011c). It is not possible to ascertain from the present study whethebsbeed
improvements in kachial artery FMD were mediated via a shear stiegendent mechanism

and therefore this mechanism requires clarification in future studies ingolsometric
exerciseThis observed improvement in systemic vascular endothelial function is codsidere
to be mediated through a nitric oxidend endothelium dependent mechanism (Gedea.,
2004b; Corretti et al., 2002), blockade experiments werperédrmedas part of this thesi®

substantiate that FMD changes were endothelmmnitric oxide-dependén

There is darge body of evidence demonstratthgtendothelium-independent vasodilatation,
an indicator of sensitivity of vascular smooth muscle cellsitiic oxide is unchangedn
healthy individuals following exercise training (Biekal, 2012; Llewellyret al, 2012; Tinken

et al, 2009; Goteet al, 2003).There isevidence to suggest this mechanism plays an important

role in enhanced vasodilator capacity in healthy huraadshis could be confirmed in future
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studies involvingisometrc exercise trainingThere are a number of intrinsically mediated
vaactive substances other than nitric oxleduced by the vascular endothelium such as
prostaglandins, which elicit hyperpolarisation of the vascidarooth muscle cells.
Endotheliumderived hyperpolarising factors such as hydrogen peratidi vasodilatation
through stimulation of the potassium channels within the vascular smooth nelisc{Barand
and Gutterman, 2013Evidence has recently emerged whadmonstrates that heigimed
intramuscular pressure can shift the vasodilaiediator of FMDirom nitric oxideto hydrogen
peroxide in healthy human cannulated tissue (Beyer et al., 2014). Nonethelessulisiet
detract from the wealth of accumulated evidence lihathialartery FMD is an indicator of
nitric oxidemediatedand endotheliurdependentilatationunder normal resting conditions
in human conduit arteri€&reenet al, 2014; Doshiet al, 2001). Therefore, the improvements
in restingbrachial artery=MD in the present exercise trainirgfudy aremostlikely to be

mediated by aitric oxideendothelium-dependent mechanism.

All measures of conduit artery endothelial function and strustere unaltered following 8
weeks of exercise traininghereasTPR wassignificantly increasedthis may be due to
excessive downstream vasodilatation within the active skeletal muscldrbsdpport of this
theory, systemically mediated splanchnic vasoconstriction has been shown to occur during
isometric exercisen orderto help redirecblood flow (Shoemaker et al2007), most likely to

areas activated by accumulation of metabolites via the pressor reflex andligmugcle
afferents (Rowell and O’Leary, 1990). An elevatiod PRfollowing 8 weeks oftheisometric
exercise trainingintervention may haveaiminished the previously observedsignificant
reduction in RBP observed at weekAlthough speculativethis may have occurred imn

attempt to maintain functional blood pressure homeostasis.
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Recent evidence frommnimal moded suggestshat control of arterial blood pressure via
baroreflex regulation is predominantly determined at the level of the asas@i(Sakamotet

al.,, 2015). A mild to moderate reduction in central blood volukrown to deactivate
cardopulmonary baroreflex receptors, camduce sympathetically mediated peripheral
vasoconstriction irorder to maintain sufficient arterial blood pressure during redqred
(Levick, 2010; Saitolet al, 2008).This explanatiorwould fit with the proposetiypotheses
that heightened downstream peripheral vasodilatdtere occurreddownstreamfrom the
exercising muscle bedan increase imMownstream vasodilatation would triggar increase in
sympathetic mediated vasoconstriction within the inactive muscle bedésewhere in the
peripheral circulation, required an increase central blood volume and venousiretarer to
maintain RBP within normal rangeBhis underlying mehanism appeat® coincide withthe
statisticallysignificant increase in TPR, decreagdandunchanged) following 8-weeks of
high intensityisometric bilateraleg extension exercise trainiig normotensive young men
Individuals within the preserttaining study possessed optimal RBPpriori in accordance
with the Joint National Committee Evaluation and Treatment of High Blood Pressure
Guidelines (Chobaniaet al, 2003).1t is plausible thahegative feedback via stimulation of
the baroreflexeceptors occuedin order to elevate sympathetic outflow to the vasculature to
increaserPRin response to excessive peripheral vasoditatgiVehrwein and Joyner, 2013)

in order to maintain RBP within optimal levels.

Thereis limited evidenceo supporichange in the function of the autonomic nerveystem
as a mechanism for isometric exercise trainmyced reductions in RBP (Millar et al., 2013;
Badrov et al., 2013; Wiles et al., 2010; Ray and Carrasco, 20@@jiac autonomic activity
remaned unaltered from pre to post 8 weeks of isometric exercise trgi&aetjon 5.5.5.
Although this finding does not support its role as a mechanisnaifairtginduced reductions

in RBP, leart rate variability was not measured at weekf 4raining and therefore an
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improvement in cardiac autonomic regulation in favour of parasympathetic dominance or
reduced sympathetic outflow to the heart cannalisegardedit is widely accepted thdeart

rate variabilityas a measure is subject to high variability and alterations within the autonomic
regulation of the cardiac mus@eenot necessarily indicative of efmtgan effects (Agapitov

et al, 2008). In light of this point, sympathetic nervous activity to sketetecle was also not
assessed in the present exercise traisingy and therefore it is not possible to eliminate
augmented sympathetic vasoconstrictor responsivenegsadfenoreceptor mediated
vasoconstrictionyvithin skeletal muscle at rest (Just anelLDrey, 2016)as amechanisnfor
isometric exercise trainiagduced reductions in RBPIt is plausible that peripheral
sympathetic modulation within the skeletal muscle might have been attenuateekat and
augmented at week 8, thus contributing todiigaificantreduction in RBP andonsignificant
reduction inRBPat week 4 and weekr@spectivey. It is possible that alterations@&utonomic
nervous systernfunctionvia increasedn peripheral sympathetic vasoconstrictor activitsty
havebeen present elsewhere in the vasculatwtéch may also help texplain theobserved

increasan TPRat week 8 of isometric exercise training

Researcthas demonstratdtiat the sympathetic nervous system is likely to exert a significant
influence over thacute exercisenduced haemodynamic stimulus and therefeerole of the
sympathetic nervous dggsn in regulating longterm adaptations within the peripheral
vasculature should not be overlook&kcentresearch has shown thauscle sympathetic
nerve activity exerts a significant influence owenduit arteryshear ratgatterns, whichn
turninfluencetheredistribution of blood flowblood vessel capacitance, reflex pathways and
stroke volumgPadillaet al, 2010).1t was notpossible to determine from the results of the
present study whether reductions in sympathetic nervous system activity iwguart,
responsible for the improvedstingvascular function and blood flow patteristerestingly,

alterationsin vascular ton@re considered to reflect the interaction between sympathgticall
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driven vasoconstriction and nitric oxieediated endotheliusdependenFMD within the
peripheral vasculatureP@dilla et al, 2014),and it may be that alterations ifunctional
sympatholysisas a result ofacute exercisénelp to shape vascular adaptations to chronic
exercise training (Mortensen et,&014).Although there is much discussion surrounding the
direct influencethe sympathetic nervous system exerts over vascular tone, the autonomic
nervous systenalso maintains control over the release of neurohumoral factors including
circulating catecholamines and activation of reamgiotensiraldosterone system (Thomas,
2011). Therefore, an attenuation in circulating hormones such as angietiersid
noradrenaline cannot be excludechgdtential mechanismesponsible forsometric exercise

traininginduced reductions RBP.

7. CONCLUSION

The overlying aim of this thesiwas to more clearly define the physiologinschanisms
responsible for isometric exercise traininguced reductions in RBP. The primary objective
of this researchthesis was to investigate whethadterations inresting peripheral vascular
function and structureverethe physiological mechanismesponsible foisometric exercise
training-induced reductions iIRBP. This thesis has demonstrated that isometric bilateral leg
extension exercise training significandghancd conduit artery vascular endothelial function
and conduit artery antegrade blood fland shear raten healthy young men, which has
implications fordecreased likelihood of hypertensigeiated morbidity and mortalityThe
improvement in brachiahrtery vascular endothelial functiowas inverselyassociated with
reductions in resting blood pressufdis islikely to haveimportant implications for overall
cardiovascular and vascular endothelial cell healthe improvements inperipheral
vasculatureendothelial functionoccurred within the initial 4 weeks of isometexercise

training, whereas indices of vascular structure remained unaltered throughd@véek
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training intervention A more diligent application of progressive overload of ther@sge
stimulus over timemay be necessarywhen examining the physiological mechanism
responsible for RBP reductions. Theuteisometric exercise modeshould be used more
appropriatelyto further understanding othronic adaptations in cardiovascufarameters
following exercise training An acute exercise model is seemingly advantageous in the
identification ofoptimalmanipulation ofacute programme variables based upon the exercise
induced haemodynamic stimulus it affords. Téxglicitly relatesto exercisinglood flowand
shear ratgattern during and upon immediate cessation of isometric muscular contractions,
which are likely to be an integral part of thRysiological stimulus responsible feascular
adaptationsThe main findings from thisesearch thesishould pose as useful preliminary
findings for fuure isometric bilateral leg extension exercise training studies to bridgephe ga
in existing knowledge in the translation of exerdrsguced haemodynamic responses into
acute cardiovascularesponses and subsequently chronic cardiovascular adapt#bions

isometric exercise.

7.1 Future directions

Futureresearchshould investigatésometric exercise in the form that it is most likelybt®
performed in a real world settinghis might be inthe form of isometric bilateral leg exercise
used in isolationisometric exercise as part of a hebesed training methoor as part of a
combinedexercise training interventiofhis is particularly poignant given the increasingly
reported advantageous effects combined exercise training has been showndio exsctlar
endothelial function and resting blood pressure. Furthermibig,essential to investigate a
range ofisomedric exercisantensitiesto obtain further mechanistic insight into t#eercise
induced haemodynamic stimulus associated with the most beneficial adaptationghe
peripheral vasculature and resting blood pressure. Future studsng isometricexercise

training ought toelucidate the acutexerciseinduced haemodynamic stimuésponsible for
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improvements imestingvascular endothelial functioand resting blood pressufdoreover,
future isometric bilateral leg exercisainingstudies shoulthvestigateshear rate, iependent
of the alternative exerciseaduced stimuli, as the primary physiological stimulus for

responsible for bringing aboakercise trainingnduced vascular adaptations.
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APPENDIX 1

Canterbury
Christ Church

University

Department of Sport Science, Tourism and Leisure

Sport Science Informed Consent & Health and Fitness Questionnaire

Date of Birth: .................. Age: ......... Sex: ........

Please answer the following questions by circling the appropriate response and if necessary providing extra information in
the spaces provided.

ANY INFORMATION CONTAINED HEREIN WILL BE TREATED AS CONFIDENTIAL

1. How would you describe your present level of fitness?

Untrained / Moderately trained / Trained / Highly trained

3. How would you describe your present bodyweight?

Underweight / Ideal / Slightly overweight / Very overweight

4. How would you describe your smoking habits?

Non smoker / Previous smoker / Currently smoking

5. How would you describe your alcohol intake?

Neve Drink / An occasional drink / A drink every day / More than one drink a day

(Note 1 drink = 1 unit)

6. Have you had to consult your doctor within the last six months? Yes / No



8. Are you presentlyaking any substances which may affect your performance?

If you have answeregles please give datlS: ...

9. Do you suffer or have you ever suffered from any of the following?

a. Diabetes Yes / Ndb. Asthma Yes / No
c. Epilepsy Yes / Nad. Bronchitis Yes / No
e. Anyform of heart complaint Yes / Nd. Serious Back or Neck Injury Yes/No
g. High blood pressure Yes / Nch. Aneurysnt or Embolism Yes / No

1: Arterial wall weakness causing dilation.  2: Obstruction in the Artery.

10. Is there a history of heart complaintyour family? Yes / No

If you have answeregles please give detailS:. ... ..o

11. Do you have any allergies? Yes / No

12. Do you currently have any form of muscle omfainjury? Yes / No

13. Have you had to suspend your normal training/physical activity in shéwa weeks¥es / No

If you have answeregkes please give detailS:..........ooviiii i

Contact information of your general practitioner (GP)

Name of your General PracCtitiONer: ...... ... ittt e e e e e mmmmmmeeeeeamn e e e e e s e e e annnees
Address of your General Practitioner’s Surgery to which you arsteegd:

| (thenamal participantabovg give permissin for the researcher to contact my general Practiti@imequired
to inform them of any abnormalities which may arise or to discussototent health and fitness status if you
have consulted your GP within the last six months.
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APPENDIX 2

Canterbury
Christ Church
University

PARTICIPANT INFORMATION

A research study is being conducted at Canterbury Christ Church Univers®JjGs part of a PhD
thesis by Lucinda Howlandhis study has been approved within the University by the Faculty of Social
and Applied Sciences Research Ethics Committee.

Lay Title of Project: “The reliability of blood pressure monitoring devices and {norasive
doppler ultrasound to measure blood pressure and specific cardiovascular variables”.

Part One

The reliability and validity of nofinvasive sound wave®p@pplerultrasound) to measure how fast the blood flows
(blood flow velocity) in the main leg artery (femoral artery) and tlénrmarm artery (brachial artery), how wide
the femoral and brachial artery are (artery diameter), and the volume of lelogdoompedrbm the heart in one
minute (cardiaoutput)

Part Two

The reliability and validity of the Finometer® PRO device to measure tragitimme-off’ resting blood pressure
measures.

Background

Dopplerultrasound is simply the projection of sound waves into the human body usingeahpabls
placed against human skin. Visual images of internal organs, blood vesskelsody tissue are
produced. As a result, it is possible to see inside the human body withouhuaisige and complicated
procedures. Dopplartrasound is commonly used in the Sport and Exercise Science setting due to its
non4invasive nature and it allows the measurement of variables that would otherwiséciot thf
measure accurdie Traditional ‘oneoff’ resting blood pressure measurement is simply a method of
obtaining single blood pressure measurements at a set time in the dajhelgbstiicipant is in a rested
state. Befordopplerultrasound and ‘oneff’ resting blood presure measurements can be utilised in
research conducted within the Sport and Exercise Science Department att8€Qtust be checked

as to whether they can measure these variables accurately over a number of oceasiiab(jity).

What will you be required to do?

Participants in this study will be required to:
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e Visit the laboratory on a maximunumber of six different days
e Visit the laboratory at approximately the same time of day on each of thesiéesend days.

To participate in this research, you must

¢ Be a male with normal blood pressure (normotensive)
e Be anonsmoker
¢ Have no known medical conditions
¢ Not be taking any medicines
Procedures

Participants will be asked to complete a Departmental Health and Fitness qhasti@about their
current health and fitness status. Written voluntary informed obmak have already been obtained
and participants will be knowledgeable about the stiithere aregwo parts tothis study (see titles
above).

e Firstly, the participant wilbe required to lie down for 2@inutesin a rested state. After the
rest period, a probe will be placed against the inside of the thigh andghigst the inside of
the upper arm. Lastly, the probe will be placed on the chest bone and theerib cag

e Secondly, the participant will be required to be seated in a rested stajgorapraately sized
inflatable arm and finger cuff will be secured on the left upper armedindand index finger
in order for ‘oneeff’ resting blood pressure measurements to be taken.

Testing will be completed at the same time of day for every. Wist will be asked to adhere to
the following criteria:

No food or caffeine 6 hours prior to testing

Drink only water within the 6 hours prior to testing

No alcohol 48 hours prior to testing

Not to be taking any medication for 4 weeks prior to testing

Not to have donated blood during the 6 weeks prior to testing
Free from ilinessfifection during the 2 weeks prior to testing

Not to have exercised strenuously in the 24 hours prior to testing

Please noteyou will be required to wear shorts provide access to the thigh area god will be
asked to remove yousshirt to provideaccess to the chest area during the ultrasdeiedse reathe
continuing sheets entitlééarticipant information sheet regarding the ingredients of the Aquago
Ultrasound Transmission GeJ'in order to ensure that you are adiergic to the ultrasouhgel.If you
are unsure as to whether yate allergic to the ingredientgou should check withyour General
Practitioner before consenting to take part in this study.
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Feedback

The participant will receive feedback regarding the results oktbddy. Should any abnormalities be
discovered the participant will be informed and with permisaibmformation will be passed on to
your General Practitioner for diagnosis and furiheestigation.

Confidentiality

All data and personal information will be stored securely within CCCUipesnor in accordance with
the Data Protection Act (1998) and the University’s own data protectioimaegunts. Data can only
be accessed HiEEG, -
completion of the study, all data will be made anonymous (i.e. all persomthatfon associated with
the data will be removed).

Dissemination of results

It is anticipated that the resulgit no personal informatiofiom this research will be disseminated
through journal articles, conference papers, conference posters anestbe th

Deciding Whether to Participate

If you have any questions or concerbsuat the nature, procedures or requirements for participation do
not hesitate to contact me. Should you decide to participate, you viikdéo withdraw at any time
without having to give a reason.

Additional Information

The ingredients of Aquasoniditrasound Trasmission Gel are listed below:

Reserve osmosis (RO) water

Humectants

Polymer

Preservatives

Water soluble fragrance

FD & C color

Propyl paraben and methyl paraben in bacteriostatic concentration
pH range 6.5-6.95

Any Questions?

Thank youfor taking the time to read these instructions. The researcher can beeabnéaetrding any queries
using the following contact details:

Lucinda Howland

Doctoral Research Student
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Department of Sport Science, Tourism and Leisure
Canterbury Christ Churcdniversity

North Holmes Road

Canterbury

Kent CT1 1QU

University contact numbe | 5)
University email [
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CONSENT FORM

Title of Project: “The reliability and validity of blood pressumaonitoring devices and ndnvasive
doppler ultrasound to measure blood pressure and specific cardiovascular vatiable

Name of ResearcherLucinda Howland

Contact de:ail s |IEEEEE— - 01
I

Please initial box

1. | confirm that | have read and understand the information shethief@bove
study and have had the opportunity to ask questions.

2. lunderstand that my participation is voluntary and that | am free to withdrs
any time, without giving any reason.

3. lunderstand that any personal information that | provide to the reseangher:
be kept strictly confidential

4. | agree to takeart in the above study.

Name of Participant Date Signature

Name ofPerson taking consent Date Signature
(if different from researcher)

Lucinda Howland

Researcher Date Signature

Copies: 1 for participant
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APPENDIX 3

Canterbury
Christ Church
University

PARTICIPANT INFORMATION

A research study is being conducted at Canterbury Christ Church UniversitWj@S@art of a PhD
thesis by Lucinda Howlandhis study has been approved within the University by the Faculty of Social
and Applied Sciences Research Ethics Committee.

Lay Title of Project: “The relationship between how much and how fast the blood flows
(blood flow) and the amount of force the subject is producing (torque) during exercise where
the muscle length does not change, but force is still produced during the contraction (isometric
exercise) where it gradually gets harder as time goes on (incremental) angd decovery

from exercise”.

Background

Isometric (static) muscle contraction involves force being produceddocihange in the length of the
muscleand no movement at the joint occurs e.g. pushing against a wall. It has beentshbw
performing isometric exercise over a number of weeks can lead to a reductetirig blood pressure.
Exercising in this way may also change the structure and function ofd¢hiesai the working muscles.
Recent research has highlighted that the exercise intensity (how hard yaunpié exercise) may
affect how much change occurs to resting blood pressure and the arteriieg tRiarstudy we want to
look at theimmediate effech range of different exercise intensitfesson blood pressure, artery size
and artery blood flow. This study has been approved within the University Bxatidty of Social and
Applied Sciences Research Ethics Committee.

What will you be required to do?

Participants in this study will be required to:

e Visit the laboratonat the Canterbury Campos a maximum number of 8 different occasions,
at least 48 hours separating each occasion

e Visit the laboratory at approximately the same tohiday on each of these 8 different occasions

e Perform an exercise test where the exercise intensity gradually gets hanther geets on
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To participate in this research, you must

¢ Be ahealthy male aged between-48 years old with normal blood pressinormotensive)
e Be a nonsmoker

¢ Have no known medical problems that may impair your ability togipatie in the study and/or
have been free from illness/infection for two weeks prior to theaftéesting

¢ Not be taking any medicine#ceiving any treatment for medical conditions
¢ Not be suffering from any form of musculoskeletal injury

¢ Not have undergone blood donation during the six weeks prior to the stattraf tesduring
the course of the study

Procedures

After arriving at tle laboratory, you will be asked to complete a Departmental Health andsFitnes
Questionnaire about your current health and fitness status. You will be madabsarehat the study
requires you to do and be asked to provide your written voluntary infayomegnt. You will be asked

to adhere to the following criteria:

No food or caffeine 6 hours prior to testing

Drink only water within the 6 hours prior to testing

No alcohol48 hours prior to testing

Not to be taking any medication for 4 weeks prior Biite

Not to have donated blood during the 6 weeks prior to testing
Free from iliness/infection during the 2 weeks prior to testing

Not to have exercised strenuously in the 36 hours prior to testing

Incrementalsometricexercisetest

You will be askedo complete an incremental isometric exercise test on theifirishnd brief isometric
exercise on the remaining visits. Firstly, you will be asked to tense your legsl @s lpassible in order

to establish the maximum force which can be produced (maximum voluntary dontttast). This
value will allow us to set the exercise for the next stage of the test. Ydbemi be asked to repeat the
same leg tensing exesg holding the tension for two minutes at a time. As time goes on, eaeh two
minuteexercise bout will require more effort to perform until you feel they calomger perform the
exercise.

Ultrasound maging

The main leg artery will be scanned usgpplerUltrasound whilst you are performing the exercise.
This requires a hardeld pobe being placed against the skin of the upper thigh area. Ultrasound
transmission gel will be used to help obtain the images (see Ultrasound Bsiosrdel Ingredients
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list at the end of this information sheet). You will be iieggito wear loose fittig shorts in order for
the researcher to access the leg area.

Blood pressure andelartrate measurement

Blood pressure will be measured continuously whilst you are performingéhgse using a machine
called a ‘Finometer®PRO device’. This devieguires that you wear a small finger blood pressure
cuff which lightly pulsates when worn. You will be required to wear an upper arm bloodneres,
however, this is only inflated at the start of the procedure and remaiatedfdt the remainderfahe
test.Heart rate will be measured whilst you are performing the exercise. You will lneeck¢tp wear
three small circular sticky pads (electrodes) on the chest and rib arearitoamEasure the electrical
activity of the heart.

Torgue anddedrical activity of themuscle (EMG)measurement

Torque can be described as a twisting or turning force. The amount of torque you can ptauce w
asked to tense your legsgll be measuredvhilst you perform the exercise. This information will be
directly transferred from the machine you mise on to anearby computerThe electrical activity
(EMG) of the leg muscles will be measured whilst you perform the exercigeinVhlves placing two
small sticky pads (electrodes) on each thigh and one pad @attpart of the elbow. The area of skin
where electrodes will be placed must be prepared by shavimgaieormal disposable razor. It should
be noted that during the leg testing exercise, you might feel some disconmdgbidrbress of breath.
However, his is similar to the feeling when exercising at the gym or during normal phgstoaty.

Feedback

You will receive feedback regarding the results of this study. Should anynaddiieas be discovered
the participant will be informed, andth permis#on, all information will be passed on your General
Practitioner for diagnosis and further investigation.

Confidentiality

All data and personal information will be stored securely within CCCUipe=nor in accordance with
the Data Protection Act (1998) and the University's own data protectiomeegunts. Data can only
be accessed aAfter
completion of the study, all data will be made anonymous (i.e. all persomahatfon associatedith
the data will be removed).

Dissemination of results

It is anticipated that the resultsyt no personal informatiofrom this research will be disseminated
through journal articles, conference papers, conference posters anestbe th
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Deciding Whether to Participate

If you have any questions or concerns about the nature, procedures or regisifemparticipatiodo
not hesitate to contact me. Should you decide to participate, you Viitdoéo withdraw at any time
without having to give a reason.

Additional Information

The ingredients of Aquasonic Ultrasound Asmission Gel are listed below:

Reserve osmos{®0) water

Humectants

Polymer

Preservatives

Water soluble fragrance

FD & C colour

Propyl paraben and methyl paraben in bacteriostatic concentration
pHranges.5 — 6.95

Please note:

If you are unsure as to whether you are allergic to the ingrsdigou will be required to check with
your General Practitioner before consenting to take part in this. study

Any Questions?

Thank you for taking the time to read this information. The researchdyeceontacted regarding any
gueries using the followingontact details:

Lucinda Howland
Doctoral Research Student

Department of Sport Science, Tourism and Leisure
Canterbury Christ Church University

North Holmes Road

Canterbury

Kent CT1 1QU

University contact numbe /I  >)
University email: [EEEREENE <
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CONSENT FORM

Title of Project: “The relationship between how much and how fast the blood flows (blood flow) and
the amount of force the subject is producing (torque) durkegcise where the muscle length does not
change, but force is still produced during the contraction (isometric exercige\thgradually gets
harder as time goes on (incremeftahd during recovery froraxercisé.

Name of ResearcherlLucinda Howland

Contact de:ail s |IEEEEE— - 01
I

Please initial box

1. | confirm that | have read and understand the information shetefabove
study and have had the opportunity to ask question

2. lunderstand that my participation is voluntary and that | am free to withdra
any time, without giving any reason.

3. lunderstand that any personal information that | provide to the reseancher:
be kept strictly confidential

4. | agree to take part in the above study.

Name of Participant Date Signature

Name of Person taking consent Date Signature
(if different from researcher)

Lucinda Howland

Researcher Date Signature

Copies: 1 for participant
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APPENDIX 4

Canterbury
Christ Church
University

PARTICIPANT INFORMATION

A research study is being conducted at Canterbury Christ Church Univers@®UJ|GGS part of a PhD
thesis by Lucinda Howlandhis study has been approved within the University by the Faculty of Social
and Applied Sciences Research Ethics Committee.

Lay Title of Project: “The effect of an-8eek isometric (where the muscle stays the same
length throughout the contraction) doubleg training programme on resting blood pressure,
Flow-mediated &sodilatation (a noAnvasive technique to evaluate the endothelium nitric
oxidedependentunction of the arteries) and vascular rembithg (adaptations to the artery
diameter) on selected conduit arteries (main arteries supplying the arm and leg with blood)”

Background

Isometric (static) muscle contraction involves force being produceddocihange in the length of the
muscle and no movement at the joint occurs e.g. pushing against a wall. It hashbeanthat
performing isometric exercise over anmoer of weeks can lead to a reduction in resting blood pressure.
Exercising in this way may also change the structure and function of¢hesim the working muscles.
Recent research has highlighted that the exercise intensity (how hardrimmpéeexercise) may
affect how much change occurs to resting blood pressure and the arteriieg tRiarstudy we want to
look at changes in blood pressure and artery function and structwre gnoups: those who exercise
guite hardand those who do not perform any exercise at all. We predict that the group Y¥dmmper
harder exercise will experience beneficial charngeseir blood pressure and arteries. The group not
exercising at all should experience no changes. This study has been apptbwvetheviUnversity by

the Faculty of Social and Applied Sciences Research Ethics Committee.

What will you be required to do?

Participants will be asked to commit t8-aveekexercise training condition anevBeek norexercising
control condition. Youwill completeone condition firstseparated by &-week period before
completing theother condition, the order will be allocated at randome ©onditiorrequires moderate
to vigorous efforiexercise and the otheonditionis a norexercising control conditiorThisexercise
will involve youtensing both of your leg muscles at the same time in order to contractgblesiou
will also undergo some tests whilstarestedstateat various stages throughout the interventitou
will be asked to visit the laboratory at the same time of day for each visibangily need tacommit

to all of these visits You can see from the diagram below how may visithe sport science laboratory
(Canterburycampus) will be requiredveek 1: 2 viss, weeks 2 to 9: 3 visits per week (preferably
Monday, Wednesday and Friday) and week 10: 1 (gegDiagram 1).

To participate in this research, you must

¢ Be a healthy male aged betweerdByears old with normal blood pressure (normotensive)
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e Be anonsmoker

¢ Have no known medical problems that may impair your ability togipatie in the study and/or
have been free from illness/infection for two weeks prior to thedaftéesting

¢ Not be taking any medicinesgceiving any treatment for medical citions
¢ Not be suffering from any form of musculoskeletal injury

¢ Not have undergone blood donation during the six weeks prior to the statirgf tesduring
the course of the study

Procedures

Before testing can begin you will be asked to complete afapntal Health and Fitness Questionnaire
about your current health and fitness status. You will be made aware abothewtatly requires you
to do and be asked to provide your written voluntary informed consent. You will be askedreotadhe
the following criteria:

No food or caffeine 6 hours prior to testing

Drink only water within the 6 hours prior to testing

No alcohol 48 hours prior to testing

Keep your dietary intake of salt the same throughout theekdk study
Not to be taking any medication for 4 weeks prior to testing

Not to have donated blood during the 6 weeks prior to testing
Free from illness/infection during the 2 weeks prior to testing

Not to have exercised strenuously in the 36 hours prior to testing

Diagram 1. Outlines the procedures you will undergo over the 10-week period:

Blood pressurdyeart ratetorque,

Incremental Exercis@est > ; .
EMG duringexercise test

el

Week 1 — 2 visits

Blood pressure and heart rate at rest, ultrasound imaging at rest (igcludin
FMD andartery diameter and blood flow) and echocardiography

Week 2

l End of week 3Ultrasound imaging at rest (including FMD and artery

3 visits per / diameter andblood flow)
week in

training
condition End of week 5: Blood pressure and heart rate at rest, Ultrasound imaging

rest (including FMD and artery diameter and blood flow)

!

Week 9

End of week 8: Ultrasound imaging at rest (including FMD and artery
diameter and blood flow)

Blood pressure and heart rate at rest, ultrasound imaging at rest (igcludin

1 visi
Week 10 > et —» FMD and artery diameter and blood flow) and echocardiography

Incrementalsometricexercisetest

You will be asked to complete an incremental isometric exercise test gaundirst 2 visits only.
Firstly, you will be asked to tense your legs as hard as possible in order tiskeskatoinaximum force
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which can be produced (maximum voluntary cortoactest). This value will allow us to set the
exercise for the next stage of the test. You will then be asked to repeainhe leg tensing exercising,
holding the tension for two minutes at a time. As time goes on, eaehitwie exercise bout will
require more effort to perform until you feel they can no longer perform theisxeFcom this test we
can calculate a training intensity value unique tofgpouhe 8week isometric training programme.

Ultrasound inaging

The main leg artery will be scaed usingDopplerUltrasound whilst you are resting and exercising.
This requires a handeld probe being placed against the skin of the upper thigh area, upper arm area,
chest and upper ribcage area. Ultrasound transmission gel widldaeto help obtaitine images (see
Ultrasound Transmission Gel Ingredients list at the end of this infonmsttieet). You will be required

to wear loose fitting shorts and ahit in order for the researcher to access the leg area.

Flow-mediatedvasodilatation

Flow mediated vasodilatation is simply a technique where a cuff is tightenetaitmiarm or leg
when you lay down in a rested state and when it is released ultrasound imagingiesrasadure the
changes inside the leg muscle. It is a widely accepted technique and represents hosvastellits
change in size in response to a stimulus.

Blood pressure andeartratemeasurement

Blood pressure will be measured continuously whilst you are performing thesexand at rest using

a machine called a ‘Finometer®PRO device'. This device requires thatgaua small finger blood
pressure cuff which lightly pulsates when worn. You will be required to aeaipper arm blood
pressure cuff, however, this is only inflated at the start of the procedure andsreiefated for the
remainder of the tesHeart rate will be measured whilst you are performing the exercise and at rest.
You will be required to wear three small circular sticky pgasctrodes) on the chest and rib area in
order to measure the electrical activity of the hd&dod pressure will alsbe measured at regsing

a ‘Dinamap’ deviceYou will be required to wear an upper arm blood pressurevdhitfh is inflated

for approximately 10-15 seconds.

Torgue anddectricalactivity of themuscle (EMG)measurement

Torque can be described as a twisting or turning force. The amount of torque you can ptoauce w
asked to tense your legsll be measuredvhilst you perform the exercise. This information will be
directly transferred from the machine you exercise onrneaby computer.The electrical activity
(EMG) of the leg muscles will be measured whilst you perform the exerciseinVhilves placingwo
small sticky pads (electrodes) on each thigh and one pad on the flat paretifaiv. The area of skin
where electrodes will be placed must be prepared by shaving using a hormahbdisgzasa. It should

be noted that during the leg testing exercise, you might feel some discomdbiiroress of breath.
However, this is similar to the feelinghen exercising at the gym or during normal physacébity.
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Feedback

You will receive feedback regarding the results of this study. Should anynaddit@s be discovered
the participant will be informed, and with permission, all infation will be passed on to your General
Practitioner for diagnosis and further investigation.

Confidentiality

All data and personal information will be stored securely within CCCUipesnor in accordance with
the Data Protection Act (1998) and the University's own data protectiomaeeunts. Data can only
be accessed HiEEEEEEE, - /(<
completion of the study, all data will be made anonymous (i.e. all persomthatfon associated with
the data will be removed).

Dissemination of results

It is anticipated that the resultsyt no personal informatiofrom this research will be disseminated
through journal articles, conference papers, conference posters anesthe th

Deciding Whether to Participate

If you have any questions or concerns about the nature, procedures @megqtsrfor participatiodo
not hesitate to contact me. Should you decide to participate, you viikdéo withdraw at any time
without having to give a reason.

Additional Information

The ingredients of Aquasonic Ultrasound Transmission Gel are listex:bel

Reserve osmosis (R@Water

Humectants

Polymer

Preservatives

Water soluble fragrance

FD & C colour

Propyl paraben and methyl paraben in bacteriostatic concentration
pH range 6.5 — 6.95

Please note:

If you are unsure as to whether you are allergic to the ingnsdigou willbe required to check with
your General Practitioner before consenting to take part in this. study

Any Questions?

Thank you for taking the time to read this information. The researchdyeceontacted regarding any
gueries using the contact detdikdow:
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Lucinda Howland
Doctoral Research Student

Department of Sport Science, Tourism and Leisure
Canterbury Christ Church University

North Holmes Road

Canterbury

Kent CT1 1QU

University contact telephone numb|i G 3145)
University enail: [ N R <
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CONSENT FORM

Title of Project: “ The effect of an-8eek isometric (where the muscle stays the same length
throughout the contraction) doublkeg training programme on resting blood pressuleyy-
mediated a&sodilatation (a noanvasive technique to evaluate the endothelium nitric oxide
dependent function of the arteries) and vascular remtiode (adaptations to the artery
diameter) on selected conduit arteries (main arteries supplying the arm and leg with blood)”

Name of ResearcherLucinda Howland

Contact de:ails | - 01
I

Please initial box

1. | confirm that | have read anohderstand the information sheet floe above
study and have had the opportunity to ask questions.

2. lunderstand that my participation is voluntary and that | am free to withdra
any time, without giving any reason.

3. lunderstand that any memal information that | provide to the researchers w
be kept strictly confidential

4. | agree to take part in the above study.

Name of Participant Date Signature

Name of Person taking consent Date Signature
(if different from researcher)

Lucinda Howland

Researcher Date Signature

Copies: 1 for participant
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APPENDIX 5

Canterbury
Christ Church
University

Department of Sport Science, Tourism and Leisure

LOWER BODY WARM UP PROCEDURE

Prior to performing the isometric leg exercise protocol, all subjects aree@do complete
the following standardised warm-up procedure.

Warmup procedure:

I. 5-minute stationary cycling (approximate heart rate 140 bpm)
il Static stretching (hold for-8 seconds and repeat 3 x each leg)
Quadriceps
Hamstrings
Knee rotations
iii. 10 forward lunges (each leg)
V. 10 body weight squats (to parallel)
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