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Abstract

The role left ventricular (LVjwisting mechanicglay in the stroke volume response to
incremental exercise is unknowfurthermorethe influences of aerobic fitness and venous
return on LV twisting mechaniauring vigorousexercisenavenot been investigategreviously
To examine this issu&V twisting mechanics and haemodynamics were assessaghin
endurancerained (VQ max= 68.1+ 5.6 mL- kg™ min™) and eight normally active (ViOnax=
50.1+ 5 mL- kg™ min™) males during incrementaprightandsupineexercise atest and during
heart rates of 110, 130, 150, and 170 bpvhtwisting mechanics were measured via
echocardioaphy, while haemodynamic measures were collected using impedance cardiography.
During both incremental protocols, cardiac output increased continuously in both gdtrogs.
volume(SV) and enediastolic volume increased to a greater extennaueancerained athletes
compared tanormally active individualsluring exercise in both postural positions (eSy/,at
170 bpm supine: ET, 45%; NA, 30.5%Y at 170 upright: ET, 44.7%; NA, 33.8%; p < 0.08p
differences in the response of LV twistingnechanics to incremental exercise in either posture
existedbetween group®uring supineexercise SV and LV systolic and diastolic twisting
mechanics reached a platehuring submaximalexercisg1107 150 bpm) During upright
exercise LV systolic twiding mechanics increasedth eachexercisestageuntil maximum
while LV diastolictwisting mechanics plateauatl approximateil 10 bpm These results
indicate that aerobic fitness has minimal influence on LVtimgsmechanics during exercise,
while changes icardiac loadingesulting from changes in posture have a significant effiect.
appears that at higher intensity exercise, LV twisting mechatagsa reduced role in
maintaining cardiac function @@mpared to low to moderate intensity exercise, regardless of

aerobic fitness and venous return.
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Chapter I: Introductio n

1.1Background and Rationale

It is well documented thaindurance exercise training resuit cardiovascular
adaptations that augment myocardial function under exercise condité@amburtonet al,,
19993. Specifically, during incremental exercigmdurancerained(ET) individuals are able to
increase stroke volume to a greater exteahnormally active (NA)controls(Gledhill et al,
1994). The exact mechanism for these divaeggiesponses during inenental exercise remains
unclear however, it has recently been proposed that alteratioihe twisting properties of the
left ventricle (LV)between ET and NA individuals may play an important (Blech &
Warburton, 2009 LV twist during systole is composed of the concurrent counterclockwise
rotation of the apex and clockwise rotation of the bessulting in a wringing motion of the
ventricle(Esch & Warburton, 20Q%hillips et al,, 201J). In diastole, the stored potential energy
from the systolic contractions is released, resulting in a rapid untwistihg bY. These
rotational properties of the LV are believed to help optimizé bgstolic ejectiormand diastolic
filling, through the production of maximum LV pressure with minimal muscle shortening, and
through rapid LV pressure degagspectivelySenguptaet al, 20083. LV twisting mechanics
thereby servas important aspects of LV function. It is believed that increases in these LV
twisting parameters during exercise may enhance myocardial function, and that further
improvements in LV twishg mechanics potentially psent in ET individuals may explain their
augmented cardiovascular function during exerfiseh & Warburton, 2009 Accordingly, the
primary objective of this thesis investigation is to examine the role LVihgistechanicplay

in the strokevolume response to incremental exercise in ET and NA individeaitthermore,



the effect of changes in venous return, and thereby cardiac loading conabtioldg twisting
mechanics during exerciseereexamined through manipulations in posture (upright vs. supine

exercise).

1.2 Summary of Objectives
1) Toexamine the influence @ndurancesxercise training on LV twigtg mechanics in
young healthy males during incremental exercise
2) To examine the influemcofchanges ivolume loading conditions through manipulations
in body position (upright vs supine) on LV twigj mechanics in young healthy males
during incremental exercise
3) To examine theelationship between stroke volume and LV twigtmechanics in

individuals of differing fitness levels in young healthy males during incremental exercise

1.3 Hypotheses

1) Endurancetrained males will havgreaterLV twisting mechanicgluring exercise
conditions

2) Increasing exercise intensity will result in greater LVsting mechanics in both
normally active and enduranteined males

3) Conditions of higher venous return (supine vs. upright) will result in greater LMngyist
mechanics

4) The stroke volume response to exercise will depend on fitness level and will be tieelated

changes in LV twishg mechanics.



1.4 Overview of Document

Chapterll provides an introduction to the concept of LV twiisf) mechanics ands
importance to LV function. The aspects of cardiac structure that allow for LV twist toisccur
discussed, asell as a brief overview of theurrentmethods of measuring LV twisind some of
known factors that influence these rotational parame@rapterll consiss of a systematic
review of the existing literaturen LV twisting mechanics and exercise. Indsttbn to an iR
depth analysis of the changes in LV twigtmechanics according to exercise type, some overall
trends and interesting observati@renoted ancexamined ChapterV consiss of the thesis
investigationn this chapter, the methodologydaresultsarepresented along with a thorough
discussion offte findings and limitations. In Chapter V, future directions and recommendations
for this field of researchreprovided, along withaoverallconcluing statement frorthe thesis

investigation.



Chapter II: Introduction to LV Twist ing Mechanics

The purpose of this chapter is to provide a brief introduction to the concept of Liidwist
mechanicsThe current techniques used to measure LV twisting meclaeiostlined, along

with some of the physiological factors known to influence them.

2.1LV Twisting Mechanics: Structure and Function

The left ventricle (LV) has three planes of motion: longitudinal, radial, and circumferential
(Esch & Warburton, 20Q9Circumferential motion of the\ is the result of the contraction and
relaxation ofobliquely orientecepicardial and endocardiaiyofibres(Streeteret al, 1969. In
the healthy human hearhese blique contractions result in circumferenttaunterclockwise
rotation at theapex andclckwiserotation at thdase, when the LV is viewed from the apéke
net result of these opposing rotations in the basal and apical planes is a wringing motion of the

heart during systole, referred to as LV twiBeyar & Sideman, 1985

The obliquely oriented epicaaliand endocardial myofibres that allow LV twist to occur are
wound in opposing helixesvhen viewed from the apettje subendocardial layeformsa right
handed helix, and the sipicardial layeformsa lefthanded heliXSenguptaet al, 2008a.
During systolic contractions, the endocardial fibers work to rotate the apex in a clockwise
direction and the base in a counterclockwise direction, while the epichlpdial contract to
produce force in the opposite directi@wing to the greater distance from the longitudinal axis
of the LV, and therefore a greater lever arm, the epicardial fibers are able to produce more torque
than the endocardial fibeemdsubsegently act a the dominant rotational force. Thapicardia
dominant rotatiortherefore results the observed counterclockwise rotation at the apex and

clockwise rotation at the bag€aberet al, 196). During diastole, aapid untwisting motion in



the opposite direction occugllikolic et al, 199Q. Collectively, LV twist, the corresponding
diastolic untwisting, and the apical and basal components ofpeaametecan be viewed as the

twisting mechanics of the LV, andrse as important indicators of LV function.

LV twisting mechanic$elpoptimize both systolic and diastofienction Systolic LV twist
helps normalize myocardial sarcomere shorteatrgss the ventricleesulting in reduced shear
stress between tlendocardial and epicardial fiber layeasidcorrespondinghyaredudion in
myocardial oxygen demar{drts et al, 1982. As a result, LV twist allows for maximal LV
pressures tbe generated with minimal energy cost, and therdfehes improve systolic
efficiency(Beyar & Sideman, 1985During diastole, the rapid untwisting that occurs is believed
to be caused by the release of elastic potential em&agymulated duringystolic contractions
(Fukudaet al,, 200)). This pdential energy is thoughbtarise fronthe compression of spring
like cardiac proteins such as ti{i@ranzieret al,, 2009, and the release of shearagts
accumulated between the sabdocardial and suépicardial myofibre layer@Hui et al,, 2007%.

This early diastolic untwisting enhances the generation of the intraventricular pressure gradient
and works to draw blood from the left atrium into the LV, agess known as diastolic giomn,
thereby enhancingassivediastolic filling andallowing diastolic filling to occur at lower atrial

pressuregRacemakerset al, 1992.

2.2 Measuring LV Twisting Mechanics

The twisting motion of the L\Was first described bwilliam Harvey (1628 andhassince
been measured and examineder the pastew centuriegSenguptaet al, 2008q. Earlyresearch
involved implantingvariousmyocadial markers in the epicardiyrauch as radiopaque metallic
markersthatwere tracked using cirAguoroscopy(Arts et al, 1993, or small implanted crystals

tracked usingpecializecexternal receivers (sonomicromet(fell et al, 200Q. Given the



invasive nature of these procedures, early reseaasitherefore restricted to caadisurgeries
and animal modeldvore recentlynewerimaging tehniquesncluding magnetic resonance
imaging (MRI)andultrasounchave been developed that allow for LV twisting mechatudse

measured nomvasively.

MRI is considered bynanyto be the gold standard measure of LV twisting mechaaius
is often usd in the validation of neer proceduregNotomiet al, 2005a Notomiet al,, 2005¥).
The technique involvesollectingshort axis images at the ldwd theapex and mitral valvef
theleft ventricle Speci fi c regions of the i matpged myocard
movement igracked between two time point&Epstein, 200Y. MRI provides high spatial
resolution and precision, owing to the exceptiomage quality, yet has limited temporal
resolution due to the inability to adgeliimages in quick succession (as compared to
echocardiography(Senguptat al, 2008aEsch & Warburton, 20Q09As a result of the high
cost of MRI and the limited temporal resolutidts, use isnot as widespreaas echocardiography

(particularly during exercise).

The use of echocardiograpttymeasure LV twishg mechanics alspequiresthe collection
of short axis images at the apical anddldevel.Initially, tissue Doppler echocardiography was
used to quantify apical and basal rotatignintegrating the rotational velocitieget the angle
dependence ohe Dopplemeasurementwasa significant limitatiorof this proceduréNotomi
et al, 2005). Today,the most commorchocardiographimeasurements of LV twisting
mechanicgonsist ofcollectingtwo-dimensionalltrasoundmageswhich are then analyzed
usingspecialized softwarealled speckldracking analysig¢e.g, ECchoPAC, GE Healthcar&)
order to quantify apical and basal rotation and their respective veld&itrast al., 2007. In

brief, speckletrackinganalysisis the measurement of acoustic markspeckleskreated via



interference between the ultrasound waaedmicroscopicstructureswithin the myocardium.
These speckles, located within the myocardium,taes tracked framéy-frame throughout the
cardiac cycldo producea measure of rotational displacemantivelocity (Burnset al, 2008)).
Speckletracking analysis has bavalidatedpreviouslyagainst sonomicrometry and MRI
(Helle-Valle et al, 2005 Notomiet al, 20053, and has become the most widely used technique
in the field However, despite its widespread usgeckletracking analysis lasome gnificant
limitations. Accurate speckigacking analysis is highly dependemtthe quality of the
ultrasoundmage, and ishereforesusceptible tamage movemerand througkplane motion of
the specklegNotomiet al, 20053. Furthermore, there exists signdiat variability in the
reported values of resting LV twigiVeyman, 200). Part of this variability could be taibuted

to theimportance othe location oechocardiographic imagmllection as it has previously been
demonstrated that manipulating the location of the point of apical image collection can
significanty change the calculated value of ttwist (van Daleret al, 2009. This becomes very
important when evaluating the ability of speckiacking analysis to measure LV twisting

mechanics during exercigBhillips & Warburton, 201

2.3 Factors That I nfluence LV Twisting Mechanics

Many physiological factors havieeen examined for their influence on LV twisting
mechanics (for reviews see Esch and Warbui2009 and Senguptatal. (20083). Those most
pertinent to this thesis investigatiortludechanges ifoading conditionssympathetic activity,
contractility, heart rate, and agall havingbeenpreviouslyshown to influencéV twisting

mechanics

The influence of exercise on LV twisgy mechanic$ias become @pic ofconsiderable
research. Agxercise combirgincreases in sympathetic activity, contractility, heart rate, and

7



often changes in loading conditio(al while varying in both intensity and duratjoiits effect
on LV twisting mechanics araot clear. The existing literature concerning thefluence ¢
exercise on LV twisting mechanics in healthy individuals has beestigatedsia systematic

review (seeChapterll).

The anges in LV twisting mechanics as a result of manipdlaading conditionsemairs
controversialGibbonsKroekeret al (1999, in openchesté dogs, first reportethat increases
in preload had no effect on peak LV twigthile increases in afterloagduced apical rotatiomn
contrast Donget al (1999, using perfused canine heartigmonstratedhiatpeak LV twist
increased in responseitwreases ipreload However, Dong and colleagues (1999) also
confirmed that increases in afterloasult in reductiosin peak LV twist.In another canine
heart model, LV twist waagain foundo decrease follving increases in afterlogtlacGowan
et al, 1996. In contrast, lhe resultof cardiacloadingmanipulationsn human modelbave been
varied Volume loading via saline infusigmroduced no change in peak LV twisttwo separate
investigations in transplanted human heéiftanseret al,, 1991 Moonet al, 1994. These same
investigatorsalso reported that increases in afterlegdadministration of methoxamimesulted
in no changes to LV twist or diastolic untw{stanseret al, 1991 Moonet al, 1994. In
healthy individualsa similar saline infusia protocol resulted in increasesapical rotation,
peak LV twist, and peak early diastoliotwisting ratgWeineret al, 2010f). However,in older
individuals(age:66 +£8 yr), no changes in systolic LV twisting mechan@gla reduction in
diastolic twisting mechaniosere reported in response to saline infugBuarnset al, 201Q. In
the same study population, a reduction in both afterload and preload via administration of
glyceryl trinitrate augmented both systolic and diastolictlvisting mechanic¢Burnset al.,

2010. In response to volume unloadinig lower body negare pressuréLBNP), peak apical



rotation andLV twist increasd in healthynormally activemales(Hodt et al, 201). However,
LBNP to a simila extent has also been shown not to afégstolic LV twisting mechanics in
normally active males and endurasicaéined athletes, whilat the same timaducing divergent
diastolic responsg&schet al, 2010. A recent investigation usingosturalchangegso

manipulate loading conditiorfeeadup and headlown tilting) reported no lsange in any LV
twisting mechanic parameter during the protqddisonet al, 201J). Thisdiverse array of
responses in LV twisting mech@s to changes icardiacloading in humansdraws attentiono

the need fofurther research in this area. In contrast to the relative consistency present in the
animal literature, the widespread disagreement present in the human litestajgests thahe
dynamic mechanisms in which the cardiovascular system responds to perturibatenasac
loadingimpedes the ability to measure the effects of cardiac loading omwistirtg mechanics

in isolation.Indeed, Donget al. (1999 suggested that theriable responsdbat occur following
alterations in preload or afterload in Oprepa

of thevariability in the literature.

The effects of changes in contractility and heart rate on LV twisting mechanics have been
moreconclusive Positive inotropicand chronotropistimulationin both animal and human
models hagonsistently resulted in increabpeak LV twist(Hanseret al, 1991 Moonet al,

1994 Gibbons Kroekeet al, 1995 Donget al, 1999. However, he extent to which LV
twisting mechanics will increase with camial increases inontractility and heart rate remains
unknown Previous research hagmonstrated plateau oadecrease in LV twisting mechanics
ataround 130 to 150 bpm in both animal and human m¢@Gatdbons Kroekeet al, 1995

Stohret al, 20119.



LV twisting mechanicsre known to increasscrosghe human lifespaftom infancy to
adulthoodNotomi et al, 2006l). Research has shown that as age progresses, thenadsease
in peak LV twist and a decrease in diastolic untwisting as compared to younger indigddals
yr vs. <40 yr) (Takeuchiet al,, 2009. Similarly, Burnset al. (20083 reported higher resting
peak LV twist in older individualé>60 yr). Some believe these agelated changes in LV
twisting mechanics to be relatemlreduced sulendocardial myofibres shortening during systole,
therefore reducing the for@eting inopposiion tothe subepicardial rotation and resulting in

greater LV twist(Lumenset al,, 2009.

The influence of chronic endurance training ontwisting mechanicss not well
understood, and even less so are the effects of endurance training on LV twisting mechanics
during exerciseEndurance training is well known to resutan increase inestingblood
volume(Convertinoet al, 198Q Warburtonet al, 2000, which in turn results in greater LV
enddiastolic volume and therefore increased LV prel@&drburtonet al, 2000. As previously
discussed, some investigators have reported augmented LV twisting mecharspsmseso
increases in preload, and therefore it could be expecaedihathletes have higher resting LV
twisting mechanicddowever,ET individualsalsohave lower resting heart rat@éatonaet al,
1982. As heart rate and contractility have been link@éctlyto changes in LV twisting
mechanics, itnay bethatin fact ET athletes haviwer resting LV twisting mechanic$o our
knowledge, onlyfive studies have measureesktingLV twisting mechanics in both ET and NA
individuals yielding inconclusive result3wo investigationgxamined elite cyclists and found
conflicting evidenceOnestudyshowedower LV twisting mechanicéNottin et al, 2008,
while the other investigation repedincreased LV twist and basal rotatifide Lucaet al,

20117 in cyclists versugontrolparticipants Professional soccer players were also found to have

10



lower resting LV twistingmechanicgZocaloet al, 2008. In two other separate conflicting
investigations, individuals of higher aerobic fithess were found to have both reduced apical
rotation @nd a trend towas reduced LV twisfp = 0.09) (Stdhret al, 2012, as well asimilar
LV twisting mechanicsn comparsonto normally active individualg§Eschet al, 201Q. While

the presence of such variability in the literature highlights the need for further research, it is
important to consier underlying factors such aardiacremodeling when interpreting these
results.Structural adaptations in the endocardium and epicardium resutimgctironic
endurance training are likely to influence the rotation properties of th&@h&/ degree of
structural remodeling present in a given study populationld thereforepresentan additional
souce of variability.Moreover, all data in this field must be interpreted carefully owing to the

inherent difficulties in the measurements (especially durimgose conditions).

2.4 Conclusion

The recent technological improvements in cardiac imaging have allowed the assessment of
LV twisting mechanics to become increasingly widespr&ddile LV twist and untwisting are
cleaty important indicators of systolic amtiastolic functionour knowledgeof their impact
across a wide range of physiological stressors is lacking. In particular, our understanding of the
effects of exercise, aerobic training, and cardiac loading on LV twisting mechanics is insufficient

and reglires furtherinvestigation
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Chapter lll: Left Ventricular Twist and Exercise in Healthy

Individuals: A Systematic Review

The purpose of this chapter isreviewsystematicallyhe existing literature coneeing the
changes in LV twistg mechanics during exercise in healthy individuals. Research papers
categorized andiscussed in detail and concluding commemésprovided. A version of this
chapter hadeen accepted for publication with the followingaaghors (in order): C. Taylor

Drury, Shannon S.D. Bredin, Aaron A. Phillips, and Darren E.R. Warburton.

3.1 Introduction

During exercise, LV twishg mechanicsnayplay an important role in augmenting
cardiac function. It is well understood that the increases in chronotropic stimukstarctur
with exercise result in reduced diastolic filling time, requiring a compensatory increase in
diastolic filling in order to maintain cardiac output. As inotropy also increases during exercise,
more potential energy is producadd stored in myocdral proteinsduring systole through
vigorous twisting contractions, resulting in greater diastolic untwisting and therefore allowing for
diastolic filling to occur more rapidlgNotomiet al, 20063. As diastolic untwisting plays a
major role in diastolic filling, and relies heavily on LV twig is clear that the twistg
mechanics of the LV are integral to cardiac function during exercimenieasurement of these
twisting mechanics under exercisenditions is therefore critical to an accurate understanding of

the relationship between exercise and heart function.

Recent improvements in echocardiography and cardiac MRI have allowed the twisting
mechanics of the LV to be measured and quantifidgeaithy individualgHelle-Valle et al,

2005 Notomiet al, 2005a. Correspondingly, there has been a rapataase in the number of
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papers examining the changes in LV twist and diastolic untwisting resulting from exercise. In
light of this, we feel that a systemic assessment of the overall findings from these articles is
required. Two recent narrative reviewssaaliscussed changes in various indicators of LV
function that occur following acute and prolonged bouts of exefGsergeet al, 2010
Oxboroughet al, 20103; however, to our knowledge no systematic review exists examining the
effects of all forms of exercigaterventionson LV twisting mechanics. Accordinglyhe

primary purpose of this review is summarizesystematicallyand evaluate the existing literature
examining the effects of exercise on LV systolic and diastolic twisting mechanics in healthy
individuals. We aim to provide clarity to the effects of@iént exercise durations and intensities
on LV twisting mechanics, and hypothesize that acute $éort exercise will induce an increase

in these LV parameters, while prolonged exercise will cause a transient decrease.

3.2 Methods

3.2.1 Search Strategy:

An extensve literature search on the effects of exercise on LV systolic and diastolic
twisting mechanics was conducted in the following electronic databases (frorii 1860ary
2012): MEDLINE, EMBASE, Cochrane Library, ACP Journal Club, DARE, CCTR, CMR, HTA,
NHSEED, Academic Search Complete, CINAHL, PsycINFO, and SPORTDiscus. Search terms
were divided into three categories: 1) exercis&,\2)and 3) twisting mechanics. The exercise
search terms used were developed previously in systematic reviews conductedesganch
group(Warburtonet al, 201Q. See Table.1for a complete list of the Medical Subject

Headings (MeSH) and keywords used.
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Table 3.1:Results othe MEDLINE literature search using the OVID Interface.
Search#  SearchegMarch 13", 2011)  Results

1 exp. Physical Fithess/ 18174
2 exp. Motor Activity/ 93010 m
3 exp, Physical Endurance/ 19700 &
4 exp. Exercise/ 54165 é
5 exp. Physical Exertion/ 50171 %
6 exp. Sports/ 89073 5
7 exp. Exercise Therapy/ 22408 (3D
8 exp. Exercise Tolerance/ 6138 o]
9 exp. Health Behavior/ 75536
10 exp. Heart Ventricles/ 59094 o
11 exp. VentriculafFunction, Left/ 22147 g :<b
12 Exp. Ventricular Function/ 39642 (3[, %
13 Myocardial.mp 299096 g §
14 Rotation$.mp 68499 —
15 Recoil$.mp 2248 s_:? f'
16 Twist$.mp 9749 S =
17 Untwist$.mp a04 22
18 Torsion$.mp 16973 4 <
19 lor2or3ord4or5or6or7or 329205

8or9
20 10 or11or12or 13 353080
21 14 or150r 16 or 17 or 18 93704
22 19 0or 20 0r 21 43

3.2.2 Screening:

A total of 127 articles were found through the literature search. Duplicates, review
articles, conference abstracts, articles not in English, letters to the editor, studies investigating
only pathological conditions (without data on healthy individuals)l, iavestigations that did not

report data on LV twisting mechanics were excluded, leaving 14 articles remaining. In addition,

14



four articles were found via manualcrase f er enci ng and t he authorso

area, resulting in a total of E8ticles for final review (Figur8.1).

127 citations after literature search
MEDLINE: 43
EMBASE: 68
EMB Reviews: 4
EBSCO: 12

4’{ 38 duplicates excluded
[s9]

32 non-journal articles
> excluded: (e.q.
conference abstracts)

43 articles excluded:
reviews, pathological
data only, no torsional

< mechanics
[14
4 articles included via

manual cross- >
referencing

18 articles in final analysis

Figure 3.1 Flow chart of literature sedrqrocess

3.2.3 Quality Assessment and Level of Evidence:

Two reviewers (TD and AP) assessed all articles for methodological quality and level of
evidence in duplicate and adisagreements were settled through consultation with a third
reviewer (DW) until 100% consensus was achieved. All systematic review related processes
were overseen and directed by a senior investigator specializing in systematic reviews (SB).
Methodologichquality was determined using the Downs and Black Quality Index checklist
(Downs & Black, 1998, as our review did not include any randomized controlled trials. The
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Quality Index checklist was modified according to Prietal (2008 (and used previously by

our research groufWarburtonet al, 2010) to incorporatenly the most relevant questions

from the original checklist. Each article was assigned a score out of 15, with higher scores
indicating greater levels of methodological quality. Level of evidence was assessed using a 5
point scalgEnget al, 2007 (modified from Sacketet al(2000). In brief, Level 1 (the highest
level of evidencdor research triajscorresponds to a randomized controlled trial of high quality.
Level 2 refers to either a randomized controlled trial of lower quality, a prospective controlled
trial, or a cohort study. Level 3 is a case control study design. Levelr§ tefa prepost, post

test, or a case series study design. Level 5 (the lowest level of evidence) can be either an

observational, clinical consensus, or case report design.

3.3 Results

The 18 included articles involved a total of 324 healthy participant§ (gén, 48 women)
with an age range of 19 to 7@as. The articles were categorized by their exercise type into four
groups: acute sutmaximal exercise (9 studies, 147 total participaititomiet al, 2006a
Burnset al, 2008aEschet al, 2009 Tanet al, 2009 Doucendeet al, 201Q Stohret al,
20113 Stohret al, 2011k Stohret al, 2011¢ Stéhret al, 2019; prolonged endurance exercise
(5 studies, 102 total participan{®ottin et al, 2009 ChanrDewaret al,, 201Q Oxboroughet al,
2010h Hansseret al, 2011 Nottin et al, 2012; acute maximkexercise (3 studies, 60 total
participants)Tischler & Niggel, 2003Neilanet al, 2006 Scottet al, 2010; and chronic
endurance exercise (1 study, 15 total participat®ineret al, 20103. See Table3.2for an
overall summary and Tabl&s3, 3.4, 3.5 and3.6for a comprehensive summary of the articles in

each exercise cajery (supplemental tablesYhe articles examined were of low to moderate
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methodological quality, with a mean Downs and Black score of 10.61 + 0.85 out of 15 (fiange 9

12). The articles were published over a nine year period (2Q032).
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Table 3.2:Overall summary table of the effects of exercisselectsystolic and diastolic LV twisting mechanics

Systolic Parameters Diastolic Parameters

Study # (Sn?gljs)c ts Eﬁﬂe()rccl:(iese Age (SD) Twist R"Ao Ft);iagn R?)taast?cln TTP Twist Untévaij;ing Uné\-:rii%ng
Acute SubMaximal Exercise
lz\lg(g%mi sl n =20 (12) Supine cycling 34 (7) - - - - ®
586%3 etal. -4 (9) Supine cycling Y(o)tljg:gégo o o
so0s o n=tan STGERe %o o N ;
'zl'ggget al. n=27(8) Seg;lsilézine 70 (7) . .
Doseendeet ooy SN g - ﬂ :
Sred oo K e s . a
ggﬂ;et e n=9(9) Supine cycling 26 (4) - = - = ®
g(t)cﬂ:: ol n=8() Ex’tferrlgieons 20(2) : : ) : B
g(t)olr;r etal. -0 (28) Supine cycling I\El,l ;1 8; : : : :
Prolonged Endurance Exercise
gggg’” etal.  _53(23)  Triathlon 40 (9) a ® ® . ® .
((e:th:ﬁ ZDOelvc\)/ar n =14 (14) Marathon 32(10) g;ﬁ):j : : :
eOthtl)I(.Jrzoc;JlgOh n=17 (17) Marathon 33 (6) a el & ®
;i;\gsoielret n =28 (28) Marathon 41 (5) = a
Donenetal =20 (20) léj;?cr;%t 25 (5) a a a a a ,
Acute Maximal Exercise
;’gsggler etal. 1 _25(14)  Treadmil 35.6 (9) -
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Systolic Parameters Diastolic Parameters

; . . - TTP
# Subjects Exercise . Apical Basal . Untwisting .
Study (male) Mode Age (SD) Twist Rotation Rotation TTP Twist Rate Ungv;gng
Neilan et al. _ .
2006 n=17 (12) Rowing 37 (NR) = a =
Scott et al. _ Upright ET: 29 (6) a ® 2 - ® -
2010 n=18.(8) cycling NA: 35 (7) a a a a a a
Chronic Endurance Exercise
Weiner et al EMEITETES
" n=15(15) exercise 18.6 (0.5) - - a a - a
2010 -
training

TTP, time to peakET, endurancédrainedathletes NA, normally activeun-trained individualsS-epi, subepicardium; Snd, sukendocardiumNR, not
reported
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3.3.1 Acute Submaximal Exercise

Nine studies investigated the effects of acutersaltimal exercise on systolic and
diastolic LV twisting mechanics (147 total participants, approximate mean agég).2all
investigations measured LV function at rest and during exercise. Seven in@ssigailized
either supine or sersiupine bicycling as their exercise mgd®tomiet al, 2006aBurnset al,
20083 Eschet al, 2009 Tanet al, 2009 Doucendeet al, 201Q Stohret al, 2011¢ Stohret al,
2012, while the two remaining investigations utilized a unilateral knee extensor exercise

protocol(Stohret al, 2011a Stohret al, 20111).

Systolic ParametersAcute submaximal exercise was found result primarily in augmented

LV systolic twisting mechanics (including LV twist, twisting rate, systolic apical and basal
rotation, and apical and basal rotation rate) in individuals below afjdotOmiet al, 2006a

Burnset al, 2008a Eschet al,, 2009 Doucendeet al, 201Q Stohret al, 2011¢ Stohret al,

2012. However two investigatios reported no change in any of these parameters in response to
submaximal exercise in individuals of this age grq@pohret al, 2011a Stohret al, 2011H.

This disagreement is most likely due to tise of a weak exercise stimulughese twaoutlying
investigatios, as unilateral knee extensor exercises did not induce increases in either stroke
volume or ejection fractigriwo indices of cardiac function that were found to increase in all
other inestigations in this category. Interestingly, one investigation examined the changes in LV
twisting mechanics during subaximal exercise betweamdurancdrainedand normally active
individuals(Stohret al, 2012. This investigation reported that measured systolic LV twisting
mechanics increased from rest to exercise in both groups, but found no evidence of group
differences in any LV twisting mechanic parameter, aside from lower apical rotatioa,tiserdi

towards lowelLV twist (p = 0.09) atrest and during exercise in taadurancdrainedgroup
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compared to the normally active gro{gtohret al, 2012. In addition, submaximal exercise
was also found to primarily result in no change in LV systolic twisting mechanics indodlsi
above age 4(Burnset al,, 2008a Eschet al, 2009, although one investigation did report
increased peak apical rotation in an older population during-ssmmbent cyclingTanet al,
2009. This discrepancy is potentially attributable to differences in the selected sample
populations, as the older populations examined by Beiras, (20083 and Esclet al, (2009
were on various cardiac and blood pressure lowering medications, while the population
examined by Taet al, (2009 was free of any cardiovascular medications. The absence of
medicationpotentiallyreflects a healthier cardiovascular system in which LV function naag
more closely resembled thatt younger individuals inhe ability augment systolic twisting

mechanicsn response to the exercise perturbation.

Diastolic ParametersConsistent with the increase in LV systolic twisting mechanics, diastolic
twisting mechanics (including untwistingtea time to peak untwisting rate, and diastolic apical
and basal rotation rates) were generally reported to increase duringagubal exercise in
individuals below age 4(Notomi et al,, 2006a Burnset al, 2008a Eschet al, 2009 Doucende

et al, 201Q Stohret al, 2011¢ Stoéhret al, 2019. The saméwo investigatios which utilized a
lower exercise intensity reported no change in diastolic twisting mech&tiwet al, 2011a
Stohret al, 2011b. In endurancérained and normally active individuals, sofaximal exercise
induced arincrease in all measured LV diastolic twisting mechanics, yet there was no difference
in any diastolic twisting mechanic parameter between groups at rest or during ef&ifitiset

al., 2012. In individuals above age 40, sullximal exercise resulted primarily in impaired
diastolic untwisting (increased time to peak untwisting rate, failure to augment peak untwisting

rate)(Burnset al, 2008a Eschet al, 2009. However, the same investigation that reported
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contradictory improvements in systolic twisting mechanics in a poligritealthier older

population, also found conflicting evidence of increased peak untwisting rate in these individuals
(Tanet al, 2009. The percentage of LV untwisting that occurred prior to mitral valve opening, a
marker of early diastolic function and an essential aspect of diastolic suction, was found to be
primarily urchanged in individuals below age #O(Notomiet al, 2006a Eschet al, 2009
Doucendeet al,, 2010. The two studies to report this measure in those older thgnféQnd

conflicting evidence, as Eséht al, (2009 reported a decreasdurther supporting their finding

of impaired diastolic twisting mechanitsvhile Tanet al, (2009 reported no change in the

amount of untwisting occurring at any point during diastole. The percentage of LV untwisting
occurring prior to mitral valve opening is of great interest because any LV untwisting that occurs
after mitral valve opening does not contribute to LV pressure decay and is therefore less efficient

(Notomiet al, 2006a.

Conclusion:There is consistent support from level 4 and ley@l@omiet al, 2006aBurnset

al., 2008aDoucendeet al, 201Q Stohret al, 2011¢ Stohret al, 20129 evidence that sub

maximal exercise results in enhanced systolic and diastolic LV twisting mechanics in individuals
below age 40The conflicting results present in ttweo level 4 studiedikely arise fromthe use

of low intensity exerise protocolgStohret al, 2011a Stohret al, 2011b. As nine

investigations have examined théeefs of submaximal exercise on LV twisting mechanics in
younger individuals, the results can be interpreted to be relatively concldsmever, he

evidence in older individuals is less cleand more work is needed examining LV twist during
exerciseacross the human lifespan. Regardless, future studies should coifizparable modes

of exercise and notie clinical health of their participants.is evident that the changes in

systolic and diastolic LV twisting mechanics during-snaximal exercisare influenced by age,
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as younger individuals are able to augment their LV function during exercise, while older

individuals are not.

3.3.2 Prolonged Endurance Exercise

The effects of prolonged endurance exercise on resting LV systolic and diastolic twisting
mechanics were investigated by five studies (102 total participants, approximate mean-ages: 30
40). The exercise protocols included three marathon races (involving 42.2 km of ryQmag)
Dewaret al, 201Q Oxboroughet al, 2010 Hansseret al, 2011, one ultralong triathlon race
(involving a 3.8 km of swimming, 186 km of cycling, and 42.2 km of runniigitin et al,,
2009, and one 120 minute continuous cycling protqdadttin et al,, 2019. All investigations
examined the changes in LV twisting mechanics prel postexercise, with one investigation
specifically examining the changes in the-sumgocardial and suépicardial layers of the

myocardium(ChanDewaret al, 2010Q.

Systolic Parameterd?rolonged edurance exercise primarily resulted in impaired LV systolic
twisting mechanics. This was evident in the form of decreased peak systolic apical and basal
rotations increased time to peak apical and basal rotatimneased time to peak apical and

basal roation ratesa slight decrease in peak LV twist£@.09)delayed time to peak LV twist

and a decreased amount of LV twist occurring at the time of aortic valve c(b&itim et al,

2009 Nottin et al, 2012. In contrast, however, one investigati@aported augmented systolic
twisting mechanics (increases in péaktwist and twisting ratejHansseret al,, 201J. As
previously discussed, preload has been demonstrated to influence systolic twisting mechanics,
and therefore this disagreement could be the result of change sin preloaddopestexercise.
Accordingly, the two investigations that reported impasgstolic twisting mechanics also

reported decreases in prelg@ebttin et al, 2009 Oxboroughet al, 20100, while the
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investigation that reported augmented systolic twisting mechanics reported no change in preload
(Hansseret al, 201)). Finally, prolonged endurance exercise was also found to largely exert no
effect on systolic twisting mechanics in the ®riglocardial and suépicardial layers of the
myocardium, apart from an increase in peakendocardial apical rotation raf€hanDewaret

al., 2010Q.

Diastolic ParametersProlongedendurance exercise resulted primarily in impaired diastolic
twisting mechanics. This was evident through a decrease in peak untwistjranreerease in

time to peak untwisting rate, a decrease in peak diastolic apical and basal rotation rates, and a
decrease in the amount of LV untwisting that occurred during isovolumic relaxation (indicating
less efficient diastolic fillingNottin et al, 2009 Oxboroughet al, 2010b Nottin et al, 2012.
Interestingly, the diastolic impairments observed after 120 min of endurance egsdiseet

al., 2012 were less severe than those observed after 85(Nuitin et al, 2009, suggesting a
potential doseesponse relationship between exercise duration and diastolic impairment. In
addition, LV twist(Oxboroughet al, 2010 and systolic apical rotatiofiHansseret al., 2017

were reported to remain elevated during early diastole, indicating a reduction in LV relaxation
time and therefore a reduced time for diastolic untwisting and sudasefijling. These findings
could also be interpreted as an increased time to peak LV twist, therefore suggesting an
impairment in systolic twisting mechanics. Furthermore, Hanssah (2011) reported no

evidence of impaired diastolic twisting function, yet found a global decrease in diastolic filling.
This finding, coupled with the elevated systolic apical rotation during early diastajgests

that diastolic impairment may not always manifest in alterations diastolic twisting mechanics.
Finally, prolonged endurance exercise resulted in no changes in the twisting mechanics of the

subendocardium and sedpicardium(ChanrDewaret al, 2010Q.
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Conclusion:Level 4 evidence (indicating available evidence but without compagatblgs)

exists indicating that that prolonged endurance exercise induces impaired systolic and diastolic
LV twisting mechanicgNottin et al, 2009 Oxboroughet al, 2010 Nottin et al,, 2012.

Conflicting level 4 evidence exists indicating that prolonged endurameeiga results in

augmented systolic twisting mechanics and unaltered diastolic twisting mec{Hancsseret

al., 201). This investigation, however, also reported elevated measures of systolic twisting
mechanics during diastole, suggesting a form of diastolic impairment consistent with previous
reports. Finally, Level 4 evidence demonstrates that prolonghkdamce exercise largely exerts

no change in either systolic or diastolic twisting mechanics in thesdbcardial and sub

epicardial layers of the myocardium. As there have only been five studies examining the changes
in twisting mechanics after prolomrgi@ndurance exercise, the need for further research is clear.
However, the relative consistency in the observed results tends to support the observed trends in
the data. Of particular interest is the apparent effect of changes in preload on LV systolic

twisting mechanics, a finding potentially resulting from excessive fluid loss or exardissed

hypotension which can occur during exercise of this duration and intensity.

3.3.3 Acute Maximal Exercise

Three articles investigated the effects of acute maximal isgenn resting LV twisting
mechanics (60 total participants, approximate mean aget)3@\ll investigations measured
LV function before after exercise and each utilized a different exercise intervention, yet all

reported achieving a maximal effort frahreir respective participants.

Systolic Parameterdn response to maximal exercise, LV systolic twisting mechanics were
found to increase, in the form of increases in peak LV jwestk basal rotation, arsdtrend

towardsincreased peak apical rotatigm= 0.07)(Tischler & Niggel, 2003Neilanet al, 2009.
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Interestingly,one investigation that examined repeated bouts of maximal intensity exercise
showed differing results. After performing 14 eménute bouts at maximal exercise{aeated

by 2 minutes of recovery), no change in LV systolic twisting mechanics occurred in their
untraned group, while the endurant@ined group experienced decreases in peak apical rotation
rate and a delay in the time to peak twW#&tottet al, 2010. This disagreement is potentially due

to the increased duration and intensity of the exercise protocol in comparison to the protocols
involving singlebouts at maximal intensity, and draws similarities to the apparenrdsgense
relationship between tating mechanics and exercise duration found during prolonged

endurance exercise.

Diastolic ParametersDiastolic LV twisting mechanics were only examined in one investigation
which reported evidence of reduced peak untwisting rate and an increaseal pile t

untwisting rate in endurandeained individualsbut not in untrained participan{Scottet al,

2010. This investigation alsceported a reduced time interval between peak diastolic untwisting
and LV filling (measured as peak circumfetial strain rate) in endurandeained individuals.

As noted by the authors, peak diastolic untwist and LV filling are distinctly separated under
normal resting conditions, as myocardial relaxation occurs before ventricular @lagglet al,,
2000, and a reduction in this time intexMindicates impaired diastolic function. Interestingly,
additional evidence exists that maximal exercise can also result in an attenuation of more
traditional markers of L\diastolic function in enduraneeained participants. Neilagt al,

(2006 showed that there is a reversal in diastolic filling pattern in these individuals, perhaps
suggsting that highly trained athletes are more susceptible to diastolic impairment following

maximal exercise.
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Conclusion:There is level 4 evidence that acute maximal exercise can result in augmented LV
systolic twisting mechanidgischler & Niggel, 2003Neilanet al,, 2009. There isalsolevel 2
evidence that this same exercise type, albeit a more intense exercise protocol, can impair both
systolic and diastoliontisting mechanics in endurant@ined individuals while exerting no
changes inuntrained participant&Scottet al, 2010. As only three studies exist examining the
effects of acute maximal exercise on LV twistingahanics, and each investigation utilized a
different exercise protocol and varying subject populations, more research is necessary that
incorporates standardized exercise protocols and consistent population sBegbie these
inconsistenies, it appea that enduranetained individuals may experience a reduction in both
systolic and diastolic LV twisting mechanics after maximal exercise while untrained individuals

do not.

3.3.4 Chronic Endurance Exercise
One study investigated the effects of chronic entegaxercise on resting LV systolic
and diastolic twisting mechanics in elite athletes (15 total participants, mean age(\1/iner
et al, 20104, utilizing 90 days of endurance exercise training (approximatelyrd6r week)
as their exercise protocol. Measures of LV twisting mechanics were taken at rest before and after

the training program.

Systolic ParametersSystolic LV twisting mechanics were found to be augmented following
chronic endurance exercise in tloerh of increases in peak LV twist and peak systolic apical

rotation(Weineret al,, 20103.

Diastolic ParametersChronic endurance exercise resulted in enhanced LV diastolic twisting

mechanics in the form of increased peak untwisting rate, increased peak diastolic apical rotation
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rate, and an increase in the percentage of untwisting occurring during isovolumic relaxation
(Weineret al, 20104. This increase in early diastolic untwisting is likely the result of the
increased LV systolic twist, which would generate greater elastic potential energy fee relea

during early diastole.

ConclusionsThere is level 4 evidence that chronic endurance exercise results in augmented LV
systolic and diastolic twisting mechani@eineret al, 20104. Although this is the only study

of its kind, prior investigations have examined resting LVtsyis and diastolic twisting

mechanics in elite athletes and untrained individ(edspreviously discusseteporting

reductions irpeak LV twist(Nottin et al, 2008 Zo6caloet al, 200§ andLV diagolic untwisting
(Zocaloet al, 2008, as well as no change in LV diastolic twisting mecha(ttin et al,,

2008 in elite athletes. This disagreement, recognized by Weinal, (20103, was attributed to
differences in study populations and study designs, as Notah (2008 and Zd4calcet al,

(2008 examined slightly older individuals and used a cisssional study design that could

have collected data from the athletes while they wereeriad of detraining.

3.4 Discussion

Significant contention exists regarding changes in LV twisting mechanics occurring in
response to exercise. This debate hadtezbin several publications (e,gsch & Warburton
(2009, Georgeet al, (2010, Oxboroughet al, (20103, Weiner and Baggist2011), Phillips
and WarburtonZ012). The purpose of this review wassommarizesystematically the existing
published evidence examining the influence of exercise on LV twisting meclahiealthy
individuals Separation of the articles according to exercise type was essential in order to

adequately compare investigations, and yielded mixed results, with no category having complete
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agreement. Yet despite these observed inconsistencies, some intriguing genétsuwd in the

literature.

Firstly, submaximal exercise appears to result in augmented LV systolic and diastolic
twisting mechanics in only younger individuals (below age @djen that exercise produces
increases in heart rate and contractility, qatéviously demonstrated to increase LV twisting
mechanicsthis finding can be expected. However, the increases in venous return (preload) and
systolic blood pressure (often used as an indicator of afterload) that also occur with exercise,
both of which hae been demonstrated to influence LV twisting mechahicsigh opposing
mechanismscould account for some of the observed result variability. With regards to the
effects of age on LV twisting mechanics during exerciseyipus research has demonstrated
that LV twisting mechanics increase with giakaiet al, 2006 Notomiet al, 20061); yet the
inability of older individuals to enhance LV twisting mechardasing exercisénas not been
fully explained. One theory attributes thisagee | at ed change to a decr eas:s
older individuals Older individuals have been fourm ltavehigher resting LV twistyhich
couldtherefordimit the capacity of the LV to further twist/untwist during exerciBairnset al,

20083, yet more research is needed to thoroughly investigate this theory.

Secondly, prolonged endurance exercise appgeanspair both LV systolic and diastolic
twisting mechanics. LV function during systole and diastole has been well documented to
decrease following endurance exercise through traditional measures such as ejection fraction and
E/A ratios(Shaveet al, 2008 Oxboroughet al, 20103, thereby providing support for this
observed decrease in twisting mechanics. Interestingly, there also appears to beegpiose
relationship between the duration and intensity of endurance exercise and the level of twisting

impairmen. This is supported by previous research using traditional measures of LV function
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which demonstrate that increases in exercise duration and intengigjeteelto the level of

cardiac function impairmerfMiddletonet al, 200§. Changes in cardiac loading after endurance
exercise manifested as changes in etidstolic volumewerealso found to potentially exert an
effect on systolic twisting mechanjcipporting the idea that LV twisting mechanics are indeed

load dependent.

Finally, a general trend found throughout all exercise types is the linkage between the
systolic and diastolic components of LV twisting and untwisting. In other words, if systolic
twisting was impaired (or improved), it resulted in impaired (or improved) diastolic untwisting
respectively This finding suggests that the systaliastolic rotational coupling of the LV,
through the production and release of elastic potential eifiSiapmiet al, 20063 holds true
for the various exercise modalities. In fact, systdigstolic LV rotational coupling has also
been widely reported in various heart disedEssh & Warburton, 20Q9As it appears it
systolic function cannot be altered without similar implications on diastolic function, or vise
versa, the connectedness between systole and diastole through LV twisting mechanics provides

an important avenue for future cardiac reseéRasipoularides, 20}.1

Methodological Considerations:

The presence of conflicting evidence in many of the exercise categories is potentially
explained by some important methodological considerations. The methodological quality of the
includedinvestigations was low to moderatand the evidence was primariigted at level 4.
Methodological quality could be improved in future studies through the use of control groups
(absent in 15 of the 18 studies), and their absence in the current body of literature is difficult to

explaini perhaps due to unreported chadlea such as an increased amtoof time required to
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analyzeechocardiographic images, or difficulty with participant recruitment. In addition, there
was significant variability in the exercise protocols and subject characteristics present within
each exerise type. The inconsistent durations and intensities of the exercise protocols across
studies of the same exercise typealselikely to account for some of the observed conflicting
results. As increases in exercise duration and intensity have alreadgdmonstrated telate
directlyto changes in cardiac function during endurance exefieigilletonet al, 2009, it is
conceivable that variations in therdtion and intensity of the exercise protocols used in the

other exercise types could exert similar effects. The use of different exercise protocols also
creates different conditions of cardiac loading. In thersalzimal exercise category, for

example, prticipants exercised in the supine, seopine, and upright postural positionsach
resulting in differing levels of venous return and theref@mations incardiacpreload. Given

the aforementionedotentialinfluence of changes in cardiac loadinglov twisting mechanics,

the use of inconsistent exercise protocols is an important methodological considanation.
addition, as aerobic fitness may also influence LV twisting mechanics, participant training status
should therefore be carefully controllém during an investigatiarAnother potential

confounding factor and methodological consideration is the use of sample populations consisting
of mixedsexesas females are known to exhibit altered cardiac responses to botftisaet

al., 2000 and prolongedScottet al, 2007 exercise in comparison to males. Finathg

inherent limiations of each cardiac imaging technique must also be considéredse of
trainedpersonnel to collect and analyze the data in order to reduce measuremeaniceresult

variability is essential
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3.5Conclusions

The measurement of LV twistingechanics during exercise is becoming increasingly
prevalent and has resulted in considerable debate. The study of the rotational properties of the
LV provides important insight into cardiac function during exercise that traditional measures of
LV function cannot. Despite some important methodological considerations present in the
available literature, there are significant trends in each exercise category that should be
considered. Most importantly, the rotational coupling of the LV between systole atolalia
holds true in all exercise types, as LV systolic and diastolic twisting mechanics were impaired
(or improved) concomitantly. Future research should include standardized exercise protocols and
consistent subject characteristics in order to limit tlethodologicainduced variability in the

observed results.
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Table 3.3: Effects of acute sulmaximal exercise on systolic and diastolic LV twisting mechanics.

Author, Country, Study
Design and Level of
Evidence, Quality score

Population

Methods

Outcome

Additional Notes

Interpretations

Notomi et al

2006

USA

Prepost = Level 4
D&B Score = 11/15

N =20 (12 males)
Mean age: 34+7 yrs
Characteristics: Healthy
volunteers

El: Submaximal supine
bicycle (25W start with
25W increases every
2min)

MP: before andluring
exercise (HR=100bpm)
OM: LV systolic apical
and basal rotation, twist
twisting rate, time to
peak twist, diastolic
untwisting rate, time to
peak untwisting rate
MT: Doppler tissue
imaging

- LV systolic apical and
basal rotation, twist,
twisting rae and
diastolic untwisting rate
increased. Time to peal
untwisting rate
decreased

- No change in
percentage of LV
untwisting occurring
prior to mitral valve
opening

- Submaximal exercise
enhances LV systolic
and diastolic twisting
function

Burns et al

2008

Australia

Prepost = Level 4
D&B Score = 11/15

N = 14 (9 males)

Mean age: Young = 40
yrs, Old = 60 yrs
Characteristics: Patient:
undergoing clinically
indicated stress tests

El: Submaximal supine
bicycle (50W start with
25W increases every
3min)

MP: before and at peak
exercise

OM: LV twisting,
twisting rate, diastolic
untwisting rate

MT: 2D echo with STA

- Young: LV twist and
diastolic untwisting rate
increased. Time to peal
twist decreased

- Old: no change in LV
twist, diastolic
untwisting rate, orie
to peak untwisting rate

- Older population on
various cardiac
medications to treat
hypertension and lipid
problems

- Submaximal exercise
enhances twisting
function in younger
populations and impairs
systolic and diastolic
twisting function in
older pgulations

Esch et al

2009

Canada

Prospective controlled
trial = Level 2

D&B Score = 10/15

N =11 (all males), 6 olc
(O) and 5 young (Y)
Mean age: O=60+9
yrs, Y=35+ 8 yrs
Characteristics: O
VO,peak=36.3 £ 10.7
ml/kg/min, Y
VO,peak=51.1 + 10.4
ml/kg/min

El Submaximal semi
supine bicycle (20min a
80% ventilatory
threshold)

MP: before and at peak
exercise

OM: LV systolic apical
and basal rotation, twist
twisting rate, diastolic
untwisting rate

MT: 2D echo with STA

- Young: LV twist and
diastolicuntwisting rate
increased. Time to peal
twist decreased

- Old: no change in
twist and diastolic
untwisting rate

- Percentage of LV
diastolic untwisting
occurring prior to mitral
valve opening decrease
in Old group, no change
in Young group

- Older popul#ion on
various cardiac
medications to treat
hypertension and lipid
problems

- Submaximal exercise
enhances twisting
function in younger
populations and impairs
systolic and diastolic
twisting function in
older populations
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Author, Country, Study
Design and Level of
Evidence, Quality score

Population

Methods

Outcome

Additional Notes

Interpretations

Tan et al

2009

United Kingdom
Prepost = Level 4
D&B Score = 12/15

N =27 (8 males)

Mean age: 70 £ 7 yrs
Characteristics: no priot
medical history and
receiving no
medications

El: Symptom limited,
fatigue or dyspnea,
submaximal semi
recumbent bicycle (to a
max HR of 100bpm)
MP: beforeand during
submaximal exercise
OM: LV systolic apical
rotation, diastolic
untwisting rate

MT: 2D echo with STA

- LV systolic apical
rotation and diastolic
untwisting rate
increased

- No change in
percentage of LV
untwisting occurring
prior to mitral valve
opening

- Population was not on
any medications

- Submaximal exercise
enhances systolic and
diastolic twisting
function in older
populations

- Disagreement
potentially due to
sampling of healthier
older population

Doucende et al
2010

France

Prepost =Level 4
D&B Score = 11/15

N = 20 (all males)
Mean age: 25+ 9 yrs
Characteristics:
sedentary males, no
reported regular training
habits

El: Submaximal semi
supine bicycle (6min
stages at 20% (W1),
30% (W2), and 40%
(W3) VOmax)

MP: before exercise ani
during each stage (W1,
W2, W3)

OM: LV systolic apical
and basal rotation,
apical and basal rotatiol
rate, twist, twisting rate,
time to peak twist,
diastolic apical and
basal rotation rate,
untwisting rate, time to
peak untwisting rate
MT: 2D echo with STA

- LV systolic apical and
basal rotation, apical
and basal rotation rate,
twist, twisting rate,
diastolic apical and
basal rotation rate, and
untwisting rate
increased with each
stage

- No change in
percentage of LV
untwisting occurring
prior to mitralvalve
opening

- Submaximal exercise
enhances systolic and
diastolic twisting
function
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Author, Country, Study Population Methods Outcome Additional Notes Interpretations

Design and Level of

Evidence, Quality score

Stohr et al N =10 (all males) El: Submaximal -Nochange inany LV - Exercise stimulus did - Submaximal exercise
2011 Mean age: 21 =2 yrs  unilateral knee extensol systolic or diastolic not induce increases in does not enhance

Characteristics:
recreationally active
individuals

United Kingdom
Prepost = Level 4
D&B Score = 10/15

exercises (12 min at
21+2W)

MP: before and during
last 8 min of exercise
OM: LV systolic apical
and basal rotation,
apical and basal rotatiol
rate, twist, twisting rate,
diastolic apical and
basal rotation rate,
untwistingrate

MT: 2D echo with STA

twisting mechanic
measurement

stroke volume or
ejection fraction

systolic or diastolic
twisting function.

- Disagreement
potentially due to weak
exercise stimulus

Stohr et al

201D

United Kingdom
Prepost = Level 4
D&B Score = 10/15

N = 8 (all males)
Mean age: 20 = 2 yrs
Characteristics: active
individuals

El: Submaximal
unilateral knee extensol
exercises (15 min at
23+2W)

MP: before and during
last 10 min of exercise
OM: LV systolic apical
and basal rotation,
apical and basal rotatiol
rate, twist, twisting rate,
diastolic apical and
basal rotation rate,
untwisting rate, time to
peak untwisting r&

MT: 2D echo with STA

- No change in any LV
systolic or diastolic
twisting mechanic
measurement

- Time to peak
untwisting rate
increased

- Exercise stimulus did
not induce an increase
in stroke volume

- Submaximal exercise
does not result in
changes taystolic and
diastolic twisting
function

- Weak exercise
stimulus potential
reason fothis finding
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Author, Country, Study
Design and Level of
Evidence, Quality score

Population

Methods

Outcome

Additional Notes

Interpretations

Stohr et al

2011

United Kingdom
Prepost = Level 4
D&B Score = 9/15

N =9 (all males)
Mean age: 26 + 4 yrs
Characteristics:
recreationally active
individuals

El: Submaximal supine
bicycle (4 min stages at
10%, 30%, 50%, 70%,
and 90% peak power)
MP: before and during
each stage

OM: LV systolic apical
and basal rotation,
apical and basal rotatiol
rate, twist, twisting rate,
time to peak twisting
rate diastolic apical and
basal rotation rate,
untwisting rate, time to
peak untwisting rate
MT: 2D echo with STA

- LV systolic apical and
basal rotation, apical
and basal rotation rate,
twist, twisting rate,
diastolic apical and
basal rotation rate, and
untwisting rate
increased

- LV twist, twisting rate,
and untwisting rate
plateaued at ~50% peal
power

- Time to peak diastolic
apical rotation rate and
untwisting rate
decreased

- Time to peak diastolic
basal rotation rate
increased

- Stroke volume and en
diastolic volume
plateaued at ~30% and
~50% peak power,
respectively

- The enhancement of
systolic and diastolic
twisting function during
exercise plateaus at sul
maximal intensities

Stohr et al

2012

United Kingdom
Prepost = Level 4
D&B Score = 11/15

N = 28(all males)

14 endurancdrained
(ET)l

14 normally active (NA)
Mean age: ET=21+ 3
yrs

& N=21+2yrs
Characteristics:
Groups dividegost

hoc ET: VO,peak=63 +

El: Submaximal supine
bicycle (5 min at 40%
peak power)

MP: before and during
last 3 min of exercise
OM: LV systolic apical
and basal rotation,
apical and basal rotatiol
rate, twist, twisting rate,
diastolic apical and

- LV systolic apicaland
basal rotation, apical
and basal rotation rate,
twist, twisting rate,
diastolic apical and
basal rotation rate, and
untwisting rate
increased in both ET
and NA

- LV systolic apical

- Slightly lower LV
twist at rest and during
exercise in ET vs. NA
(p=0.09)

- No between group
differences in LV
structure, heart rate, or
stroke volume

- ET individuals have
reduced twisting
function during
submaximal exercise
compared to NA
individuals despite
similar heemodynamics

7 mi/kg/min, basal rotation rate, rotation was lower at
NA: VO,peak=49 +5  untwisting rate rest and during exercise
ml/kg/min, MT: 2D echo with STA in ET vs. NA
D& = Downds and Bl ac El=@xeraiseinteryentiolf =emeas8renent perio®M = outcome measures|T i measurement technique,

STA = speckle tracking analysigT = endurancarainedindividuals,NA = normally activendividuals
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Table 34: Effects of prolonged endurance exercise on LV systolic and diastolic twisting mechanics

Author, Country, Study
Design and Level of
Evidence, Quality score

Population

Methods

Outcome

Additional Notes

Interpretation

Nottin et al

2009

France

Prepost = Level 4
D&B Score = 11/15

N = 23 (all males)
Mean age: 40 £ 9 yrs
Characteristics: Trainec
individuals (Mean
training =12+ 3
hrs/week for 12 + 6 yrs)

El: Ultra-long triathlon
(3.8km swim, 186km
cycle, 42.2km run)

MD: 858 min

MP: before and 40 + 15
min after race
completion

OM: LV systolic apical
and basal rotation,
apical and basal rotatiol
rate, twist, time to peak
twist, time to peak
systolic apical and basa
rotation, diastolic apical
and basal rotation rate,
untwisting rate,itne to
peak untwisting rate
MT: 2D Echo with STA

- LV systolic apical and
basal rotation, and
diastolic untwisting rate
decreased.

- Time to peak twist,
times to peak systolic
apical and basal
rotation, and time to
peak untwisting rate

increased

- LV twist decreasethut
not significantly
(p=0.09)

- Twist at aortic valve
closure decreased

- Loss of rapid LV
untwisting during
isovolumic relaxation
time

- Ultra-long triathlon
induces impaired
systolic and diastolic
twisting function

ChanDewar et al
2010

United Kingdom
Prepost = Level 4
D&B Score = 11/15

N = 14 (all males)
Mean age: 32 +10 yrs
Characteristics: Nen
elite runners (Range of
personal best marathon
times: 157268 min,
range of training
mileage in month prior
to race: 1660 miles)

El: Marathon(42.2km)
MD: 229 + 38 min

MP: before and within
60 min after race
completion

OM: LV systolic apical
and basal rotation,
apical and basal rotatiol
rate, twist, diastolic
apical and basal rotatiol
rate in sukendocardium
and subkepicardium

MT: 2D Echo with §A

- Systolic apical rotation - Irregular trends in

rate in the sub

remaining indexes of

endocardium increased twisting function

- Marathon running
induces sporadic
changes in twisting
function in the sub
endocardium and stb
epicardium
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Author, Country, Study Population

Design and Level of

Evidence, Quality score

Methods

Outcome

Additional Notes

Interpretation

Oxborough et al
2010

United Kingdom
Prepost = Level 4
D&B Score = 10/15

N =17 (all males)
Mean age: 33+ 6 yrs
Characteristics:
Recreational runners

El: Marathon (42.2km)
MD: 209 £ 19 min

MP: before, within 60
min, and after 6hrs of
race completion

OM: LV systolic apica
and basal rotation, twist
diastolic apical and
basal untwisting rate,
untwisting rate

MT: 2D Echo with STA

- LV diastolic apical and
basal rotation rate, and

untwisting rate
decreased

- LV twist decreased
slightly but not
significantly

- Twist at aorticvalve
closure decreased

- Twist remained
elevated during early
diastole

- Marathon running
impairs diastolic
twisting function and
induces slight
depressions in systolic
function

Hanssen et al
2011

Germany

Prepost = Level 4
D&B Score = 11/15

N = 28 (allmales)
Mean age: 41 £ 5 yrs
Characteristics:
Amateur marathon
runner s

torace: 43+ 17
km/week)

(cc
marathon, mean trainin
mileage 10 weeks prior

El: Marathon (42.2km)
MD: 245 + 55 min

MP: before, within 1hr
of race completion, and
1 day afterace
completion

OM: LV systolic apical
and basal rotation,
apical and basal rotatiol
rate, twist, diastolic
apical and basal rotatiol
rate

MT: cardiac MRI

- LV twist and twisting
rate increased

- LV systolic apical
rotation remained
elevated during early
diastole

- Marathon running
enhances systolic
twisting function but
impairs diastolic
twisting function
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Author, Country, Study Population Methods Outcome Additional Notes Interpretation
Design and Level of
Evidence, Quality score

Nottin et al N = 20 (all males) El: Continuous cycling - Time to peak systolic - Reduction in rapid LV - Prolonged cycling
2011 Mean age: 25+ 5yrs  (cadence: 7@0 rpm, apical rotation rate and untwisting during early impairs diastolic
France Characteristics: healthy heart rate: >150 bpm) time to peak diastolic  diastole twisting function and
Prepost = Level 4 MD: 120 min untwisting rate slightly reduces systolic
D&B Score = 9/15 MP: before, within 30  increased twisting function

45 min after protocol

completion

OM: LV systolic apical
and basal rotation,
apical and basal rotatiol
rate, twist, twisting rate,
diastolic apical and
basalrotation rate,
untwisting rate

MT: 2D Echo with STA

D&B = Downbés and Bl ac El=@xeraiteinteryentioll = meanSereociseedyuratiomP = measurement perio®M = outcome measures,
MT = measurement techniquUgTA = speckle trackingnalysis
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Table 3.5:Effects of acute maximal exercise on systolic and diastolic LV twisting mechanics.

Author, Country, Study
Design and Level of
Evidence, Quality score

Population

Methods

Additional Notes

Interpretation

Tischler and Niggel
2003

USA

Prepost = Level 4
D&B Score = 11/15

N = 25 (14 males)
Mean age: 35.6 yrs
Characteristics: 15
healthy volunteers, 10
referred for stress
echocardiography

El: Maximal exercise
testi Bruce protocol
MD: 14 £ 4min

MP: before and
immediately after
exercise

OM: LV twist

MT: 2D echo with image
angle calculations

- LV twist increased

- LV end-systolic volume
decreased, ejection
fraction increased

- Maximal exercise
augments LV systolic
function

Neilan et al

2006

USA

Prepost = Level 4
D&B Score =11/15

N =17 (12 males)
Mean age: 37 yrs
Characteristics: Elite
rowers

El: 2000m rowing sprint - LV basal rotation and
twist increased

to exhaustion on
ergometer

MD: males: 6.6 + 0.45
min, females: 7.2 £ 0.15
min

MP: before and within b
10 minutes after exercis
OM: LV systolic apical
and basal rotation, LV
twist

MT: 2D echo with STA

- LV apical rotation
increased but not
significantly (p=0.07)

- Evidence of reversed
diastolic filling (reduced
early passive filling, and
increased late active
filling)

- Maximal exercise
augments LV systolic
function but may impair
LV diastolic function
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Author, Country, Study Population Methods Outcome Additional Notes Interpretation
Design and Level of
Evidence, Quality score

Scaott et al N =18 (all males), 9  El: 15 Imin workloads -NA: No change in - ET: evidence of - Maximal exercise
2010 endurancérained at 100% VOmax power twisting mechanics impaired diastolic impairs LV systolic and
Canada (ET), output, separated by 2 - ET: LV systolic apical function (reduced me diastolic function in ET
Prospective controlled 9 normally active (NA) min recoveries at 20%  rotation rate and period between diastolic but not NA individuals
trial = Level 2 Mean age: ET= 29 + 6 VO,max power output  diastolic untwisting rate untwisting and LV filling
D&B Score = 10/15 yrs on a cycle ergometer decreased. Time to T in normal hearts there i

& N= 35 17 yrs MD: 45 min approx. peak twist and time to  distinct separation)

Characteristics: MP: before, 6.2 + 2.6 peak untwisting rate

ET=VO,max>50ml/kg min after, and 38.4 + 3.€ increased.
/min, regular training  min after exercise
NA=VO,max<50ml/k OM: LV systolic apical
g/min, no regular and basal rotation rates,
training twist, time to peak twist,

diastolic untwisting rate,

time to peak untwisting

rate
MT: Cardiac MRI
D&B = Downds and Bl ac El=0xergiseinteryentiold = meanSegeociseeduratiollP = measurement perio®M = outcome measures,

MT = measurement techniqu&T A = speckle tracking analysig,T = endurancdrainedindividuals,NA = normally active individuals

41



Table 3.6:Effects ofchronic endurance exercise on LV systolic and diastolic twisting mechanics.

Author, Country, Study Population Methods Outcome Additional Notes Interpretation
Design and Level of
Evidence, Quality score

Weiner et al N =15 (all males) El: 90 days of enduranc: - LV systolic apical - Percentage of LV - EETresults in
2010 Mean age: 18.6 + 0.5 yrs exercise training (EET) rotation, twist, diastolic untwisting that improved systolic and
USA Characteristics: *lyear MD: 13.6 £ 0.9 hraveek apical rotation rate, and occurred during diastolic twisting
Prepost = Level 4 university student of organized, primarily  untwisting rate isovolumic relaxation function
D&B Score= 12/15 members of the endurance oriented increased time increased

competitive rowing training (12.6 £ 0.7 vs.

program 1.0 + 0.9 hrs/week EET

and strength training
respectively)

MP: before and after 90
days of EET

OM: LV systolic apical
and basal rotation, twist,
time to peak twist,
diastolic apicabnd basal
rotation rate, untwisting
rate

MT: 2D Echo with STA

D&B = Downdés and Bl ac El=@xemiseiinteryentlomi@ == meas8rentent perio®M = outcome measure8|T = measurement technique,
STA = speckle tracking analigs
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Chapter IV: Thesis Investigation: The Influence of Aerobic Fitness
and Venous Return on LV Twisting MechanicDuring Incremental

Exercise

The purpose of this chapter is to provide a brief introduction and rationale for the thesis
investigation, as weklis a detailed description of the methods and results. This chapter also
contairs a thorough discussion of the results and limitations of the methodology. A version of
this chapter will be submitted for publicatioFhis researctwas conducted under Hum&thics

approval certificate number: H:021893.

4.1 Introduction

The twisting anduntwisting of the left ventricle (LV) and the associatethtional
parameters are collectively known as LV twisting mechafibheseindicesof systolic and
diastolic function povide important insiglgtinto cardiac function beyond the traditional
measuresf ejection fraction and Dopplendicatorsof diastolic functionLV twist helps to
optimize systolic function as it allows for maximal LV pressure generation with minimal
myoardial shortening, while LV untwistingas been postulated to halpgmentventricular
filling via diastolic suctionSenguptat al, 20083. Owing to recent improvements in cardiac
imaging thechanges iV twisting mechanics during conditions of physiological stress have
bemme the focus of much resear¢telle-Valle et al, 2005. One physiological stressor of
particular inteest is exercise, asresults in increases in heart rate, myocardial contractility,
systolic blood pressure (surrogate indicator of afterload) pagidad (via the Frantarling

mechanism} four factorsknown to influence V twisting mechanic¢Donget al, 1999.
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Regularaerobicexerciserainingis well known to be associated with a reduced risk of
cardiovascular dea® (Warburtonet al, 2009, and resultsn various cardiac morphological
alterationgMorganrothet al, 1979. Chronicaerobicexercise is also known to result in systolic
ard diastolic functional chamg,which allow endurancérained (ET) athlegs to improve their
aerobic performanc@Varburtonet al, 1999a. These changasclude theenhanced potentiad
continuouslyincreasecardiac outpufQ) andstroke volumgSV) throughout incremental
exercisgGledhill et al, 1994. The mechanisms underpinnitigese exercisenduced changes
are not clearRecently, LV twisting mechanics have been proposed as a potentizdmsec to
explain these findingEsch & Warburton, 2009Endurancetrainingis known to produce
increases in blood volunfand therefore preloadonvertinoet al, 1980, as well as
myocardialcontractility (Warburtonet al, 2002; factors previously demonstrated to augment
LV twisting mechanicgDonget al, 1999. Accordingly, these traininghduced adaptations
couldresult inincreasd LV twisting mechanics in ET athletes in comgamn tonormally active

(NA) individuals

To help determine the role of LV twisting mechanics in the ability of ET individuals to
continuously augment cardiac function during exerciseawed toassess LV twisting
mechanics during exercise in both ET & populationsTo further improve our
understanding of LV twistingyve investigated the effects of exercising in different postural
positions, so as to examine the effectaaftechanges in venous retuMe hypothesizethat
LV twisting mechanicsluring exercisevould be increased as a result of chregmciurance

training, as well as under conditions of higher venous return.
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4.2 Methods

4.2.1 Participants

Sixteenmales between the ages of 18 and 39 were recruited to participate in this
investigation. Pdicipants includeckightendurancerained athletesandeight normally active
individualswhomwere assigned to their respective groups based orrélpeirted training
history, which was verified through measurementakimal aerobic powgivO,max). All
participants were required to commit to three separate testing days: one assessment day, and two
experimental test days, all separated by a minimum of 48 Heartsicipants were also required
to be free of symptoms or diagnosis of a chronic conditiofgiwivas confirmed using the PAR
Q+ screening questionnaif@/arburtonet al, 201J). This study was approved by the University
of British Columbia Clinical Research Ethics Board, and all participants provided written

informed consenprior to the experiment.

4.2.2 Assessment Day

Upon arriving at the testing facilitipr the assessment dgparticipantéheight and
weight were measured. Each participant underwstaradardupright body position)
incremental exercise test on an electronyclaitbked cycle ergomet@Ergometrics er800s;
Ergoline, Blitz, Germanyin order b asses¥O, max The workload was increased by-26 W
every minute until exhaustiomhile breathby-breath expired gas and ventilatory parameters
were acquired and averaged every 15 s using a calibrated metabd(iergadard; Medisoft,
Dinant, Belgiun). To ensureachievanent oftheir VO,max, following the incrementdbading
phase, pdicipants rested for 5 min and thdren performed a supraaximal workloadwith a
requirement of an increase of ~& kg™ min™ beyond their volitional peak work ratdeart
rate wasmonitored continuouslwith a 3lead electrocardiogram.
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4.2.3 Experimental Test Days

During eachexperimental test day participamsrformedincrementatyclingon an
electronically braked cycle ergometdgwork rates that elicitedteadystateheart rates of 110,
130, 150, and 170 beatsin™ in thesupine and uprightositiors. Theapproximatework rates
were determined from théO, maxtest completed during the assessment dagl adjusted as
necessary to maintain steady state during each. Ragecipants were allowed to seklect
their pedalng cadence, but participants generally eéhasate of 800 rgm. Each exercise stage
was approximately 4 min in duration ardeast2 min of rest was provided between stages
Each participant underwent a cardiac ultrasound assessment at rest andatiriagercise
stageupon reachinghe targetedteady state heart ra#® measure of brachial blood pressure
was recordetby an experienced techniciam manual sphygmomanometer at every stage.
Expired gasand ventilatoryparametersvere measured otinuously throughout exerciséhe
order of the supinandupright exercise was randomly assig@dongsiparticipants to
minimizethe possibility of an order effect confounding the results of the investigdtien.
supine exercise test was performed @pecialized supine cycle ergometeode, Angio 2003,
Groningen, Netherlanién the left lateral position tilted at a 4&nglefor optimal sonographic

imaging
4.2.4 Experimental Test DayMeasurement Techniques

4.2.4.1Haemodynamic Measures

Heart rateSV, andQ were measured using anpedance cardiography device (Physio
Flow PF05, Manatec Biomedical, Paris), which has previously been validatedt andluring
mild to high intensity exercisagainst both the direct FigkCharlouxet al, 200Q Richardet al,

2001 and CQ rebreathing Tordi et al, 2009 methodsof measuring. In brief, thisrelatively
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new devie differs fromstandard impedance cardiography because of itsclitwration
procedurewhich is based on each participants age, height, weight, body mass, systolic/diastolic
blood pressure, and resting impedance (a measure of resting impedaakesn ibefore each trial

with the participant lying still and relaxe@¥harlouxet al,, 2000Q. In addition, the PhysioFlow

does not require the calculation of basal thoracic impedangen#ich can be difficult as Zs
affected by perspiration, adipose tissue, and poor electrical c¢Gtaantiouxet al., 200Q. These
adaptations are thought to improve the accuracy of thedtxynin comparison to previous
impedance cardiography systethat had questionable accuracy during exercise conditions

(Warburtonet al, 1999¢ b).

4.2.4.2Echocardiography

Two-dimensionatransthoracic images were acquired using the parasternal short axis
view at the level of the base (mitral valve), and apex (distal to the papillary muscles) with a
Vivid-I cardiac ultrasound (GE Medical Systems, Wauwatosa, WI, USAgaistant high
frame rate (67 Hz)Pulsed Doppler was recorded at the tips of the mitral leaflets to #sess
timing of both the onset of early filling blood flow (mitral valve opening [MVO]), and peak early
filling blood flow (peakE). Aortic blood flow véocity was recorded in the ascending aorta with
a 2.0 MHz transduceGE Medical Systems, Wauwatosa, WI, USAaced at the suprasternal
notch to assess the timing of the onset of aortic blood flow (aortic valve opening [AQ]), the peak
of aortic blood flow(peak ejection [peakJ]), and the end of aortic blood fldiaortic valve
closure [AVC]).Isovolumic relaxation time (IVRT) was calculated as MYV@VC. All
echocardiography wagerformed by a highly trainetdoard certified (American Registry of
Diagnostic Medical SonographptRDMS) sonographer with ovelO years of experience in

research
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4.2.4.3Data Analysis

Two-dimensional and Doppler data were analyzed using EchoPAC software (GE
Healthcare, USAby a singletrainedinvestigator Speckletracking analysis was applied to the
basal and apical short axis images in order togfyaotation and rotationelocities LV twist
andthe respective velocitiegerecalculated as the instantaneous difference between apétal a
basal rotations/rotation velocities from whichagdwist, peak twisting, and peak untwisting
velocities were derivedcrom all speckldracking analysis, theaw data files were saved to an
off-line computer where data were averaged over three cargiides In order to adjust for the
slight differences in individuaieart ratesit rest andluring each exercise stage, raw data was
normalzed to a percentage of systolic duratiith the onset of the QRS being 0% and aortic
valve closure equivalent tt00%, while diastole was from 100% onward. Cubic spline
interpolation was then used to determine data points at 2% increments of systolic and diastolic
duration throughout the cardiac cyateorder to produce the datakigures4.6 and 47 (Eschet
al., 2009. Speckletracking analysigor the 170 bpm exercise stagas not possible in four
participants during ujight exercise (1 ET, 3 NA), and in four participants during supine exercise

(2 ET, 2 NA)because gboorimage quality

4.2.4.4Statistics

A threeway mixed modeANOVA with repeated measuress used to compare differences
in haemodynamic measur&etween training groups, between postures, and across the different
exercisestagesLV twist mechanic measures wednest assessedsing threewvay ANOVA in all
participantgn = 16)up to 150 bpmand theragain in the participanisho had
echocardiograpc imagesat 170 bpmin both postural positions (n 5 8 ET, 4 NA). Posthoc

comparisonsvere used to identify differences between means when main effects were observed,
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as well as to compare group differences in baseline characteisiesare presented as means

+ standard deviatiorSignificance was set priori atp < 0.05.

4.3 Results

4.3.1 Participants

Endurancdrained and normally active individuals did not differaige,height, weight,
maximum heart rate, and resting mean arterial pre¢¥able4.1). By design, the endurance
trained individuals had significantly higher relative and absolute\W®alues (p <0.0001).
Endurancedrained individuals also had greater maximal power output (p < 0.0001), as well as

lower BMI (p = 0.047).

4.3.2 Heart Rate and Oxygen Consumption

Heart rate increased significantly throughout incremental upright and supine exercise in
both training groups (Table 4.2, p < 0.05). Heart rate was significantly higher at rest in the
upright posture and in the NA group (0<05). Oxygen consumption in both training groups
increased significantly throughout incremental upright and supine exercise up to 170 bpm
(Figure 4.1). There was a significant interaction effect between training status and exercise
intensity (p < 0.0001)as VQ increased to a greater extent in the ET grélgwever,by design
percentage of VoOmax(relative exercise intensitygt each stagmecreased with exercise
intensity, butdid not differ between groups (p > 0.05, Table 4T2ere was also a sigitant
interaction between posture and exercise intensitgh that V@increased to a greater extent at

170 bpm duringuprightexercisg(p < 0.0001 Figure 4.).
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Table 41: Participant characteristics

ET (n=8) NA (n =8) p-value
Age (yn) 283 + 43 251 + 25 NS
Height (cm) 1828 + 7.2 1795 + 3.9 NS
Mass (kg) 747 + 7.0 78.8 + 3.3 NS
BMI (kg- m’?) 224 + 23 245 + 14 0.047
VO,max (m_- kg™ min™) 68.1 + 56 50.1 + 5.0 < 0.0001
VO,max (- min™) 51 + 05 40 =+ 03 < 0.0001
HRmax (bpm) 1864 + 6.3 1919 + 129 NS
Power Output (W) 386.9 £+ 37.5 284.4 + 18.6 < 0.0001
Resting MAP(mmHg) 93.8 + 4.9 893 + 7.3 NS

NS, not significant (p > 0.05)

Table 4.2:Responses of heagdte and oxygen consumption to incremental exercise

Heart rate, bpm

Rest 110 130 150 170
HR, bpm
ET
Upright 60 * 7 110 + 1 130 + 2 150 + 1 170 + 1
Supine 54 + 8 110 + 2 130 + 0.5 150 + 1 170 + 3
NA
Upright 74 £+ 5 111 + 1 131 + 1 151 + 1 172 + 1
Supine 60 + 5 110 + 1 131 + 1 151 + 1 169 + 2
% VO, max
ET
Upright 6.9 = 1.6 419 * 4.7 56.3 * 5.0 719 £ 4.9 877 + 54
Supine 7.3 + 1.9 434 + 55 589 + 8.0 70.6 + 7.8 80.7 + 5.8
NA
Upright 8.6 = 1.1 416 *= 7.8 554 + 7.4 68.9 + 6.0 81.4 + 8.7
Supine 9.1 + 1.8 437 = 5.1 585 + 6.9 69.7 £ 7.9 803 + 7.1

*, p <0.05, significant increase with exercise intengityp < 0.05, significant interaction between posture and exercise
intensity
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Figure 4.1: Oxygen consumption response to incremental upright (A) and supine (B) exemmnskiancdrained
(ET) and normally active (NA) groups.

* p < 0.05, significant interaction effect between training status and exercise intgnsity0.05, significant

interaction between postuaad exercise intensitidatapoints are means, horizontal and verticabebars are
standard deviations.
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4.3.3 Haemodynamic Measures

Stroke VoluméSV) There was a significant interaction effect between training status and
exercise intensityasSV increased to a greater extent in the ET group during exercise (p;< 0.05
Figure4.2). In the upright position, SV was the highest at 170 bphile in the supine position,
SV reached a maximurt 150bpm(Figure 4.2).There was no significant difference in resting
SV between training groups in either posti8epine exercise resultéd greaterSV than upright

exercise in both gups (p < 0.05).

Cardiac OutpufQ): Q at rest was not different between trainingugs in either posturéuring
incremental exercis&) increased continuously up to 170 bpmboth training groups and
postues(p < 0.05; Figure 4.35imilar to the SV responséidre was a significant interaction
effectfor Q between training status and exercise intensity a&reased with incremental
exerise, but to a greater extent in the ET group (p < 0.85jignificant interaction was also
found between posture and exercise intensit@ ags both significantly greatet maximum
andincreased to a greater extent durgugpine exercisp < 0.05).The between group

differences imQ during exercise becameeater at the higher levels of exercise intensity.

EndDiastolic VolumgEDV): Significant interactioreffects between training status and exercise
intensity(p < 0.05 Figure 4.4, and betweeposture and exercise intensity (p < 0.@&ye found,
asbothET and supine exercise yielded greater increases in BD\difference in resting EDV
was found between training groups in either postar&T, EDV in the upright and supine

position increasedtits highest level at 170 bpmwhile in NA, EDV plateaed around 150 bpm

Ejection Fraction:Ejection fractionat rest was not significantly different between training

groupsin either posturencremental upright and supine exercise resulted in increased ejection

52



fractionup to 1% bpm(p < 0.05; Figure 45 No significant interaction effects were fourithe
upright postureresulted in @orderlinesignificant increase in ejection fraction as compared to

the supineposturg(p = 0.055).

Systolic Blood Pressu&BP) No difference in resting SBP was foubetween training groups
in either postureDuring incremental exercise, SBP increased continuously (p < 0.05; Figure 4.6).
There was a significant interaction between exercise intensity and training status, as SBP
increased to a greater extent in ET induals during exercise (p < 0.03here was no influence

of posture on SBP at rest or during exercise.
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Figure 4.2: Stroke volume response during incremental upright (A) and supine (B) exarersgurancdrained
(ET) and normally active (NA) groups

* p<0.05 significant interaction effect betweeraining statusandexercise intensityDatapoints are means,
horizontal and vertical error bars are standard deviations.
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4.3.4 LV Twist Mechanics

At rest, there were no significant differences in any LV twisting mechanics between the
ET and NA groupsWith the exception of apical rotation, all Liwisting mechanics increased
from rest to exercisa(l p < 0.05; Figures 4:4.8).In the supine positiorgll LV systolic and
diastolictwisting mechanics plateaued at subximalexercisentensities {10-150bpm)
(Figures 497 4.10, Table 4.8 LV diastolic twisting mechanics in the upright position also
reached a plateau at sofaximal exercise intensiti¢around 110 bpm(Figure 410, Table 4.3.
In the upright position..V twist initially reached a plateau around 110 bpm in lcdining
groups. However, the sugroup participantsvho were able to complete the 170 bpm stage in
both postural positiong = 9: 5 ET, 4 NA), displayeda furtherincrease in LV twistthoughto a
much larger extent ithe ET group This pattermmesuliedin a significant threavay interaction
between exercise intensity, posture, and training st&igare 49; p < 0.05).Thesecondary
increase in LV twist was potentially driven by changes in basal rot&a&sal rotation in both
training groups achievetighest levedat 170 bpm after amitial plateauat submaximal
exercisantensities This pattern resulted in a significant interactimiween exercise intensity
and postureRigure 4.9p < 0.05).There was also a significant interaction betweenaser
intensity and posturfar LV systolic twisting velocity as both tramg groups achieved the
greatesLV twisting velocity during upright exercise at 1Bpm(Figure 4.10p < 0.05).The
sameinteractionwasalsoobserved for LV syslic apical rotatn velocity, in which both
training groups achieved the greatest systolic apical rotation velocity durigdptgxercise at
170 bpm Table 4.3 p < 0.05).Both training groupsvere also able to achieve the highegt
systolic basal rotation velociguring upright exercise at 1 pnt however there waso

significant interaction between exercise intensity and posture (p > D\Systolic basal
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rotationand basal rotatiowelocity, howeverweresignificantly higher in the upright position
across hintensities(Figure 49, Table 4.3p < 0.05).Times to peak LV twisting mechanics all

decreased with exercise (all p < 0.0aple 4.3.
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Figure 4.7: Mean LV twist mechanics throughadiie course ofin entire cardiac cyck rest andiuring upright incremental exercise in enduratreéed ET),
and normally activeNA) individuals.
LV twist/twisting velocity is represented by the solid line greeas,lapical rotation/rotation velocity by the dashed blue line, and basal rotation/rotation velocity
by the dotted red line. All LV twisting mechanics except apical rotation increased with the onset of upright &estiaélines represent cardiac cyeleents.

AO, aortic opening; PeakJ, peak aortic blood flow; AVC, aortic valve closure (sysdtole); MVO, mitral valve opening; Pe&k peak early diastolic filling

blood flow. Note, 170 bpm stage from stdet of participants with adequate echocardidg@ages (5 ET, MA). Error bars have been excluded for the
purpose of clarity, but can be found in Figures4.20 and Table 4.3
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Figure 4.8: Mean LV twist mechanics throughdiite course ofn entire cardiac cyck rest andluring supine incremental exercise in endurarna@ed(ET),

and normally activeNA) individuals.

LV twist/twisting velocity is represented by the solid line green line, apical rotation/rotation védgthg dashed blue line, and basal rotation/rotation velocity
by the dotted red line. All LV twisting mechanics except apical rotation increased with the agginheéxerciseVertical lines represerardiac cycle events.
AO, aortic opening; PeakJ, peak aortic blood flow; AVC, aortic valve closure (esydtole); MVO, mitral valve opening; Pe&k peak early diastolic filling
blood flow. Note, 170 bpm stage from sgbt of participants with adequate echocardiographic images (5 ET,.£N#) bardhave been excluded for the
purpose of clarity, but can be found in Figures4.20 and Table 4.3















































































