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Abstract

Current methods used in the diagnosis of coronagryadisease vary in sensitivity and
specificity and have a number of limitations. The af this thesis investigation was to
explore a new technique for inducing hypocapniaesting subjects and investigate whether

this technique has any clinical applications indiegnosis of coronary artery disease.

In 18 healthy subjects, the effects of hypocapinidiiced by mechanical hyperventilation (in
21% or 15% inspired £), on cardiac electrical activity and heart funotwere investigated
using an electrocardiogram (ECG) and echocardiogriimaddition, a pilot study was
conducted to examine the effect of hypocapnia @nBEEG of four patients suffering from

coronary artery disease with stable angina.

Experiments using mechanical hyperventilation shbwleat the most severe hypocapnia
tolerable (PetC®= 20 + OmmHg) in normal healthy subjects caussgaificant increase in
T wave amplitude (increase of up to 0.09 £ 0.02MA, 0.01) in the anteroseptal leads €Y

of 18 normal subjects but these changes do noeexite clinical thresholds for hyperacute T
wave amplitudes. Hypocapnia did not cause any diggificant ECG or echocardiographic

changes during mechanical hyperventilation.

Reducing inspired 9©to 15% during hypocapnia in nine normal subjedtsrobt accentuate
any of the T wave changes seen during hypocaparadid it cause any clinically significant

changes to appear.



In two patients suffering from coronary artery a@ise with stable angina, no clinically
significant ECG changes were seen during hypocapiiese patients were taking isosorbide
mononitrate medication which could have interfereith the vasoconstrictive effects of
hypocapnia. In two patients not taking this typenoédication, small increases in T wave
amplitude (of up to 0.05 = 0.01mV) and decreaseSTnsegment height (of up to 0.05 +

0.01mV) were observed.

These results show that hypocapnia, induced by amecél hyperventilation, of the greatest
severity tolerable in normal subjects, does nou@edclinically significant ECG changes in
normal healthy subjects as has been previously estigd. Preliminary results from four
patients suffering from stable angina suggesthlgpbcapnia does cause small ECG changes
but these are not consistent and are unlikely toobeclinical importance. However,
conclusions about the clinical applications of tkeéshnique cannot be made until more

patients are studied.
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Chapter 1

Introduction

The aim of this thesis is to investigate the e#ecot hypocapnia induced by mechanical
hyperventilation on cardiac electrical activity ameart function. This is of interest because of

the potential clinical applications of this techumqin the diagnosis of coronary artery disease.

In patients who suffer from coronary artery diseasenarrowing of the coronary artery
diameter (due to a build up of atherosclerotic p&g) reduces blood flow and @elivery to
the myocardium (Braunwalét al, 2001). If this occlusion of the coronary artesy of
sufficient severity, myocardial ischemia will deoplbecause of an imbalance between the O
supply and the @demand. This causes abnormalities in contractitg electrical activity

within the heart which can be detected using aetanf cardiac imaging techniques.

For patients who experience chest pain (anginaingyshysical activity, the presence of
coronary artery disease can be detected usingivwevamatomical testing for obstructive
coronary artery disease (coronary angiography) om-invasive functional testing for
myocardial ischemia (Coope&t al, 2010). The current clinical procedures for disgng
coronary artery disease with stable angina areusssn below. All previous literature
described in this thesis refers to experimentsiadrout in unanaesthetised man unless

otherwise stated.



1.1.Diagnostic tests for coronary artery disease

According to recent guidelines published by theidtatl Institute for Clinical Excellence
(NICE) (Coopetet al, 2010), patients who present with unknown chest glaould undergo a
clinical risk assessment to establish the likeldhdloat their chest pain is of cardiac origin.
During this risk assessment, clinical history argk factors for cardiovascular disease are
recorded and a physical examination takes place décision to recommend further
diagnostic testing for coronary artery diseasedseld on the outcome of the clinical risk
assessment. According to the guidelines, patieiits avhigh risk of having coronary artery
disease (60-90% risk) should be recommended fasinme anatomical testing with coronary
angiography (see chapter 1.1.1). Those with a nabeleisk of developing coronary artery
disease (30-60% risk) should undergo functiondirtgdor myocardial ischemia (see chapter
1.1.2-1.1.5). The methods, limitations and clinisahsitivity and specificity for coronary
artery disease of these functional tests are destbelow. The sensitivity of a diagnostic test
refers to the percentage of cases in which theptestively identifies the existence of disease.
The specificity of a diagnostic test refers to fiercentage of cases in which the test is

negative in a patient without disease.

1.1.1. Coronary angiography

Coronary angiography is an invasive, anatomical tes coronary artery disease and is
considered the reference ‘gold’ standard test tachvhll other diagnostic tests for coronary
artery disease are compared (Pepine, 1992; Bradmtadl, 2001). The technique uses a
catheter inserted into the coronary artery, viafémoral/brachial/radial artery, into which a
radiocontrast agent is injected and an x-ray in@Eghe heart is recorded (Braunwadtlal,

2001). Flow of the radiocontrast agent throughreasethat are partially occluded is restricted



and this can be identified on the radiograph. Aonary artery with an occlusion o78% is
considered severe and likely to cause angierad positive result for coronary artery disease
with stable angina) (Coopeat al, 2010). This technique allows the identificatioh tbe

specific artery affected by the coronary artergdse.

The main limitations of this technique are thaisitighly invasive, expensive and involves
exposing the patient to a significant dose of raaia(Coopetret al, 2010). In addition, it has

a relatively high threshold for detection (athetesmtic plaques must be large 7[6%
occlusion] before they are noticeable on an angimyrand does not give information on the
functional effects of reduced blood flow.g( identify the actual presence or absence of

myocardial ischemia) (Pepine, 1992).

1.1.2. Exercise ECG
Electrocardiogram (ECG) exercise stress testinga ison-invasive, functional test for
myocardial ischemia, commonly used in the diagnadiscoronary artery disease. The

sensitivity, specificity and limitations of the tese summarised in table 1.1.

In patients with suspected coronary artery dise#éise, physiological stress induced by
exercise increases the workload of the heart, iher@augmenting @demand and creating an
O, deficit. This happens because the coronary blopglg cannot match the demand due to
obstructions in the diseased arteries (Pepine,)1992s causes changes in cardiac electrical

activity which can be identified on an ECG waveform

The original exercise stress test was developaddsteret al.,(1942) and involved a double



two-step test of varying intensity, adjusted forclegpatient according to their exercise
tolerance. ECGs were recorded during the test emdated ST elevation or depression of
>0.5mm or flattening/inversion of the T wave in 339654 patients with normal resting

ECGs and 67% in 29 patients with abnormal resti@GE indicating the existence of

coronary artery disease.

Table 1.1. Sensitivity and Specificity of current cagnostic tests for coronary artery
disease.

Diagnostic Technique | Sensitivity Specificity Limitations Recommended by NICE?
Highly invasive,
Coronary Angiography Gold standard Gold standasghesive, exposure to
radiation

Lower accuracy than
other techniques, litte |No - no longer considered
use in patients with  |cost effective by the NHS
imited exercise capacty
Side effects of stress
agents, exposure to |Yes- in patients with 30-60%6
radiation, requires two|risk of developing CAD
Visits to the hospital
Side effects of stress
agents, accuracy Yes- in patients with 30-60%
depends on the risk of developing CAD
observer

Side effects of stress
agents, access to MR]Yes- in patients with 30-60%6
scanners, can cause |[risk of developing CAD
claustrophobia

Side effects of stress
agents, access to MR|Yes- in patients with 30-60%
scanners, can cause |[risk of developing CAD
claustrophobia

Yes- in patients with 60-90%
risk of developing CAD

Exercise ECG 68% 77%

MPS with SPECT 88% 73%

Stress echocardiograghy ~ 79% 87%

Stress perfusion MRI 91% 81%

Stress wall motion MR 83% 86%

Table 1.1. References'Gianrossi, et al., (1989),’Heijenbrok, et al., (2007),*Nandalur, et

al., (2007).

Treadmill exercise testing commonly uses the Bprogocol (Pepine, 1992). This multistage
exercise test consists of four stages of exerdiseceeasing speed and gradient, each lasting

3 minutes with the final stage being carried outlexhaustion (Bruceet al., 1963). Each



stage represents an increase in exercise inteofsttyee metabolic equivalents (3 times the
resting metabolic rate) (Pepine, 1992). The testapped if patients experience chest pain or

ischemic ECG changes occur.

The sensitivity and specificity of the ECG exercsseess test was assessed in a meta-analysis
of 147 studies by Gianrosst al, 1989. All studies compared the standard ECG esetest
to coronary angiography (reference standard). TG& Exercise test was found to have a

sensitivity of 68% and a specificity of 77% for oaary artery disease.

The ECG exercise test is considered safe if domderuisupervision and only induces
myocardial infarction/death in 1/2500 patientsadgiGibbont al, 1997). Limitations of the
technique include a low detection rate in patiemty single vessel disease. It also has less
use in patients who have a limited exercise caphetause a heart rate of >85% of maximal
must be achieved for the test to be effective (Bwaald et al, 2001). In addition, ECGs can
be difficult to measure during the test because enmnt of the arms and legs can create
muscle artefacts which distort the ECG waveform gMa& Likar, 1966). This often makes
ECG recordings illegible, although this problem ¢enavoided by using the modified ECG
electrode placement devised by Mason & Likar (196®ere is some dispute as to whether
this modified electrode placement alters the EC@ef@m significantly from the standard
ECG (Kleineret al, 1978; Takumaet al, 1995; Jowetet al, 2005; Rautaharjet al, 1980;
Pahlmet al, 1992; Krucoffet al, 1994; Gamblect al, 1984; Papouchadet al, 1987;

Edenbrandet al, 1989; Sevilleet al, 1989).

Due to its low sensitivity and specificity comparedother diagnostic techniques (Gianrossi



et al, 1989; table 1.1), the ECG exercise test is nagdorconsidered cost effective for
diagnosing coronary artery disease and thereforeotsrecommended for use by NICE

guidelines (Coopeet al, 2010).

1.1.3. MPS with SPECT
Myocardial perfusion scintigraphy (MPS) using sengkoton emission computed tomography
(SPECT) is a non-invasive functional test for mydéa ischemia. The sensitivity, specificity

and main limitations of the test are summarisethlihe 1.1.

This technique uses radiopharmaceutical tracemli(ttm TI-201 or technetium Tc-99m)
which are injected into the coronary arteries at esd during myocardial stress (exercise or
pharmacological) (Coopeat al, 2010). The distribution of the tracer within thmyocardium
reflects regional blood flow and is measured uSRECT imaging. In patients with coronary
artery disease (with stable angina), this bloodvfls reduced during myocardial stress
indicating the presence of myocardial ischemiaesstrcan be induced by exercise or
pharmacologically using stress agents such as dolié (increases heart rate and
myocardial contractility), dipyridamole or adenasitfincreases vasodilatation in healthy
coronary arteries causing blood to flow away froisedsed arteries) (Heijenbrok-Ketl al.,

2007).

When coronary angiography is use as the refereaoelard, the sensitivity and specificity of
MPS with SPECT varies depending on the techniquepharmacological agent used to
induce myocardial stress. Used with exercise,élehas a sensitivity of 88% and specificity

of 67% (Heijenbrok-Kakt al, 2007). When pharmacological stress agents acttoseduce



myocardial stress, MPS with SPECT has a sensitiofy 91% (adenosine), 90%
(dipyridamole) or 84% (dobutamine) and a specificiof 81% (adenosine), 75%
(dipyridamole) or 73% (dobutamine). The overall sevity and specificity of MPS with
SPECT for coronary artery disease is 88% and 738pertively (Heijenbrok-Kakt al,

2007).

An advantage of MPS with SPECT is the openneskheoktanning equipment which, unlike
MRI, is unlikely to cause claustrophobia. In adutti it can be used in obese patients where
alternative imaging techniques (such as ECG andaaetiography) are impractical (Cooper
et al, 2010). The disadvantages of the technique areithavolves a significant dose of
radiation and two separate visits to the hospidal.occasions where pharmacological stress
agents are used, side effects such as shortnesseath, headaches, dizziness, nausea,
flushing, arrhythmias, airway obstruction or acbtenchospasm can occur (Cooptral,

2010).

1.1.4. Stress echocardiography

Stress echocardiography is a functional test foogaydial ischemia in which ultrasound is
used to image the left ventricle and detect chamgesall motion and thickening during
myocardial stress. The technique avoids the expdsuradiation used in alternative tests and
can be performed using equipment that is widelylalvi@ in a healthcare setting. Additional
advantages of this technique are that it is low Gascomparison to MPS with SPECT, MRI
or coronary angiography), short in duration andvedl identification of co-existing cardiac
diseases (Braunwalet al, 2001). It is therefore recommended for use inep&t with a 30-

60% risk of having coronary artery disease wittblet@ngina by NICE guidelines (Coopedtr



al., 2010).

Stress is induced either by exercise or pharmamatlg using stress agents such as
dobutamine, dipyridamole or adenosine (Heijenbrak-&t al, 2007). Echocardiography is
used at rest and then during stress to find evelefcdecreased wall motion/thickening in at
least one left ventricular segment and/or compengahyperkinesis in a non-ischemic

segment (Coopeat al, 2010).

As with MPS with SPECT, the sensitivity and spetyi of stress echocardiography for
coronary artery disease varies depending on thHeniggee or pharmacological stress agent
used to induce myocardial stress. A meta-analysiddijenbrok-Kalet al.,(2007) found that
when compared to coronary angiography as the meferstandard, the sensitivity of stress
echocardiography is highest with exercise stre®86j8compared with adenosine (79%),
dipyridamole (72%) or dobutamine (81%). Conversekercise stress echocardiography was
found to have the lowest specificity (84%) when pamed to the pharmacological stress
agents, adenosine (92%), dipyridamole (95%) or thobine (84%). According to
Heijenbrok-Kalet al.,(2007) the overall sensitivity and specificity &fess echocardiography

for coronary artery disease is 79% and 87% respygt{table 1.1).

The disadvantages of stress echocardiography centréne difficulty in gaining accurate
images of the left ventricle in some patients ardgh dependence on the echocardiography
technician’s imaging skills and experience for aatel diagnosis (Braunwalet al, 2001;
Geleijnseet al, 1995; Picancet al, 1991). For example, stress echocardiography is no

appropriate for use in patients with obesity, civoobstructive airways disease or chest



deformity where an appropriate acoustic window cafre obtained (Coopet al.,2010). In
addition, the use of pharmacological stress ageautsresult in unpleasant side effects (see

section 1.1.3, page 7).

1.1.5. Stress MRI

Stress magnetic resonance imaging (MRI) is a ngasive functional test for myocardial
ischemia. MRI uses a powerful magnetic field ardiadrequency pulses to produce detailed
pictures of the myocardium with high contrast ardedlent spatial resolution (Coopetral.,
2010). These images can be examined on a compuwtara used to assess both myocardial
perfusion defects and wall motion abnormalitiese $hnsitivity, specificity and main

limitations of both perfusion and wall motion imagiare summarised in table 1.1.

Stress perfusion MRI assesses myocardial perfuslefects induced by the same
pharmacological stress agents used in stress admog@phy and MPS with SPECT
(Nandaluret al, 2007). Stress wall motion MRI images regionallwabtion and thickening

at rest and during pharmacological stress. If mgaghahischemia is present, wall motion and

thickening will become inhibited.

Nandaluret al., (2007) assessed the sensitivity and specificitgtodss perfusion and wall
motion MRI for coronary artery disease. Both teglmes were compared to coronary
angiography as a reference standard in a tota¥l dt@dies. Stress perfusion MRI was found
to have a sensitivity and specificity of 91% and@fespectively. Stress wall motion MRI
was estimated to have a sensitivity of 83% andiBpieg of 86%. The sensitivity of stress

wall motion MRI was improved to 85% when only sesliutilizing exercise or dobutamine



were included in the analysis.

The main advantages of stress MRI are that it isingasive, does not involve exposure to
radiation and has a high sensitivity and specyfifor coronary artery disease when compared
to other functional tests for myocardial ischemible 1.1). The primary disadvantages to
both stress MRI techniques are that they are nptogpiate for patients with ferromagnetic
intercranial surgical clips, metallic intraocularéign bodies, pace makers or in those who are
morbidly obese where accurate images cannot bénebt&Coopeeet al.,2010). In addition,
access to MRI scanners can sometimes be limitdtents who suffer from claustrophobia
may decline to be tested and the pharmacologicesstagents used can cause side effects

(see section 1.1.3, page 7).

1.1.6. Summary of diagnostic tests for coronary artery disase

All previously described anatomical and functiortakts for myocardial ischemia are
established diagnostic tests for coronary artesgaBe. In the UK, the decision as to which
tests are used in clinical practice is based omdébemmendations of the National Institute for
Clinical Excellence. These recommendations aredoasethe accuracy of the test, the cost
effectiveness of the test and the advantages asatlvhAntages to the patient. In recently
published guidelines on the diagnosis of coronatgra disease with angina (Coopatral.,
2010), coronary angiography, MPS with SPECT, stesdsocardiography and stress MRI
were all recommended for use in clinical pract@espite its wide use in clinical practice, the
exercise ECG test is no longer recommended dudstdow sensitivity and specificity
compared with other functional tests. It shoulchb&ed that all the aforementioned tests have

limitations, such as exposure to radiation, sidiect$ of stress agents or expense and
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accessibility to equipment. Therefore, the advenamy new diagnostic test is welcomed,
provided it delivers the right balance of accuraxgost benefit and does not place the patient

at any unnecessary risk.

This thesis is concerned with a novel method ofuamly hypocapnia using mechanical
hyperventilation. Below, the technique is describ&dng with the physiological effects of
hypocapnia and the potential applications of tachhique in the diagnosis of coronary artery
disease. The experiments within this thesis ingatitn were designed to develop this
technique with its potential clinical applications mind. Therefore, all experiments have
been conducted in normal healthy subjects prioreoruiting patients with established

coronary artery disease.

1.2. Hypocapnia

In healthy humans at rest, the partial pressureadion dioxide in arterial blood (Pag(s
between 35-45mmHg (Ganong, 1997). Therefore, hypuaais defined as an abnormally
low tension of CQ (<35mmHg) in arterial blood (Steadman, 1972). ABaof 34mmHg
represents a very mild form of hypocapnia. In tixpegiments presented in this thesis,
hypocapnia was defined as the lowest PaQssible, without inducing tetany and
paresthesia which are known to occur below 20mmNtacéfield & Burke, 1991).
Hypocapnia is caused by an increase in ventildteyond what is needed to maintain blood
gases within a normal range (hyperventilation) ¢8tean, 1972). Hyperventilation therefore
causes a greater amount of {0 be exhaled than is produced in the body. Hygsrlation

can be induced voluntarily or by mechanical vetitia
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1.2.1. Physiological effects of hypocapnia

Hypocapnia decreases the concentration ‘oéitl HCQ' in the blood due to the bicarbonate
buffering system (Klocke, 1987) (Equation 1.1) éag$H to increase. This increased arterial
blood pH and the direct effect of decreased G@haemoglobin causes a leftward shift of the
oxygen dissociation curve (figure 1.1) (Roughtor§64). This increased affinity of

haemoglobin for @makes it more difficult for oxygen to dissociatea the tissues.

Equation 1.1. Bicarbonate buffering system

CO; + H)O & H,CO3 & H" +HCOy

Hypocapnia (15-22mmHg) also causes tetany and gthema (Barkeret al, 1939;
Edmondsoret al, 1975; Kruyswijket al, 1986; Macefield & Burke, 1991; McCance, 1932;
Miyagi et al, 1989; Neill & Hattenhauer, 1975; Previtati al, 1989; Scherf & Schlachman,
1947; Thompson, 1943; Yasw al, 1978; Yuet al, 1959) thought to be caused be a
decrease in arterial €a(Edmondsonet al, 1975). Hypocapnia (17-32mmHg) induces a
decrease of 20-39% in specific airway conductafterling, 1968; Jamisoet al, 1987) due

to bronchonstriction (indicated by an 13% incremséotal respiratory resistance) (Ocah
al., 1979). Hypocapnia (18-29mmHg) also causes a tetuof 33-81% in cerebral blood
flow via cerebral vasoconstriction (Kety & Schmitif46; Weckesseat al, 1999; Yokoyama
et al, 2008) and decreases respiratory sinus arrhytbsia3-74% caused by an attenuation
in the central respiratory rhythm (Coopstral, 2004; Sasanet al, 2002). The affects of
hypocapnia on muscular function, airway conductarcaebral blood flow and central
respiratory rhythm are not relevant to this thesigstigation and therefore do not require

further discussion.
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Figure 1.1. The oxygen dissociation curve shifts tibe left at high pH (7.6 [PaCQ =
20mmHg])
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Figure 1.1. Oxygen dissociation curve at differenevels of blood pH. A pH of 7.6
corresponds to a decrease in PaCdhypocapnia). From Roughton, F. (1964).
Transport of oxygen and carbon dioxide. InHandbook of Physiology — Section 3:
Respiration (Volume 1)eds. Fenn, W. & Rahn, H., pp. 767-825. American
Physiological Society, Washington, D.C.

Studies conducted in both animal models and hunsaggest that hypocapnia causes a
reduction in coronary blood flow via coronary vaswestriction. For example, hypocapnia
(23mmHg) causes a reduction in myocardial bloow fliy up to 50% in anaesthetized pigs
(measured by the thermodilution technique) (Karssibal, 1994) and a reduction coronary
blood flow of 23-33% in anaesthetized dogs (meaburg electromagnetic and xenon
clearance techniques) (Vanetal, 1973; Coetzeet al, 1984). In normal healthy humans,
measurement of coronary blood flow (measured bynitreus oxide technique and positron
emission tomography) have revealed that hypocg8i20 mmHg) reduces overall coronary

blood flow by 30% (Rowet al.,1962; Yokoyamaet al, 2008).
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In patients with coronary artery disease, corordopd flow has been shown to increase by
13% (Wilsonet al, 1981), decrease by 12% (Neill & Hattenhauer, }@f& not change at
all (Kazmaieret al, 1998). The variability in responses can be exgldiby the severity of
hypocapnia induced. Both Wilsoet al., (1981) and Neill & Hattenhauer (1975) used
voluntary hyperventilation to induce hypocapniailN& Hattenhauer (1975) demonstrated a
decrease in PaGQo 19mmHg and this coincided with a decrease 12%oronary blood
flow. Wilson et al., (1981) demonstrated an increase in coronary blémd but did not
measure PaCQor PetCQ and patients in this study were only hyperverddatfor a
maximum of 6 minutes. It is therefore possible {hatients were not sufficiently hypocapnic
to cause coronary vasoconstriction. For the samsore the findings of the Kazmaietr al.,
(1998) study should be taken with caution. Althoughtients were mechanically
hyperventilated, it seems the lack of changes ior@ry blood flow may have been due to the
fact that PaC@only fell to 31lmmHg and therefore may not haverbsevere enough to

stimulate coronary vasoconstriction.

The reason for and causes of hypocapnia inducaxhapy vasoconstriction are unknown. In
the pulmonary vasculature, decreases in Pgtf@8ult in pulmonary artery vasodilatation
which increases pulmonary blood flow (Balareisal, 2003; Dorringtoret al, 2010). The
reason for this increase pulmonary blood flow isatthhypocapnia is caused by
hyperventilation which also increases @vailability in the alveoli. In order to maintain
ventilation-perfusion matching, pulmonary vasoditetn must occur to enable increased
blood flow, allowing greater gaseous exchange atlihgs. In this case, there is an obvious
reason for hypocapnia induced pulmonary vasoditataf here is on the other hand, no clear

advantage to reducing coronary blood flow to thecaydium during hyperventilation. This
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makes it difficult to postulate the mechanism whiolght cause coronary vasoconstriction.

Such mechanisms are speculated below;

Hypocapnia is known to cause vasoconstriction irelmal vascular bed (Kety & Schmidt,
1946; Weckesseet al, 1999; Yokoyamaet al, 2008). To explain this phenomenon, it has
been suggested that the decrease in Ra@@increase in arterial blood pH that occursrapri
hypocapnia might cause an increase in intracell0&f in the vascular smooth muscle via
stimulation of a pathway such as inositol 1,4,5ghiosphate (Mirret al, 1992). It is thought
that this increase in intracellular €anay cause contraction of the vascular smooth rauscl
resulting in cerebral vasoconstriction. It is pbssithat a similar mechanism exists in the

coronary vascular bed causing hypocapnia inducezheoy vasoconstriction.

An alternative possible mechanism to explain tlticéon in coronary blood flow observed
during hypocapnia is the availability of the vadatdr, nitric oxide in the coronary
vasculature. Nitric oxide is a well known regulatafr vascular resistance in the coronary
circulation and its production in the endotheliurh tbe coronary arteries is thought to
maintain resting coronary artery diameter (Quyyushial, 1995; Lefroyet al, 1993).
Inhibition of nitric oxide production, with substzes such abl®>-monomethyl-L-arginine (L-
NMMA) have been shown to reduce coronary arteryneit@r by up to 13% and increase
coronary vascular resistance by up to 22% (Quyyeinail, 1995; Lefroyet al, 1993). It can
therefore be speculated that hypocapnia causexerase in L-NMMA in the endothelium of
the coronary arteries by stimulation of an (unknppathway. This would reduce nitric oxide
production, inhibiting baseline coronary artery agitatation, causing increased coronary

vascular resistance and decreased coronary bload fl
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It is suspected that coronary vasoconstriction ¢eduby hypocapnia coupled with reduced
oxygen dissociation into the myocardial tissuesseaumyocardial ischemia (Laffey &
Kavanagh, 2002; Neill & Hattenhauer, 1975; Ruthetfet al, 2005). If this is the case,
hypocapnia may be a useful alternative type of raxdial stress to be utilised in non-invasive
functional diagnostic testing for coronary artersedise with stable angina. One advantage of
using hypocapnia over exercise stress to inducecamgl@l stress is that it does not require
any physical exertion and therefore would be apaibp for use in patients with limited
exercise capacity. In addition, inducing hypocapmiay be more preferable than using
pharmacological stress agents because it has nenksale effects and can be accurately
controlled throughout the test procedure. Othemathges to using hypocapnia as a form of
myocardial stress are that it utilises equipmeat th commonly available in a clinical setting
(mechanical ventilators), is quick to perform (take longer than an hour to perform as a
test) and therefore could be considered as costtafé, provided that it is found to have a

high sensitivity and specificity for coronary astelisease.

It was the aim of this thesis investigation to extewhat is already known about the effects of
hypocapnia on cardiac electrical activity and hefanmiction, measured by established
techniques such as the ECG and echocardiogramioBsesgtudies have investigated the
effects of hypocapnia, induced by voluntary hypatiation, on the ECG. However, the use
of voluntary hyperventilation to induce hypocapisidimited when studying its effects on the
ECG (Rutherforcet al., 2005; see below, sections 1.2.2-1.2.3). This shiesiestigation aims

to eliminate these limitations using a novel metlbanechanical hyperventilation to induce

hypocapnia.
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1.2.2. Voluntary hyperventilation vs. mechanical hgerventilation

Voluntary hyperventilation is most commonly used studies examining the effects of
hypocapnia. However, this technique presents a suwidimitations. Primarily, it is difficult

to induce a consistent level of hypocapnia duriotuntary hyperventilation because tidal
volume and breathing frequency cannot be controlléds issue can be resolved by sampling
PetCQ instantaneously and automatically adjusting theceatration of C@in inspired air

to compensate for changes in breathing (Balatad., 2003; Talbotet al.,2008; Dorrington

et al.,2010). However, even if this method is utilised;dnsistent inflation volumes still limit
the use of voluntary hyperventilation in studiesnggshe ECG because alterations in inflation
volume can cause changes in ECG wave amplitudegepandently of the physiological
effects of hypocapnia (Rutherfoed al, 2005). An increase in chest inflation (of up t6LQ
causes an increase in the distance of the ECGaliest from the heart, causing a decrease in
ECG wave amplitudes (R and T waves) of up to 032a%. Mechanical hyperventilation
enables tidal volume and breathing frequency toképt constant at a predefined level
(Cooperet al, 2004), which is advantageous because it enabtemsistent and prolonged
hypocapnia to be induced. This also eliminates glablems associated with inconsistent

inflation volumes and the ECG (Rutherfatal.,2005).

Voluntary hyperventilation itself, increases metabaate (through increased work of
respiratory muscles) creating a paradox where, @@duction is increased making
hypocapnia more difficult to induce. Mechanical aggentilation unloads the effort of the
respiratory muscles, reducing metabolic rate, foeeeenabling significant reductions in

PaCQ with only small increases in tidal volume and hineay frequency. Therefore,
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mechanical hyperventilation represents a more #fedechnique for inducing hypocapnia

and studying its effects on physiological systentkiwthe body (Coopeet al, 2003; 2004).

1.2.3. Voluntary hyperventilation and the ECG
Several studies that utilise voluntary hypervetitla have suggested that hypocapnia causes
ischemic ECG changes in both normal subjects atidrpa suffering from coronary artery

disease.

Normal subjects
Table 1.2 shows that in normal subjects, hypocafiMa24mmHg) induced by voluntary
hyperventilation causes;

— adecrease in the amplitude of the T wave by up4mV (lead II)

— ST segment elevation of up to 0.15mV (Leads 1), llI

— QTc prolongation of up to 0.4 seconds

The effects of voluntary hyperventilation on T wawvere not consistent. Changes were only
evident in 8-57% of subjects and therefore caneotdnsidered reproducible (Barketral,
1939; Goldenet al, 1975; Joy & Trump, 1981; Kemp & Ellestad, 1968ary. &
Goldschlager, 1974; McCance, 1932; Wasserbezgail, 1956). In addition, many studies
did not measure end tidal GQPetCQ) and so the degree of induced hypocapnia cannot be
quantified (McCance, 1932; Thompson, 1943; Chrsten 1946; Scherf & Schlachman,
1947; Wasserbergeat al, 1956; Kemp & Ellestad, 1968; Bibermat al, 1971; Lary &

Goldschlager, 1974; Joy & Trump, 1981; Jacebal, 1974).
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Table 1.2 shows the lack of consistent changes inetT wave and ST segment during
voluntary hyperventilation in normal subjects.

Author Duration of Hypocapnia| ECG [Mean T wave change| Mean ST segmenQTc Notes
hyperventilation |? lead changes interval
Christensen, 3-8 minutes Nodata| I, I, Il Leadl: -0.2mV *** |Lead I: 0 mV No data| Similar R wave
1946 (n=3) Lead II: -0.4mV *+* |Lead II: -0.15mV
Lead lll: -0.16mV *** [Lead Ill: -0.15mV changes
Barker et al.| 8-16 minutes No data| I, II, ] Leadl: -0.13mV ** No data +11ms T Similar R wave
1939 (n=7) Lead Il -0.08mV * changes, T wave
changes only seen |n
Lead lll: +0.01mV *** 4/7 subjects (57%)
McCance, No data Nodata| I, II, Il Leadl: -0.35mV ** No data No datgT wave changes we
1932 (n=2) Lead II: -0.25mV ** seen in 1/2 (50%) of
Lead lll: +0.1mV ** subjects
Biberman et|] 30-60 seconds| 24 mmHg |Il, V4 Lead Il: -0.05mV * No data | +40ms *
al., 1971
(n=12)
Scherf &| 5-15 minutes No data| |, II, lljLead I: -0.03mV* No data No datg Similar R wave
Schlachman, Lead II: -0.03mV*
1947 (n = 35)
Lead Ill: +0.01mV* changes
Golden et al., 3 minutes 14 mmHg I, II, Il Mean change: No data No datg Changes of -0.2mV
1975 (n=27) +0.004mV * in 6/72 subjects (8%)
Joy & Trump,| 15-30 seconds No datg] 12 lepds No data No data No|dat@ve/ST segeme
1981 (n = 103) changes in 55/103
(53%) subjects
Kemp & 30 seconds No data] V5 No data No data No datwave changes we
Ellestad, 196 seen in 73/305 (249
(n = 305) of subjects
Lary & | 40-90 seconds No datg 12 lepd No data No data No|datzve changes we
Goldschlager, seen in 7/46 (15%)
1974 (n = 46) of subjects
Thompson, 90 seconds No datal I, II, Il No data No data No data
1943 (n = 25)
Wasserberger| 10-15 seconds No datg 12 lepd No data No data No|datz@ve changes we
et al, 1956 seen in 37/350 (119
(n = 350) of subjects

Table 1.2. Values represent mean changes from rasfj ECG in mV. * = <50% change,

** = >50% change, *** = >100% change from the restng ECG. Studies are ranked in
order of those that demonstrate the largest T wavBT segment changes (largest first).

It is possible that ECG changes were caused byngistent inflation volumes that occur
during voluntary hyperventilation (Rutherfoedl al, 2005). This is indicated in studies where

changes in T wave amplitude were matched by prmpattchanges in the R wave (table 1.2)

(Barkeret al, 1939; Scherf & Schlachman, 1947; Christenseng)194
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Patients with coronary artery disease

Studies examining the effects of hypocapnia indugsgd/oluntary hyperventilation on the
ECG of patients with coronary artery disease hacenclusive findings. This is likely to be
caused by the problems associated with voluntapetwentilation (stated in section 1.2.2).
Clinically significant ST segment and T wave changssociated with ischemia have been
reported during voluntary hyperventilation (for 3@conds — 5 minutes) in patients with
coronary artery disease (Kemp & Ellestad, 1968yl&iGoldschlager, 1974; Joy & Trump,
1981, Ardissincet al, 1987). In these studies, clinically significar@& changes are referred
to as ST segment elevation/depression of >0.1mV @and/ave inversion (<-0.1mV).
Hyperventilation is described but the degree ofdugpnia was not measured or quantified.
These findings were not consistent in all patigetted. In 114 patients, Kemp & Ellestad
(1968) reported 11 cases (10%) where voluntary fvgpdilation caused ischemic T wave
changes. Others have demonstrated clinically segmt ST segment and T wave changes in
up to 70% of patients suffering from known coronariery disease (diagnosed by coronary
angiography) during voluntary hyperventilation @aset al, 1974; Joy & Trump, 1981;

Ardissinoet al, 1987).

1.2.4. Mechanical hyperventilation and the ECG

The effects of hypocapnia, induced by mechanicaglehyentilation, on the ECG have only
been successfully investigated in one previousystldtherfordet al.,(2005) demonstrated a
statistically significant decrease in T wave anyaé (of 0.1mV) in 13/15 healthy subjects
(87%) during hypocapnia (20 mmHg), induced by madate hyperventilation. They used a
digital ECG recording system that averages two temwf recorded ECG waveforms and

demonstrated a reduction in T wave amplitude il leandependent of R wave changes. It
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was suggested that this T wave reduction was caogeddecrease in Qavailability in the
myocardium as a result of hypocapnia induced caoyomasoconstriction and decreasegd O
dissociation into the tissues. By inducing hypocapwith mechanical hyperventilation, tidal
volume and breathing frequency could be accuratehyrolled and the effects of varied chest
inflation on the ECG were eliminated. These effeatse demonstrated in a single lead ECG
with the limb electrodes placed in the modifiedceiede placement. It is unclear whether this

modified electrode placement affected the wave @ntgs recorded in this study.

1.3. Summary & thesis objectives

The main objective of this thesis investigation wasstudy the effects of hypocapnia on
cardiac electrical activity and heart function iormal subjects. In addition, it was of interest
to study the effects of hypocapnia in patients esuffy from coronary artery disease with
stable angina to establish whether this technigsedmy value as a diagnostic test. The effects
of hypocapnia on both normal subjects and patievese investigated using mechanical
ventilation as described by Rutherfogtial., (2005). Since Rutherfordt al., (2005) used a
modified electrode placement, it was of interesestablish to what degree this affects the
ECG waveform compared to the standard electrodeepiant. Much debate still exists as to
the extent of ECG changes that occur. Therefoeefitht aim of this thesis investigation was
to identify to what degree the modified electrodacpment causes changes in the ECG

waveform.

The 12 lead ECG allows the regional effects of logpmia to be assessed across the left

ventricle. The effects of hypocapnia, induced bychamical hyperventilation on the 12 lead

ECG have never been fully assessed. The secondtiobjef this thesis investigation was to
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repeat the method of inducing hypocapnia by medahnhyperventilation (used by
Rutherfordet al, 2005) and measure its effects on cardiac elettactivity using a 12 lead
ECG in normal subjects. It was hoped that this @wardnfirm the findings of Rutherforeit
al., (2005) and provide new information on the oveeffiécts of hypocapnia across the heart.
In addition to measuring R and T wave amplitudésliteonal measurements of ST segment
height and QTc interval duration were made and usethdicate whether ECG changes
during hypocapnia were of ischemic origin. Echoaagthms were also recorded as a
additional measure of heart function, to confirmy aschemic ECG changes seen with

electrocardiography.

In the event that small, potentially ischemic ECRamges did occur during hypocapnia,
normal subjects were also hyperventilated in 158pined Q. Inspired hypoxia has been used
previously to induce myocardial ischemia and EC@nges in both normal subjects and
patients suffering from coronary artery diseaset{ksd al, 1934; Levyet al, 1938; 1939;
1941; Baractlet al, 1941; Turner & Morton, 1952; Haarstad & Broch5&89Broch, 1972hb).
These effects were only evident when inspiredwas at 7.5-10% and ;Gsaturation fell
below 70% (Haarstad & Broch, 1958). Hypoxia of teeverity is uncomfortable and has a
number of adverse side effects (Stewart & Carr4)9 the present investigation, it was of
interest to see whether a safe, comfortable levgispired Q (equivalent to the ©inspired
from air at an altitude of 6,700 feet [Waed al, 2000] or on routine commercial aircraft
flights [Cottrell, 1988]) would be enough to augrhany potentially ischemic ECG changes

seen during hypocapnia in 21% inspired O

The final study of this thesis investigation waspi#ot study looking at the affects of
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hypocapnia, induced by mechanical hyperventilatmm,the ECG of patients with known
coronary artery disease. The aim of this final stigation to was see if consistent, clinically
significant ECG changes, similar to those seenndudther provocative tests for coronary

artery disease, can be induced by hypocapnia.

The following chapter will consider the general huets of experiments conducted in this
thesis investigation. Subsequent self containegtens will examine each aim of the thesis,
and methods of these studies will only be summarisée final chapter of the thesis will
summarise the main findings of the thesis invetiiga the clinical implications, the main
strengths and limitations of the studies condueted what these findings mean for future

experiments conducted in this area.
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Chapter 2

General Methods

2.1. Proposed experiments

1) Since Rutherforet al., (2005) used a modified electrode placement to @venthe effects
of hypocapnia on the ECG, the effects of modifyimg ECG electrode placement on the ECG
waveform was investigated. Wave amplitudes recorgedoth standard and modified
electrode placements were compared and quantifietha context of the most up to date
clinical guidelines on normal ECG waveforms.

2) The effects of hypocapnia on the single lead E@Giormal healthy subjects were
confirmed using the methods of Rutherfoed al., (2005). In addition, the effects of
hypocapnia on overall cardiac electrical activitgrer examined using a 12 lead ECG and
global heart function using echocardiography.

3) Subjects were hyperventilated in 15% inspiredt@®see whether this accentuated ECG
changes during hypocapnia in 21% inspired O

4) The effects of hypocapnia, induced by mecharigperventilation, on the ECG of patients

suffering from coronary artery disease were ingegéid in a final pilot study.

2.2. Participants

The number of subjects required for each experimvead estimated on the basis of the
findings of Rutherfordet al., (2005). They found statistically significant ECGanges of
0.1mV in 15 normal healthy subjects during mechanttyperventilation in hypocapnia.
Similar changes were anticipated in this thesisestigation and therefore an attempt was

made to recruit at least 15 subjects for each @xjeet. For experiments comparing standard
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and modified electrode placements and those stgdyie effects of hypocapnia on the ECG
and echocardiogram, it was possible to study 1&abhealthy subjects, aged 24 *+ 3 years
old (20-30 years old) (13 male). In experimentslgitng the effects of hypocapnic hypoxia on
the ECG, larger wave amplitude changes were aat@ipand therefore fewer subjects were
required. Experiments were completed in nine notmealthy subjects, aged 23 + 2 years old
(20-26 years old) (8 male). All experiments in meeulbal hyperventilation conducted in the
same subjects were carried out on separate days.ndkmal healthy subjects were
undergraduate or postgraduate students from theobol Sport & Exercise Sciences at the
University of Birmingham. All subjects were freeofn any known cardiovascular and
respiratory disease and gave informed consentrt@ipate. All experiments were approved

by the Walsall Local Research Ethics Committee.

For experiments studying the effects of hypocammathe ECG of those suffering from
coronary artery disease, eligible patients weratifled by a consultant cardiologist at the
University Hospital Birmingham. Patients were cdesed eligible for participation if they
had undergone ECG exercise stress testing and hamtnaal ECG at rest with ischemic
changes on exertion. Identified patients (and nbsubjects) were excluded if they suffered
from asthma, epilepsy, diabetes, renal failure,mabobesity or had suffered from a cold, flu,
sore throat, blocked nose, nose bleed or earadmnvihe last seven days. Once identified,
patients were contacted by phone and invited &ndtan informal, introductory visit to the
hospital laboratory where the experimental proceduas explained and informed consent
was received. For every patient identified, perrmrsdor their participation was obtained
from their GP. Over a period of two years, 16 patevere identified as eligible to participate

in the experiment. Four of these patients (aged @&lyears old [42-74 years old, 4 male])
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consented to take part and completed the full exyaral protocol. In five patients,
permission to participate was denied by their GRe Temaining seven patients declined to

participate for personal reasons.

All four patients recruited had undergone a corgrargiogram to determine the extent of
their disease and were awaiting either coronaryopiasty or a coronary artery bypass graft
after participation in the experiment was compledd. patients were given a medical

examination prior to participation in the study the consultant cardiologist. Full patient

details and past medical history can be seen iappendix.

In each experiment, subjects lay semi-recumberd bed and were encouraged to listen to
music or the radio through headphones to enable the relax. In experiments using
mechanical hyperventilation, subjects were giveifigent opportunity to acclimatise to the
technique during preliminary visits and data weoé ¢ollected until they had confirmed that
they felt comfortable with the procedure. In aduhtito the 18 normal subjects who did
participate in experiments involving mechanical éryentilation, two who were unable to

relax during mechanical hyperventilation were withwin from the study.

2.3. Mechanical ventilation

For experiments using positive pressure mechathigaérventilation to induce hypocapnia,
subjects were connected to a mechanical venti{&ogstrom Erica Il) via a rubber face mask
which was attached to the face with head-strapsekperiments using hypocapnic hypoxia,

this ventilator was replaced by an updated modélg@p Evita 1), with the same features as
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the previous model. Each subject was ventilatett @isposable airway filters and sterilised

masks. The ventilators were programmed with theessettings for all experiments.

The mechanical ventilator was set to deliver hypetiation by the same method as Cooper
et al., (2004). Subjects were ventilated in synchronisgérinittent mandatory ventilation
mode (SIMV) via intermittent positive pressure \iation (IPPV) which ventilates at a preset
frequency and tidal volume but allows subjects pmnganeously trigger inspiration if
necessary (Shneerson, 1996). If no breath is tedi®dy the subject, a mandatory breath is
delivered at a predefined breathing frequency addl tvolume. During spontaneous
breathing, contraction of the diaphragm and resmiyamuscles increases the size of the
thoracic cavity causing a negative intrathoraciespure which is lower than atmospheric
pressure. Air flows along the resulting pressuradgmt and into the lungs (inspiration).
During IPPV, a positive pressure is created inwvéetilator facemask which is greater than
the intrathoracic pressure. This air pressure ficgnt to overcome the elastic and flow
resistive properties of the lungs and chest andtera pressure gradient from the upper
airways to alveoli (Hillman, 1986). As in spontanedreathing, expiration during IPPV is a

passive process caused by the elastic recoil diitigs.

The preset values for breathing frequency and wdalme used in these experiments were
higher than average breathing rates at rest. Coepeal., (2004) found that a constant
breathing frequency of 16 br.pm and a tidal volunfie-1.3 litres achieves a reduction in
PetCQ to approximately 20mmHg. During preliminary expeents, in which ECG data were

not recorded, tidal volume was adjusted in eachestilio identify the level necessary to
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induce a drop in PetCOof 20mmHg. When ECG data were being recorded, thiresa

frequencies and tidal volumes were kept constaall atages of the experiment.

Subjects were hyperventilated in hypocapnic (lowCRe, ~20mmHg), normocapnic (hormal
PetCQ, ~40mmHg) and hypocapnic hypoxic conditions (lavgpired Q, 15%, and low
PetCQ, ~20mmHg). Hypocapnia was achieved by ventilaingjects in room air. Because
breathing frequency and tidal volume were set almmrenal resting values (frequency at rest
= 8-12 br.pm; tidal volume at rest = ~0.8 litrea)y imbalance in the proportion of €O
produced and the proportion of €é&xhaled occurred. This caused Pet@®fall. If PetCQ
decreased below 20mmHg, air from a cylinder coimgib% CQ in medical air (21% &)
79% N, i.e. room air) was added to inspired air to return Eet@® 20mmHg. PetCOwas

not allowed to fall below 20mmHg because at lebel®w this level, paraesthesiae and tetany
have been shown to occur (Macefield & Burke, 19&1PetCQ of 20mmHg typically took
10-15 minutes to induce. Once PetC®as stable at the desired level, subjects were

ventilated for a further 10 minutes before ECG drazardiographic recordings were made.

Because the preset breathing frequencies and tmlames were constant throughout the
experiment, PetCfalways fell to 20mmHg when subjects where vergdan normal room
air. To enable assessment of the ECG in baselindittans (normocapnia), CQvas added
to inspired air from a cylinder containing 5% £@ 95% medical (room) air. To maintain
normal PetCQ the percentage of GGn inspired air was adjusted by a dial on the Netotr
head stage. This elicited complete control of Pet@@oughout each experiment. Because
resting PetC@varies between individuals, baseline normocapoiaitions were adjusted for

each subject based on measurements of Pet@@de during spontaneous breathing prior to
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mechanical hyperventilation. Therefore, during nocapnia, PetCOwas not fixed to

40mmHg. Inspired @was maintained at 21% (room air) throughout aflezkments except in
those which required reduced, @ inspired air. Once PetGQwas stable at the desired
baseline level, subjects were ventilated for a hiemt 10 minutes before ECG or

echocardiographic recordings were made.

In hypocapnic hypoxia conditions, the 5% £i® medical (room) air cylinder was replaced
by a cylinder containing 15%:n 85% N. Subjects breathed this hypoxic gas mixture at the
same breathing frequency and tidal volume as befoithout the addition of C® This
caused PetCOto decrease to ~20mmHg. After PetC8ad been reduced sufficiently,
subjects were ventilated in hypocapnic hypoxiaffdrminutes before ECG recordings were

made.

2.4.Measuring instantaneous PetCQ

PetCQ was recorded from expiration by infra-red speaiap@y using an in-line capnograph
(Hewlett Packard 78354A). This capnograph shinfa-red light through an optical window,
containing a sample of expired air. £@bsorbs infra-red light with a wavelength of 48
The amount of infra-red light absorbed at this Wewgth is measured by an infra-red detector

and this is compared with a known standard valualisorption of resting concentrations of

CO..

In the present studies, PetE®as used as a non-invasive indicator of the paptessure of

CO; in arterial blood (PaC£). PetCQ was taken as the plateau at the peak of the eapira

waveform from each breath. The advantage of usiet® to indicate PaC@is that it
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avoids need to take invasive, arterial blood sampled provides an instantaneous measure

which can be used to control Pa@ith great sensitivity.

At rest in healthy individuals, PetGQOndicates PaC® accurately to within 2-5mmHg
(Bhavani-Shankaet al, 1992; Frakes, 2001). Intra-patient values anchgbs in PetC@are
therefore considered reliable indicators of PaQfakes, 2001). This is satisfactory because
within-subject changes in Pag@ere of primary interest in the present study. ridgpaphy
was used in resting normal subjects and stableergatiwho did not suffer from any
respiratory or neurological disorders. Thereforetd®, was considered an acceptable

measure of intra-subject changes in PaCO

The Hewlett Packard 78354A capnograph was routioaljprated by placing reference cells
containing 0 mmHg and 56.2 mmHg of gidto the optical sampling window and measuring

the recorded values.

2.5.Measuring instantaneous blood pressure

Blood pressure was measured continuously througleadh experiment by a finger
photoplethysmograph (Finapres 2300, Ohmeda, Engléw@&€O, USA). The Finapres
measures continuous blood pressure by measuriegahrtiameter in the finger with an
infrared photoplethysmograph. This information igslayed to an electropneumatic
servosystem which inflates a finger cuff (placedtio® middle finger) to a set point pressure
which is halfway between intra arterial systolidatastolic pressures (Imhoé&t al, 1998).
Changes in vessel diameter caused by changesrandrterial pressure are detected by the

infrared photoplethysmograph and the cuff pressumdjusted accordingly. The transmural
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pressure (pressure difference across the artealhlinvthe finger) therefore remains constant
(at zero) and thus the cuff pressure is the saméhasintra arterial pressure giving a
continuous measure of systolic, diastolic and madarial blood pressure (Imhokt al,

1988).

The Finapres automatically calibrates itself eve beats (for 2-3 beats) (Imhodt al,
1990) to compensate for changes in finger sizekgmhcell volume, colour of the blood,
smooth muscle tone and red blood cells washed titeomicrocirculation under the cuff

(Imholzet al, 1988).

The Finapres produces an acceptable, continuoimsatstof relative changes in intra arterial
pressure in normal resting subjects and patiembh@lz et al, 1988; van Egmonet al,
1985). However, when Finapres measurements are ayechpto intra-arterial pressure
measured in the brachial artery, the Finapres magrestimate (by 7 £ 11mmHg) or
underestimate absolute values (by 13 £ 10mmHg) f&lewy et al, 1985; Imholzet al,
1988; van Egmondt al, 1985; 1990). In the present experiments, allexttbjwere known to
be normotensive and only relative changes in blo@$sure were of interest. To maximise
the accuracy of the Finapres, an attempt was nwadeét the following conditions during its
use;

— Subjects should be resting

— Ambient temperature should be >22°C

— The correct cuff size should be identified and used

— The hand should be at the same level as the heart
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— Hands should be kept warm to ensure adequate Blgmaly to the fingers

(Imholzet al, 1998)

In the present study, all subjects and patienteaad semi-recumbent on a bed with their
hand elevated (as appropriate) to the same lewblealseart. In some cases, subjects had very
cold hands. In these instances an attempt was toaslarm the hand by placing it on a bean

bag (heated in a microwave) and wrapping in a @ank

2.6. Measuring air flow in spontaneous breathing

For experiments using 15% inspirec, Qhe effects of inspiring 15% sOon breathing
frequency, tidal volume and metabolic rate wereesssd. Spontaneous breathing
characteristics were recorded using an ultrasonase shift flowmeter (BDRL Flowmetrics,
Birmingham, UK). The flowmeter has two ultrasoniarisducers which measure the phase
shift in the ultrasonic signal that occurs durirgle respiratory cycle. This is converted into a
voltage for the mean velocity of air through thewimeter tube. Before its use in each
experiment, the flowmeter tube was placed verycadjainst a flat surface so that no air could
flow through it. The flowmeter readings were chetlad if necessary, manually adjusted to

Zero.

Subjects wore a nose clip and breathed throughresetlvay mouth piece connected to the
flowmeter and an in-line capnograph (Hewlett Padk@8354A) (for measuring end-tidal
CO,) (figure 2.1). A Douglas bag (containing a ceetifigas mixture of 15% 4n 85% N)

with a three-way valve was connected to the flovanand this allowed the experimenter to
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switch the subject’s inspired air between the Dasigbag and room air without their

knowledge.

Figure 2.1. Flowmeter apparatus

Subject
Flowmeter A:
Ll Capnograph
| /
.......... bt e = = | — —
Connecting
tube 3 way mouth
piece
3 way valve
Room air ---» — Y
Key
.............. > |nspired air
- — = —=» Expired air
Douglas Bag

Figure 2.1. Apparatus setup for experiments usingdwmeters and Douglas bags

Data were recorded by the Spike2 data acquisitmftware via a CED power 1401 PC
interface (Cambridge Electronic Design, UK). Datani the flowmeter was used to calculate
breathing frequency and tidal volume. The flowmetes calibrated using a volume syringe
which passes known volumes of air through the aipar The flowmeter was calibrated with
0.2 litre, 0.5 litre, 0.8 litre and 1.0 litre vol@® of air. This was repeated 5 times. A mean of
all the measured values for each known volume \absulated and compared to the expected
values. Any discrepancies between actual and megsualues were corrected by a
calibration factor that was calculated by dividihg actual value by the mean recorded value.

This calibration factor was subsequently used toeob data recorded from human subjects.
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2.6.1. Airflow Analysis

Data from the flowmeter and capnograph were recbroie the Spike2 data acquisition
software and analysed offline. The flowmeter pradua continuous waveform representing
the flow of air during inspiration and expiratidnspiration is represented by a flow peak on
the breathing trace. Spike2 allows the partial gues of CQ in expired air to be recorded
simultaneously and the resulting peak partial pneesson the C®trace correspond to each
expiratory phase on the breathing trace. A Spik&t2 dnalysis script was used to calculate
instantaneous breathing frequency, tidal volumeyutel ventilation (), instantaneous GO

production (VCQ) and /VCO; ratio.

Instantaneous breathing frequency

The Spike2 analysis script was programmed to measie interval duration of each
respiratory cycle from the beginning of inspiratit;mthe end of expiration for each breath
throughout the recording period. Instantaneous tbieg frequency was calculated by
dividing 60 (seconds) by the duration of each madpry cycle. Calculated values were
manually checked by measuring duration of respiyatycles from different data files and

dividing 60 by this measured value.

Tidal volume

The total area under each inspiratory peak (orflthve trace) was calculated as a measure of
tidal volume. The flowmeter was zeroed before eaqgberiment by blocking one end of the
sampling tube (causing zero flow through the tulo®) adjusting the recorded value to zero
on the flowmeter head stage. Data was not starsar@ind was presented as volumes of gas

at body temperature and atmospheric pressure, atadurwith water (BTPS). Volume
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measurements were calibrated using a volume symigeh passes known volumes of air

through the apparatus. Measured volumes were cauparthese known volumes.

Instantaneous minute ventilation
Instantaneous ¥ was calculated by multiplying the tidal volume e&ch breath by its

instantaneous breathing frequency.

Instantaneous C&production

The Spike2 script calculated the instantaneous @Oduction in each expired breath from
the tidal volume recorded on the flow trace and pihetial pressure of GQOn expired air
recorded by the capnograph. This script convetttedpiartial pressure of GOn expired air
into a % of air (equation 2.1) and multiplied thisthe tidal volume of each breath. Data was
standardised at a temperature of 0°, barometrigspre of 760 mmHg and unsaturated with
water (dry) (STPD) using equation 2.2. InstantaseW€O, was used as an indicator of

metabolic rate.

Equation 2.1.

% of gas in air = (Partlal pressure of gas m)

ir
Barometric pressure X 100

Equation 2.2.

Volume at STPD =

273
273 + ambient temperatu)s)

((VoluquTpS] X Barometric pressuggps) — szO[BTps]) X (
760 (
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Ve/VCG; ratio

In was of interest to know whether changes pweére due to changes in metabolic rate or
changes in inspired OChanges in Ycaused by alterations in inspired &e evident by the
presence of hypo/hyperventilation. This can beresid using the ¥VCO; ratio which is
calculated by dividing ¥ by VCQO,. An increase in the ¢#VCO; ratio indicates that the
subject is hyperventilating. A decrease in thg\WWCO, ratio indicates that the subject is

hypoventilating.

2.7.Measuring O, saturation

For experiments where 15%;,Qvas inspired, a pulse oximeter (N-200 series oteme

Nellcor) was used to measure §aturation in arterial blood. Pulse oximetry wasdibecause

it allows accurate estimations of arterial €aturation, non-invasively (Yelderman & New,
1983). In addition, it provides an instantaneousasnee of @ saturation which allows

changes over time to be investigated.

The pulse oximeter uses a finger cuff containing tight emitting diodes (LEDs) which
transmit red light at a wavelength of Ou6 and infrared light with a wavelength of 0,94
(Yelderman & New, 1983) through the arteries in finger. Light of these wavelengths is
absorbed by oxyhaemoglobin and deoxyhaemoglobig. arhount of light absorbed at each
wavelength is calculated by the Beer-Lambert lawcivirelates the amount of transmitted
light from the LED to the amount of light absortkett not absorbed by haemoglobin (Grace,
1994). An ‘R’ ratio is calculated from absorban@ues of each wavelength using equation
2.3. @ saturation is calculated from the R ratio by iaeathe ratio to a known equivalent O

saturation.
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Equation 2.3.
ACo 66:m/ DCosaim

ACo.94m/ DCo.o4m

R ratio :

A = absorbance of light a predetermined wavelen@tl; concentration of haemoglobin in
arterial blood, D = distance of transmitted ligttrh the LED

Measurements made within the range of 100-70% a&arcorrelate well with measures

of O, from arterial blood samples (Yelderman & New, 1088 standard pulse oximeters, it

is thought that any measured values below 80% dhoeiltaken with caution (Grace, 1994).
In the present study, saturation did not fall bel®@f6 and thus values were considered

acceptable.

The pulse oximeter is calibrated by the manufactuseng healthy control subjects and is said
to be accurate to within = 2% (Kidd & Vickers, 198t clinical or research settings, pulse

oximeters cannot be manually adjusted by an experien (Grace, 1994; Huc al, 1988).

In the present experiments, only healthy subjeeiewsed and therefore, the manufacturer’s

calibration was considered acceptable.

2.8. Measuring plasma electrolytes

During experiments in hypocapnia venous blood samplere taken from 14 normal subjects
and analysed for plasma electrolyte concentrateonisblood pH. These 10ml samples were
taken by a trained nurse from the antecubital vainhe end of normocapnia and hypocapnia
during mechanical hyperventilation. Each sample asaysed for blood pH and ionized K
and C&" concentrations using a Rapid Lab 865 blood gasyaeal The Rapid Lab 865

analyzer automatically calibrated itself at regulatervals specified by hospital staff for
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clinical use. lonized electrolyte concentrationsravaneasured because it is ionized
component of electrolyte concentrations which hiéneegreatest physiological effects around

the body (Calvi & Bushinsky, 2008).

2.9. Electrocardiography

2.9.1. Background in electrocardiography

The ECG monitors the electrical activity of the teaon-invasively. A standard ECG
consists of 12 leads, each of which measures #wriglal activity within the myocardium
from 12 different electrical axes. The 12 lead E®@& used in the present investigation to
study the effects of hypocapnia on cardiac eledtrctivity in normal subjects and patients

suffering from coronary artery disease.

Myocardial excitation

Contraction of the heart is achieved by an elegtrmmonduction system that propagates
through the myocardium. The purpose of this condnaystem is to co-ordinate contraction

of the atria, followed by a sufficient delay befareordinated contraction of the ventricles.

This delay maximises the flow of blood into the treshes and subsequently around the body
(Noble, 1975). Stimulation of this conduction systbegins at the pacemaker sinoatrial node

(SA node) (Noble, 1975).

The action potential generated in the SA node esgurrounding myocytes (cardiac muscle
cells) in the atria causing them to contract alnsostultaneously. This action potential travels
through the atria until it reaches the atrioveniac (AV) node. Here, the signal travels down

the bundle of His (including the left & right brdndundles) to the apex of the heart.
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Ventricular systole is caused by contraction of ¢thediac myocytes as the action potential

travels through the ventricle walls via the Pur&ifipres (Noble, 1975).

In humans, the resting membrane potential in then8de is -60mV. At the start of an action
potential, gradual inflow of Naalong the N&concentration gradient causes this membrane
potential to rise (depolarisation) (Noble, 1975)hé&N the membrane potential reaches a
threshold value of -40mV, voltage regulated calcithmannels open and €dlows down the
Cd* concentration gradient into the cytosol. This esuthe membrane potential to rapidly
increase until there is no longer a concentratioadignt between intracellular and
extracellular Naand C& At this point, K channels open and'Klows out of the cell along

its concentration gradient. This process is calgggblarisation and restores the membrane to

its resting potential of -60mV.

The action potential that occurs in cardiac myogytdfers from the pacemaker potential in
the SA node. The resting membrane potential in rdi@a myocyte is -90mV and only
changes when voltage-sensitive 'Ndnannels are opened by an electrical stimulus fitwen
SA node (Page, 1962). Nanters the myocyte along its concentration gradiansing the
membrane potential to increase to 30mV, at whidhtgdéa” channels close. Depolarisation is
prolonged (plateaus) by the influx of €ahrough calcium channels. There,?Chinds to
troponin causing contraction of the myocyte viai@tion-contraction coupling (interaction
of actin and myosin filaments). At the end of tHatg@au, K channels open and’Klows
down its concentration gradient out of the celltogag the resting membrane potential
(Page, 1962). Excitation of one myocyte stimulatestraction of the adjacent myocyte

(Wagner, 2008). This allows contraction of the mntnuscle in a chain reaction directed by
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the conduction pathway. The SA node reaches ieshimid potential before that of the bundle
of His, the Purkinje fibres and the cardiac myosyt€&herefore, it is the SA node which

dictates the rate at which the heart beats (NAi8lé5).

The electrical activity occurring in each myocyters part of the total pattern of electrical
activity across the myocardium which can be moedansing an ECG. The ECG is therefore
a composite of electrical activity recorded in mathfferent parts of the myocardium. This

ECG waveform can be used to identify the diffemregnts of the cardiac cycle (figure 2.2).

Figure 2.2. Time points of electrical activity withn the heart

Atria
depolarisation

—> ¢

Atria repolarisation

\ 4

Ventricular
depolarisation Ventricular repolarisation
«—> < >

AV node Bundle of His
stimulation stimulation

SA node
stimulation

Figure 2.2 shows a typical ECG waveform (lead I) ashthe time points at which
electrical events occur in the myocardium (adapteéfom Wagner (2008).Marriott’s
Practical Electrocardiography11™ edition).
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Figure 2.3. ECG wave amplitudes and durations
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Figure 2.3. ECG wave amplitudes (measured from thisoelectric line) and interval
durations. The level of the isoelectric line takefrom the electrically neutral point
from the end of the P wave to the beginning of th@ wave.
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Firing of the SA node and atrial depolarisatiomepresented by the P wave (figure 2.2, 2.3)
(Wagner, 2008). This is followed by atrial reposation, but this is hidden on the ECG trace
by the events of the QRS complex, which occur frtiown the cardiac conduction pathway
(Braunwaldet al, 2001). Stimulation of the AV node and the burnafi¢dis occur during the

P-R segment. This is followed by septal, apical it & right ventricular depolarisation

which are represented by the Q, R and S wavesréfigi2, 2.3) (Wagner, 2008). The T wave
represents the process of ventricular repolarisdfigure 2.2, 2.3). The QT interval therefore
represents the duration of ventricular activationd aecovery (figure 2.2, 2.3). Between the
QRS complex and the T wave is the ST segment @ig@u8). This represents an electrically

neutral period between ventricular activation ascbrery (figure 2.2) (Wagner, 2008).

Calculating the ECG

The ECG is based on the principles of Einthovenl?2)9 Wilson et al., (1934) and
Goldberger (1942). The standard 12 lead ECG is madef 3 limb leads, 3 augmented limb
leads and 6 chest leads derived from 10 electrptied in standardised positions (figure
2.4). Each lead views the same electrical eventedarheart from a different position (figure
2.5). Leads |, Il and Il make up the three limbds of ‘Einthoven’s Triangle’ (Einthoven,
1912) (equation 2.4). These bipolar leads are ddrivom 4 electrodes placed on the limbs
(figure 2.4) and represent the potential differebetween two of these limb electrodes,
creating three different electrical views of thefteacross the frontal plane (figure 2.5). The
electrical potential at each electrode is calcdldtem the difference between the exploring
electrode and a reference electrode placed ongheleg (RL). Lead | is calculated from the
potential difference between the left and right a&lecttrode. Electrical currents in the cardiac

muscle moving towards the positive electrode (&fn [LA]) are depicted as a positive
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Figure 2.4. Standard ECG electrode placement

Figure 2.4. The left arm (LA) and right
arm (RA) electrodes are placed on the
left and right wrists. The left leg (LL)
and right leg (RL) electrodes are placed
on the left and right shins. The \{ chest
electrode is placed on the right of the
sternum in the 4" intercostal space. Yis
positioned on the left of the sternum in
the 4" intercostal space. Vs placed on
the mid-clavicular line in the 5"
intercostal space. ¥ is placed between
V2.4 Vs is placed laterally to V4 on the
same horizontal plane on the anterior
axillary line. Vg is positioned laterally to
V5 on the same horizontal plane on the
mid axillary line. Adapted from Wagner
(2008). Marriott's Practical
Electrocardiography. 11th ed.

deflection on the ECG trace. Electrical currents/img towards the negative electrode (right
arm [RA]) are illustrated as a negative deflectidris is the case for all of Einthoven’s limb
leads where Lead Il is the potential differencenraein the left leg (LL) and the RA electrodes
and Lead lll is the difference between the LL amddlectrodes. Kirchhoff's law states that

in a closed electrical circuit, such as the egerklt triangle formed of Einthoven’s limbs
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Figure 2.5. ECG electrical planes and axes

Frontal plane

Lead Il Lead I

Transverse plane

Figure 2.5. Electrical axes of the heart on the fratal and transverse planes. The
arrows of each electrical axis point in the directin of the positive pole (electrode) of
each lead. GCT = Goldberger central terminal (negate pole), WCT = Wilson central
terminal (negative pole). Adapted from Wagner (208). Marriott's Practical
Electrocardiography. 11th ed.

leads, the sum of all the electrical current flogvin all directions must equal zero (Kligfield
et al, 2007). It is possible then, to calculate the wam®litude at any point in the cardiac
cycle in one limb lead from the same amplitudeshi@ other two limb leads. This theory

defines Einthoven’s Law which states, “the diffaxenbetween the electrical tensions of
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Leads | and Il must be equal to the electricalitensf Lead IlI” (equation 2.5) (Einthoven,

1912).

Equation 2.4. - Einthoven’s limb leads
Lead | =LA — RA
Lead Il =LL — RA
Lead Ill =LL — LA
Equation 2.5. - Einthoven’s law

Lead Ill = Lead Il - Lead |

Leads aVR, aVL and aVF were derived from Wilsorrgjioal Vr, VI & Vf leads (Wilsonet

al., 1934). Leads Vr, VI and Vf are unipolar leadstthse the limb electrodes as exploring
electrodes and a central terminal as a referenice. @de central terminal is calculated as the
mean of the electrical potential at each of thedhexploring limb electrodes (equation 2.6).
These leads have significantly smaller wave amgdéisucompared to the limb leads because
they include the exploring electrode within thewro central terminal reference point.
Including the electrical potential from the exphgielectrode in the reference point causes it
to be subtracted, in part, from the electrical pb& of the exploring electrode when the lead
is derived. This reduces the amplitude of the wawe$. Goldberger (1942) proposed a
revised central terminal that does not include ékgemity electrode from which the ECG
lead is recorded. This produces an augmented iekdctignal and is used to calculate the
three ‘augmented’ limb leads (equation 2.7). Thasgmented limb leads monitor the

electrical activity across the frontal plane of theart and are calculated by creating an
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indifferent electrode from two of the limb electesdand using this as a negative reference to

the remaining limb exploring electrode (equation)2.

Equation 2.6. - Wilson’s central terminal

Central terminal:M

Equation 2.7. - Goldberger’'s augmented limb leads

+
Lead aVR= RA — (LAZ LL)

+
Lead aVL= LA — [RA LL)

+
Lead aVF=LL — (LAZ RA)

Equation 2.8. - The precordial leads

+ LA+ + LA+
Vl:Vl_(RA LA LL) szvz_(RA LA LL)
3 3
RA+ LA+ LL RA+ LA+ LL
V3:V3—(—j V4:V4—[—j
3 3
+ LA+ + LA+
V5:V5—(RA L3A LL) VG:VG—(RA L3A LL)

The precordial leads are derived from the centamhinal (equation 2.6) and 6 unipolar
exploring electrodes (figure 2.4) that are placetbss the chest to provide a view of the
heart’s electrical activity across the transversa (figure 2.5) (equation 2.8) (Wilsen al,

1934). In this thesis, the limb and augmented lledals are referred to as the frontal plane

leads. The precordial leads are referred to agdéinsverse plane leads.
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Gender Differences in the ECG

It is thought that ECG waveforms are altered innmarresting subjects of different ages and
gender as a result of differing testosterone lewdlgch affect the ventricular repolarisation
phase of the cardiac cycle (Bidogg al, 2000; Macfarlane, 2001; Surawicz & Parikh,
2002). In a study of 500 normal healthy subjec&0(thale), male T wave amplitudes in the
transverse plane leads were found to be to 0.3m¥2.(P < 0.001) larger than female T wave
amplitudes (Bidoggi&t al, 2000). In addition, the height of the ST segmsraliso higher in
men than women (0.3mV in men vs. 0.1mV in womerei&d \,, [no standard error or
statistical analysis presented]) (Macfarlane, 200he gender specific effects on the ECG are
most prominent in the transverse plane leads, \(Bidoggiaet al, 2000) with the largest
differences (of 0.2mV) in found in{Macfarlane, 2001). ‘Male ECG characteristics’de¢a
appear in men aged >17 years and decline from ®2bsy(Surawicz & Parikh, 2002). The
gender difference in T wave amplitude and ST seg@rheight therefore decreases with age
due to a decrease in wave amplitude in madeg. T difference of 0.2mV in normals aged
<29 years vs. 0.1mV in normals aged >50 years [Wt&nie, 2001]). These gender and age
specific changes in T wave amplitude and ST heagipiear to coincide with changes in blood
testosterone levels which, in men, rise during piyband decline with old age (Surawicz &
Parikh, 2002). Age specific changes are therefess levident in women whose blood
testosterone levels are much lower and more stdblehis thesis investigation, it was
important to be aware of these gender and agerelifées in the ECG because they affect the
clinical thresholds used to define the presencabsence of clinically significant changes in
the ECG. Because both male and female subjectgipated in all experiments, both non-

specific and gender-specific clinical thresholdsevesed to analyse changes in the ECG.
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Myocardial ischemia and the ECG

Myocardial ischemia causes changes in the propayati electrical activity throughout the
heart causing changes in the ECG waveform morplyoldge clinical significance of these
ischemic ECG changes depend on the location aretiseof the ischemic episode (Wagner,
2008). If a myocardial cell becomes ischemic, mas in a resting state in order to survive.
This involves uncoupling from electrical activatitmy adjacent myocardial cells (Wagner,
2008). The lack of electrical activity in these ageesults in an ‘injury current’” which shifts
the electrical axis of cardiac activity away frohretischemic region (Wagner, 2008). This
causes noticeable ECG changes such as T wave imvdchange in the polarity of the T
wave) and ST segment depression below -0.1mV (Wagheal, 2009). Such changes
represent mild ischemia in the subendocardial lqy@rermost layer) of the myocardium
(figure 2.6a). If the ischemia is transmural (affieg an entire region of myocardium caused
by decreased $supply resulting from total occlusion of the coaonartery [figure 2.6b]), the
injury current is directed towards the affectedioagcausing hyperacute T waves (> ~0.5 mV
in the frontal plane leads and > ~1mV in the tramse plane leads) and ST segment elevation
(>0.1-0.25mV) (2009; Wagner, 2008). Sustained tramal ischemia leads to myocardial
injury and ultimately cell death (myocardial infaan).

Figure 2.6. Affected regions of the left ventricleluring subendocardial and
transmural ischemia in the lateral wall

g /I

Subendocardial ischemia Transmural ischemia
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T wave changes alone are not considered relialleators of ischemia because clinically
significant T wave changes can occur in normal thgabubjects with normal coronary
arteriograms (Taggaskt al, 1979) and sometimes fail to appear in patienfeesng from
myocardial ischemia (Wagner, 2008). However, itthsught that T wave inversion and
hyperacute T waves, when followed by ST segmentredspon/elevation, represent the
earliest phases of subendocardial/transmural iseh@irnbaumet al, 1993; Wagner, 2001,
Sclarovskyet al, 1988; 2008). QT interval prolongation is alsougbt to provide an early

indication of transmural myocardial ischemia (Kestogrget al, 2007).

The 12 lead ECG enables the identification of g@hémic region within the heart and the
occluded artery supplying that region. The lefttviete can be divided into septal, anterior,
lateral and inferior walls (Wagner, 2008). Each Ef@&d monitors the electrical activity in
these ventricular walls. The distribution of corgnarteries across the left ventricle can vary
from patient to patient. Typically, septal and aiotewalls are supplied by the left anterior
descending artery (LAD). The left circumflex artglyCX) perfuses the lateral region and
some portions of the anterior wall. The right cawn artery (RCA) and the posterior
descending artery (PDA) supply the inferior wall thie left ventricle (Wagner, 2008).
Therefore, an occluded coronary artery can be éachy identifying the ECG leads in which
ischemic changes occur and correlating that wighcibronary arteries that supply that region
of the heart. The nature of the ECG changes thatrodepend on whether the myocardial
ischemia is caused by an increase in myocardj@ati€@nand or a reduction in,Gupply.
Diagnosis of ischemia is only indicated when EC@ngdes occur in 2 or more anatomically

contiguous leads (Wagnet al, 2009).
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2.9.2. Recording the ECG

All ECGs were recorded using the apparatus desthleédow. This apparatus allows the ECG
to be recorded and measured without losing potgntraportant ECG information through
unnecessary filtering. In addition, it allows contbus 12 lead ECG recordings which can be
averaged using specially designed software. Thisvace enables exact measurement of

ECG wave amplitudes which are not influenced by &oirror or bias.

Two-minute ECG recordings were made after 10 meuatechanical hyperventilation in each
condition {.e. normocapnia, hypocapnia, hypocapnic hypoxia). E@@&veforms were
averaged across this two minute period (creatismgle average waveform for ~120 cardiac
cycles). This was done because it creates a wauetuwat is typical of the ECG trend but is
not affected by individual anomalous beats. Ireapperiments, ECG leads were connected to
Blue sensor electrodes (P-00-S/50, Ambu) which wesed because they provide good
adherence to the skin. To achieve the optimum diéegrof ECG signals with minimal
impedance, the stratum corneum layer of the epideom the skin surface (layer of dead skin
cells which do not conduct electricity well) wasnaved from all electrode sites using Nu-
prep abrasion gel (Smith, 1984). Acetone was usedeinove any skin oils that might

increase contact impedance at the electrode site.

Analogue ECG data was recorded by two D360 paissiated amplifiers connected to a
powerl401 CED system (figure 2.7). Each D360 patismlated amplifier has an external
unit with 8 analogue inputs. The electrical potaindéit each exploring electrode was recorded
in reference to a common electrode placed on thlet ieg. The 3 limb electrodes were

connected to the first D360 amplifier and the 6cprdial exploring electrodes were
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Figure 2.7. ECG apparatus setup

D360 Amplifier (1) Power 1401

Port O
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Figure 2.7. ECG electrodes are connected to a D3&fplifier and recorded as an

analogue signal before being converted into a digit waveform by a power 1401
connected to a PC.

connected to the second (figure 2.7). The rightdkgtrode was connected to all 9 inputs.
Each channel on the D360 was connected to an theiviport on the power1401 CED digital

converter. The powerl401 digitises the analogueassgrecorded from the ECG electrodes,
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allowing them to be viewed on a PC using CED Spikl@®a acquisition software. This

apparatus enables several channels of data tacbedssl simultaneously.

The ECG was recorded with a frequency bandwidi®.@5-1000 Hz. This was set to ensure
that all aspects of the true ECG signal could bmonsed. Signals were sampled by the
powerl401 at a predetermined frequency which wakigh enough to prevent distortion of
the final digitally reconstructed signal. It is kmo that to prevent this aliasing, the minimum
sampling rate of any signal should be at leastawiat of the highest required frequency
component (Nyquist, 2002). Thus, for a high freqqgecomponent of 1000 Hz, we sampled

at 2500 Hz.

The ECG signal was recorded from each electrodeowtitthe application of high and low
pass filters or 50 Hz notches. Standard digital B@&hines sample the ECG signal from
electrodes on the body surface and apply high fildéss to the signal to eliminate baseline
drift (caused by respiration) and low pass filtereliminate muscle artefact and mains noise
(Kligfield et al, 2007). The low frequency cut-off is normally $&1.5 Hz (corresponding to
a heart rate of 30 bpm) but this can cause distorto the ECG, particularly in the ST
segment (Kligfieldet al,, 2007). High frequency cut-offs of 150 Hz are ddared acceptable
in normal adults but these can eliminate highegdemcy components of the QRS complex
thus invalidating some wave amplitude measurem&usie clinical ECG machines contain a
50 Hz notch filter which targets and attenuategusancies of 50 Hz to eliminate mains noise.
However, the application of a 50 Hz notch to théada a crude form filtering which can

eliminate waveforms of adjacent frequencies whi@y montain important ECG information.
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The recorded ECG signal contained 50 Hz mains rnamgka harmonic series of this noise.
This can distort the ECG signal making it diffictdtidentify the different waves of the ECG
(figure 2.8). Offline power spectral analysis wasfprmed on the recorded signal from each
electrode to reveal the frequency components af 30i Hz harmonic series. In figure 2.9a,
these components are represented by the blackabhoh€an be seen at frequencies of 50 Hz
(x1), 100 Hz &2), 150 Hz &3), 250 Hz &5), 350 Hz &7) and 550 HzX11). This harmonic
series was seen in signals recorded from each B&®Bale. Because the frequency of these
harmonics was known, it was possible to remove tlrem the data using a Spike2 analysis
script. This script creates a sine wave that matthe frequency of the harmonic series in the
data every 5 sinusoidal cycles and subtracts is $ime wave has the correct wave amplitude

and phase shift and is calculated from a combinatioof sine and

Figure 2.8. Effects of 50 Hz mains noise on the d¢ine ECG signal

(@) Pre signal processing (b) Post signal processing
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Figure 2.8. Raw data from one subject showing a) theffects the 50Hz harmonic series
on the ECG signal recorded from each electrode anlo) the ECG signal after the 50Hz
harmonics have been removed
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Figure 2.9. Power spectral analysis of the ECG sigh
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Figure 2.9. a) shows the different frequencies reoted in the ECG signal from the
left leg electrode in one subject. The ECG frequeines are represented by the white
bins (below 50Hz). The black bins represent the 5GHmains noise and 50Hz
harmonics. b) shows the frequencies recorded afténe Spike2 scripts have been
applied.

cosine waves. The matching sine wave is continualyljusted every 5 sinusoidal cycles to
ensure that the waveform removed most accuratetghraa the harmonic series within the
data. The resulting ECG signal is free from the amied harmonic series (figure 2.9b). The
advantage of processing the ECG in this way is thatllows waveforms, specifically

identified as undesirable, to be removed from tREGESignal without losing components of
the signal which are important to the final wavefomorphology. This improves confidence

in fine wave amplitude measurements made when congpBCG final waveforms.

The recorded ECG signals were processed and therexted into the 12 leads of the ECG

using the methods of Einthoven (1912), Goldber842) and Wilson (1934) (equations 2.4,

2.7 & 2.8, page 46). The affects of processing E# signal after the 12 leads had been
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derived was considered, but this had no affect @@ Evave amplitudes or durations and

therefore was not pursued further.

2.9.3. ECG analysis

Spike2 analysis scripts were run on each two ministea set to obtain an averaged ECG
waveform of ~120 beats. The difference between &wveraged waveforms (recorded in
different conditions) was calculated by subtracting waveform of the first time period from
the waveform of the second time period (figure 2.The script repeats this process in each
of the 12 ECG leads. The advantage of averaging=tb& waveform in this way is that it
eliminates any effects on wave amplitude causedhbyrespiratory cycle (due to changing
chest inflation) and provides a waveform that représ the overall trend of cardiac events

during the period of ECG recording.

Figure 2.10. Averaged waveforms in two conditiong®dm one subject
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Figure 2.10. Data from subject 1 showing the averagl waveform in each lead for
condition 1 and condition 2. The difference betweethe two conditions is shown in the
third column. i.e.,a negative wave represents a decrease from condiil to condition 2.
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Calculating the wave amplitudes and durations

Automated Spike2 analysis scripts were used toutztke wave amplitudes and interval
durations. These scripts were programmed to idetité peaks of each wave in the order that
they appear in the cardiac cycle. Double and trijiferentiation of the ECG waveform was
calculated and used to identify the beginning ef hwave, the J point and the end of the T
wave (for use when measuring interval durationgu(e 2.11). Every file was manually
checked to ensure that each ECG wave had beerctpmrecognised. All wave amplitude

measurements were calculated by the computer saftwa

Figure 2.11. Double differentiation of the ECG wavirm
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Figure 2.11. Double differentiation (c) of the ECGvaveform (a) was used to

calculate the points of inflection at the beginningf the Q wave, the J point (shown)
and the end of the T wave.

The amplitudes of the R and T waves and the J i§80$ points (figure 2.3, page 41) were
calculated from the averaged waveforms. The Spskept was programmed to measure each

wave height (in mV) from zero and the time at whilsk peaks occurred. The isoelectric line
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is considered to be an electrically neutral pemothe cardiac cycle and is measured from the
period between the end of the P wave and the begjrof the Q wave (figure 2.3, page 41)
(Braunwaldet al, 2001). This isoelectric line was subtracted fralhwave heights to give the

wave amplitude (figure 2.3, page 41).

The ST segment was calculated from the J pointhheigd 80 milliseconds after the J point
(ST [80]) (Braunwalcet al, 2001). The QRS axis was calculated in MS excilgusquation

2.9.

Equation 2.9.

QRS axis = (tal{b/a)) + (axish of a)
Where (@) is the amplitude of the RS wave (R wa wave) in the frontal plane lead with
the largest QRS complex and (b) is the height efRI$ wave in the corresponding isoelectric
lead (e.g. lead | is isoelectric to aVF, lead lisselectric to aVL and lead Il is isoelectric to
avR).

(Houghtonet al, 2003)

The QT interval represents the duration of ventaicuactivation and recovery. It was
measured from the beginning of the Q wave to thee @frthe T wave (figure 2.3, page 41).
The QT interval was corrected for changes in heatd¢ using Bazett's formula (equation
2.10). The accuracy of this formula has been goest when it is used for subjects with
exceptionally high or low resting heart rates (Waxgn2008; Rautaharjet al, 2009).

However, it was deemed appropriate for the presarmties because participating subjects’
heart rates were always within a normal range @ Bjm). Bazett's formula is also the most
widely used correction for the QT interval in noinadinical practice (Kenigsbergt al,

2007).
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Equation 2.10.

QT interva

Tc =
Q JR-R interva

(Bazett, 1920)

2.9.4. Calibration

The ECG was calibrated using a patient simulatdbredion box (Dynatech Nevada Inc.,
Model 212B, Nevada, USA) which produces an ECGdaigomparable to that recorded at
the limb electrodes. Standardised ECG wave am@#udcbm the patient simulator box were
compared to the measured wave amplitudes from & Bpparatus used in the present
study, after signal processing (table 2.1). The evamplitudes recorded using the present
apparatus accurately represented those producetiebpatient simulator to within 0.02 +

0.0mV.

Table 2.1.Actual and measured R and T wave amplitudes from th patient simulator
calibration box.

Wave ECG Lead| Actual wave Measured wave | Difference
amplitude amplitude

R wave I 1.00mV 1.01 £ 0.0mV 0.01 £ 0.0mV
[l 1.30mV 1.30 £ 0.0mV 0.00 + 0.0mV
1 0.30mV 0.29 + 0.0mV 0.01 £ 0.0mV

T wave I 0.25mV 0.25+0.0mV 0.00 £ 0.0mV
[l 0.30mV 0.32 £0.0mV 0.02 £ 0.0mV
1 0.05mV 0.07 £ 0.0mV 0.02 £ 0.0mV

To confirm that measurements made in the presedystere comparable with both previous
studies and measurements made in a clinical setE@gs were recorded from each subject
using the D360 ECG apparatus and a standard dliae& machine (Philips Hewlett Packard
Pagewriter 200) without disconnecting the electsodeCG wavelengths from each lead in
both recordings were compared in each subject.|ditgest difference between the R waves

recorded in all leads using both apparatus was @% (x 0.01mV in V4P > 0.90) (table
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2.2). On the ECG printout from the clinical machittes difference corresponds to 0.7mm. In
the T wave, the largest discrepancy was 4% (0.@086mV change in Lead R < 0.05)
(table 2.2) and this would represent a 0.4mm dsfiee on a paper ECG trace. Because ECG
measurements could not be made simultaneouslyheitth machines, a small degree of error
was expected. In addition, wave amplitudes recowddid the standard clinical ECG machine

were measured by hand and thus were subject tol dmuahan error. A maximum

disagreement of 1mm was therefore considered aaizlept

Table 2.2.Comparison of ECG wave amplitudes measured from th@hillips HP
Pagewriter 200 and the ECG apparatus used in thigsdy in 18 subjects

Wave ECG Lead| Phillips Current ECG Difference
Pagewriter 200 apparatus wave | (mV)
wave amplitude | amplitude (mV)
(mV)
R wave I 0.66 0.1 0.68 £0.1 0.02 £ 0.00
Il 1.04+0.1 1.00+0.1 0.04 £+ 0.01
1l 0.53+0.1 0.54 +£0.1 0.01 £ 0.00
avVR -0.83+0.1 -0.84+0.1 0.01 £ 0.00
avL 0.25+0.0 0.29+£0.0 0.04 £0.01
avF 0.74+£0.1 0.71+£0.1 0.03 +0.01
Vi, 0.24 £ 0.0 0.25+0.0 0.01 +0.00
2 0.55+0.1 0.54+£0.1 0.01 £ 0.00
V3 0.82+0.1 0.75+0.1 0.07 £ 0.01
V4 1.37£0.2 1.30+0.1 0.07 £ 0.01
Vs 1.52+0.1 1.54+0.1 0.02 £+ 0.01
Ve 1.24+0.1 1.27 £0.1 0.03 +0.01
T wave I 0.33+0.0 0.37+£0.0 0.04 £ 0.00
Il 0.36 £ 0.0 0.39+0.0 0.03 £ 0.00
1l 0.04 £0.0 0.03+0.0 0.01 £ 0.00
avVR -0.34+£0.0 -0.36 + 0.0 0.02 £ 0.00
avL 0.15+0.0 0.17+£0.0 0.02 £ 0.00
aVvF 0.20+£ 0.0 0.20 £ 0.0 0.00 £ 0.00
Vq 0.05+0.0 0.03+0.0 0.02 £ 0.01
2 0.63+0.1 0.63+0.1 0.00 + 0.00
V3 0.62+0.1 0.60+0.1 0.02 +0.01
V4 0.56 £ 0.1 0.56 £ 0.1 0.00 + 0.00
Vs 0.47 +£0.0 0.49+0.1 0.02 £ 0.01
Ve 0.37+£0.0 0.40+0.0 0.03+0.01
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2.9.5. Clinical Thresholds

Table 2.3.Summary of AHA/ACCF/HRS clinical thresholds for abnormality (non
gender specific). Thresholds apply to all leads uess stated otherwise

ECG measurement Clinical threshold Clinical threshold
- Frontal plane - Transverse plane

Wave amplitude

ST segment height Elevation of >0.1mV Elevation of >0.2mV in Y3
Depression of < -0.1mV| Elevation of >0.1mV in Y& V45
Depression of <-0.05mV in4
Depression of <-0.1mV in M& V.6

T wave amplitude >0.5mV >1.0mV

Interval duration

QTc interval > 0.43s > 0.43s

Electrical axis

QRS axis < >-30° to +90° No clinical threshold

All recorded ECG measurements were quantified a@waegrto current clinical thresholds set
out by the American Heart Association (AHA), the @mcan College of Cardiology
Foundation (ACCF) and the Heart Rhythm Society (HE&irawiczet al, 2009; Wagneet
al., 2009; Rautaharjet al, 2009). Additional clinical guidelines on speciflcamplitudes
were taken from Wagner (2008). A summary of thdsecal guidelines can be seen in table
2.3. The clinical thresholds presented here are rfarkers of ischemia within the

myocardium. These were of primary interest in thgegiments in this thesis investigation.

Due to the effects of gender on the ventriculaolapsation phase of the cardiac cycle, T

wave amplitudes and ST segment height in the teassvplane leads were compared
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collectively to the non gender specific clinicatgbholds in table 2.3 and in addition, data was

separated and compared to gender specific clithcasholds summarised in table 2.4.

Table 2.4.Summary of gender specific AHA/ACCF/HRS clinical thhresholds for

abnormality in the transverse plane leads.

ECG measurement

Clinical thresholds
- Men

Clinical thresholds
- Women

T wave amplitude

ST segment height
V1

Va3

Vs

>0.65mV
>1.45mV
>1.35mV
>1.15mV
>0.90mV
>0.65mV

Elevation of >0.10mV
Elevation of >0.25mV
Elevation of >0.10mV

>0.20mV
>0.85mV
>0.85mV
>0.85mV
>0.70mV
>0.55mV

Elevation of >0.10mV
Elevation of >0.15mV
Elevation of >0.10mV

2.10.Echocardiography

2.10.1. Background inechocardiography

Echocardiograms visualise the structure and funatibthe heart non-invasively and can be
used to identify wall motion abnormalities and tidis dysfunction associated with

myocardial ischemia caused by coronary artery deseBchocardiography was used in this
thesis investigation to study the potentially isoie effects of hypocapnia on wall motion

(measured with M-mode and tissue Doppler analyais) diastolic function (measured with

Doppler blood flow analysis).

An echocardiographic machine utilizes an ultrasdraasducer placed on the chest wall and

creates images which are displayed on a computeerscUItrasonic transducers emit waves
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with a frequency of ~2,000,000 cycles per second MPIz) in intermittent bursts
(Feigenbaum, 1981). In the interval between eaaistpthe transducer becomes a receiver
waiting for reflected echo waves. Ultrasonic walésstructures of different medi&.g. soft
tissue, muscle, red blood cells) and are reflebtazk towards the transducer. The distance of
the structure from the ultrasonic transducer isuated (by equation 2.11) and converted into
an electrical impulse which is passed through aadigamplifier and displayed as an

echocardiographic image on the computer screen.

Equation 2.11.

Velocity of sound waves
Wave transit time

Distance =

Where the velocity of sound was taken as 1540 arsl the wave transit time represents the
time it takes for a wave to be emitted from thasucer and be reflected back off a medium
within the body

Figure 2.12. Echocardiographic imaging planes of #heart
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Figure 2.12. Two-dimensional echocardiographic imagg planes. RV = right

ventricle, LV = left ventricle, RA = right atria LA = left atria, PA = pulmonary

artery (From Henry et al.(1980). Report of the American Society of

Echocardiography Committee on Nomenclature and Stastards in Two-dimensional

Echocardiography. Circulation, 62(2): 212)
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Figure 2.13. Echocardiographic views of the heart
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Figure 2.13. Transducer orientations of the three @&ocardiographic planes of the
heart. RV = right ventricle, LV = left ventricle, RA = right atria LA = left atria, AO
= aorta (From Henry et al. (1980). Report of the American Society of
Echocardiography Committee on Nomenclature and Stagtards in Two-dimensional
Echocardiography. Circulation, 62(2): 212)

Different modes of echocardiography require différdransducer positions and these
positions have been standardised to elicit consigtavith recordings in both clinical and
research settings (Heney al, 1980). The heart is viewed on 3 anatomical plqlosy axis,
short axis and four chamber plane) (figure 2.18)nfr4 ‘viewing windows’. The long axis
plane can be viewed from the apical, parasternatprasternal chest locations (figure 2.13a).

The short axis plane can be viewed from the pawast®r subcostal locations of the chest
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(Figure 2.13b). The four chamber plane can be wieWwem either the apical or subcostal

chest positions (figure 2.13c).

Echocardiography was used in experiments studyingg dffects of hypocapnia on heart
function in normal subjects. All echocardiographgasurements were made by a trained
echocardiography technician using a Phillips SONIZB0 ultrasound system (M2424A,
Andover, Massachusetts, USA). Subjects lay recutloartheir left side, causing the heart to
move closer to the chest wall, making it easierinbi@dge. Recorded data was saved and
analysed offline by an independent echocardiogragehnician who was blinded to the
different conditions. Analysis was done using the-programmed analysis tools built into the

echocardiographic machine software.

Three different modes of echocardiography were romh Two-dimensional directed M-
mode, Doppler blood flow & tissue Doppler echocagiaphy. The methods of these modes

are described below.

2.10.2. M-mode echocardiography

Two-dimensional directed M-mode echocardiographyiate the motion of the left ventricle
walls (calculated by the change in distance of ahje relation to the transducer) over time
(Feigenbaum, 1981). M-mode images have no resecmlana specific anatomical structure
but depict a pattern of motion from the target naydeal structure throughout the cardiac
cycle (Arvan, 1984). M-mode echocardiography alldamsmore subtle changes in wall and

valve motion to be studied.
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Figure 2.14. M-mode echocardiogram of the left ventle.
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Figure 2.14. Transmitral M-mode echocardiogram. Meaures left ventricle
intraventricular diameter in diastole (LVIDd) and systole (LVIDs).

In this thesis investigation, M-mode echocardiogsapvere recorded from the parasternal
long axis view (figure 2.13a). The area of the hé&abe imaged was determined from an M-
mode cursor which is placed on the target locatcdna two-dimensional long axis
echocardiographic image (figure 2.14). In this ¢dlse cursor was placed at the level of the
tips of the mitral valve, dissecting the left vaci. From this position, movement of the
intraventricular septum and left ventricular postewall can be recorded (figure 2.14). Wall
motion in the left ventricle was determined by measg) the distance between the
intraventicular septum and the posterior wall (LYI&hd comparing this difference between
diastole (LVIDd) and systole (LVIDs) (figure 2.14ractional shortening (FS) is a measure
of degree to which the left ventricle gets smalliering myocardial contraction. It was

calculated from the LVID using equation 2.12.
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Equation 2.12.

FS= LVIDd - LVIDs 100
LVIDd

Two-dimensional M-mode echocardiographic measurésneere made in both baseline and
hypocapnic conditions during each trial. LVID wasnpared in diastole and systole to allow
estimation of the degree of wall motion during mamatial contraction. Normal mean values
for LVID during diastole are 4.6 £ 0.5cm and 2.90&5cm during systole (1.7 £ 0.5cm
difference) (table 2.5) (Salcedo, 1978). Normal mealues for FS are 37 £ 7% and any
reduction below 25% is considered clinically siggaht (Weyman, 1982). During myocardial
ischemia, the LVID difference and FS will decreasewall motion becomes inhibited in the
ischemic region (Braunwalet al, 2001).

Table 2.5. Normal clinical values for echocardiogrphic measurements made in M-
mode, Doppler blood flow mode and tissue Doppler nute.

Measurement Normal values
M-mode echocardiography

LVIDd 4.6 £ 0.5cm
LVIDs 2.9+0.5cm
Fractional Shortening >25% (mean 37 + 7%)

Doppler echocardiography

E/A ratio >1
Deceleration time <220ms (mean 200 + 40ms)

Tissue Doppler echocardiography

Septal wall velocity (diastole) 11.4 + 2.6cm/s
Septal wall velocity (systole) 7.1 +1cm/s

Lateral wall velocity (diastole) 15.4 + 3.9cm/s
Lateral wall velocity (systole) 10.0 £ 2.2cm/s
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2.10.3. Doppler echocardiography

Doppler echocardiography measures the velocitylodd flow into the left ventricle. It is
based on the principles of the ‘Doppler effect’ .a@bes in the frequency of sound waves as a
result of movement of the source relative to thrggaare known as Doppler shifts (Arvan,
1984). As the source moves towards a stationamyetathe frequency of sound waves
becomes larger; as the source moves away fromatbett the frequency becomes smaller. In
the case of Doppler echocardiography, the sourstat®nary (echocardiographic transducer)
and the target is moving (red blood cells) (Arva884). Ultrasonic waves are emitted from
the transducer at a known frequency. If these watrdee a target that is stationary, they are
reflected back at the same frequency. If the taigetoving, such as red blood cells, waves
are reflected back to the transducer at an altemdtequency which is dependent on the
direction of blood flow. When blood flow is movingpwards the echocardiographic
transducer, the frequency of reflected ultrasonaves is increased and when blood flow
moves away from the transducer, the frequency féated ultrasonic waves is attenuated
(Arvan, 1984). The change in frequency betweerethgted and returning waves is known as
the Doppler shift and is calculated by the echaogr@aphic machine. These changes in
frequency can be used to calculate the maximumcitglof blood flow that is directly

parallel to the axis of the ultrasonic beam (equeaf.13) (Bakeet al, 1977).

Equation 2.13.

NAfC
2f cosf

Velocity of blood flow =

WhereAf = change in frequencg, = velocity of sound in tissue (1540 Msf = frequency
of waves emitted by the transducer @&hd angle of the transducer in relation to blooadnflo
(assumed to be 0°).

(Braunwaldet al, 2001)
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The pulse repetition frequency represents the saqpate of the reflected ultrasonic waves
(Bakeret al, 1977). To prevent aliasing, the pulse repetifrequency must be at least twice
the expected Doppler frequency shift (Nyquist, 20@2large frequency shift can occur when
measuring blood flow due to its high velocity (100tm/s) (Erbekt al, 1996). Therefore,
the pulse repetition frequency is set as high geossible for the depth of the sample volume
(if both the depth of the sample volume and thes@uépetition frequency are high, there will
not be enough time for ultrasonic waves to be c&fie from the sample before the next burst
is emitted). The sensitivity of the transducernisreased to detect blood flow signals of low
amplitude and a high pass filter is applied to tlaa to remove signals of low velocity,

originating from other moving tissues (Gareizaal, 1998).

Figure 2.15. Doppler blood flow echocardiogram
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Figure 2.15. Spectral mode flow profile from subjetl, showing left ventricle filling
patterns. E wave = early diastole. A wave = late dstole. Transducer placed in the
apical window showing the 4-chamber plane
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In the present investigation, Doppler echocardiplgsawere recorded from the apical position
showing the 4 chamber view (figure 2.13c, page 8g Doppler cursor was placed at the
tips of the mitral leaflets. This records the floivblood from the left atrium, across the mitral
valve and into the left ventricle. Doppler measusats were recorded for several cardiac
cycles and displayed in spectral mode as a flovilprfigure 2.15). Spectral mode depicts
increases in reflected wave frequency (blood flawadrds the transducer) as positive
deflections on the flow profile and decreases iveviaequency (blood flow away from the

transducer) as negative deflections. The heighthe$e deflections is relative to the blood

flow velocity.

On a Doppler trace, blood flow across the mitrdvealuring early diastole is represented by
the E wave (figure 2.15). Peak blood flow velodtyring early diastole is represented by the
peak of the E wave. As the left ventricle fills wiblood, the pressure gradient between the
left ventricle & left atrium decreases, causing tlov of blood into the left ventricle to fall.
This is measured by the deceleration time (figudbR Blood flow into the left ventricle is
then increased by atrial contraction during latasttile causing the A wave (figure 2.15).

Peak blood flow velocity during late diastole ipmesented by the peak of the A wave.

Doppler blood flow echocardiographic measuremengsewecorded in normocapnia and
hypocapnia and the E/A (E wave/A wave) ratio andetbration time were calculated. In
normal healthy subjects, atrial contraction acceunt only 30% of total diastolic filling.
During this period, blood flow velocity is low. Thuhe A wave is always smaller than the E
wave (Hamlinet al, 2004). The difference between these waves iesepted by the E/A

ratio and in normal subjects this is always gre#itan 1 (Hamlinet al, 2004) (table 2.5).
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Deceleration time is always short due to the fagow of blood into the left ventricle during

early diastole (=200 + 40ms) (Nishimura & Tajik,91). Myocardial ischemia causes the
relaxation phase of the cardiac cycle to be impanesulting in Grade | (mild) diastolic

dysfunction (Nishimura & Tajik, 1997). Thereforé, hypocapnia was to cause myocardial
ischemia in the present study, blood flow into léfé ventricle during early diastole would be
reduced. This would cause a decrease in E wavétadgand a compensatory increase in A
wave amplitude, resulting in a decreased E/A ré&tib) and prolonged deceleration time

(>0.22 seconds) (Garcet al, 1998).

2.10.4. Tissue Doppler echocardiography

Tissue Doppler echocardiography measures the ¥glotleft ventricular wall motion during
diastole and systole. Tissue Doppler echocardidyrajses the same principles as Doppler
blood flow echocardiography. The myocardium mowdsw velocity (<10 cm/s) and reflects
ultrasonic waves of high amplitude (Erbetl al, 1996). To view Doppler frequency shifts
from the tissues, the high pass filter used inddamh Doppler echocardiography is removed
and the sensitivity of the ultrasonic transducereuced so that low amplitude signals (from
blood flow) are not recorded (Mcdickest al, 1992). Because the expected Doppler
frequency shifts are small, the pulse repetiti@ydrency can be reduced allowing a sample
volume of increased depth. As with standard Doppierasurements, a sample volume is
positioned over the myocardial area of interesth@4 chamber plane and a Doppler cursor is
placed on the myocardial wall of interest (figurd& 2.17). Tissue Doppler wall velocity
profiles are displayed in spectral mode (figure622.17). The height of the waves on these

profiles represents the velocity of the target aalihat point in the cardiac cycle.
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Figure 2.16. Tissue Doppler echocardiogram of theeptum.
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Figure 2.16. Spectral mode velocity profile from shject 1, showing velocity of the
septum. Em wave = early diastole. Am wave = lateaBtole. Sm wave = systole.
Transducer placed in the apical window showing thé-chamber plane

For tissue Doppler recordings made in the presemtys the echocardiographic transducer
was placed in the apical position showing the 4mdber view (figure 2.13c, page 63). The
Doppler cursor was placed on the septum (figuré)2ahd lateral wall (figure 2.17) segments
of the left ventricle. Tissue Doppler imaging depimyocardial wall velocities as Em waves
(early diastole), Am waves (late diastole) and Sraves (systole) which allows wall

velocities to be distinguished at different stagethe cardiac cycle (figures 2.16, 2.17). The

peaks of these waves represent the peak velocttyeahyocardial wall being imaged.
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Figure 2.17. Tissue Doppler echocardiogram of thateral wall.
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Figure 2.17. Spectral mode velocity profile from shbject 1, showing velocity of the
lateral wall. Em wave = early diastole. Am wave =alte diastole. Sm wave = systole.
Transducer placed in the apical window showing thd-chamber plane

Normal mean values for myocardial wall velocitiee gresented in table 2.5. During
myocardial ischemia, wall velocities are signifidgrreduced by 31-57% in diastole (Em
wave) and 39% in systole (Sm wave) and the declieas@ll velocity is correlated with the
size of the ischemic region (Garcia-Fernandeal, 1999; Kostkiewiczt al, 2003). In the
present study, a decrease in diastolic wall vefdegtiow 8cm/s during hypocapnia would be
suggestive of the presence of myocardial ische@adia-Fernandeet al, 1999; Garciaet

al., 1998; Kostkiewiczt al, 2003).
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Chapter 3

Does ECG electrode placement modification cause mically significant changes in the

standard 12 lead ECG of healthy subjects at rest?

3.1. Summary

In experiments studying the effects of hypocapmduced by mechanical hyperventilation,
on the ECG, Rutherfordt al., (2005) placed the limb electrodes on the torsas asutinely
done during exercise stress testing or when thbdiare inaccessible. It is unclear to what
degree such electrode modification alters the danges of the ECG waves, or whether it
produces clinically important, false positive EC@®anges in healthy subjecte.d. ST
segment changes of greater than 0.1mV, T wave é@saggeater than 0.5mV in the frontal

plane or ImV in transverse plane, QRS axis shifedterations to the QTc interval).

This experiment demonstrated in healthy and semimdent subjects (n = 18), that electrode
modification caused small R and T wave amplitudenges in the frontal plane and QRS axis
changes that are statistically, but not clinicaignificant. For example, in lead I, electrode
modification caused a decrease in the amplitudd®R wave of 21% (0.13m\R, < 0.001)

and T wave of 19% (0.06m\R < 0.001). In the transverse plane, modificatioresimot

produce statistically or clinically significant ainges in ECG wave amplitudes or in ST
segment morphology or QTc interval duration. Whepasated by gender, T wave amplitude

and ST segment height in the transverse plane reamaffected by electrode modification.
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This study shows that electrode modification dagsiicantly alter the amplitude of the R
and T wave. However, these ECG changes are natallin significant in healthy subjects

and thus have no effect on the clinical specifiotyhe 12 lead ECG.

3.2. Introduction

The position of the ECG electrodes was defined imghBven (1912) (limb electrodes) and
Barneset al., (1938) (precordial electrodes). Motion of the limban disrupt the ECG
sufficiently to make the limb electrode placemenpiractical during exercise testing. Mason
and Likar (1966) developed an alternative electrgilcement to avoid this muscular
interference during exercise. They repositionedaima electrodes onto the “infraclavicular
fossa medial to the border of the deltoid muscled #he left leg electrode onto “anterior
axillary line, halfway between the costal margirddhe crest of the illium” (Mason & Likar,
1966) (Modified, table 3.1). It was claimed that ECGs recordechaisihis electrode
modification vary only slightly from the standarteerode placement, but data presented
showed an increase in R and T wave amplitude otoug0% in leads I-lll (table 3.2).
Subsequent studies have disputed the accuracyeoMth modified electrode placement
claiming it could result in false diagnosis of @dise in normal healthy patients because the
modified placement shifts wave amplitudes and atsdt(QRS) axes beyond normal limits
(Kleiner et al, 1978; Rautaharjet al, 1980; Gamblest al, 1984; Papouchadet al, 1987;

Edenbrandet al, 1989; Sevilleet al, 1989).
The modified electrode placement was of interestthis thesis investigation because

Rutherfordet al., (2005) used a modified electrode placement whedystg the effects of

hypocapnia on the ECG. A review of the literatuegealed much disagreement as to the
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Table 3.1. Alternative electrode placements of thetandard 12 lead ECG. Standard electrode placementdicated by
blue crosses on the limbs.

subcostal marging

line

spines

Author Electrode Diagram Author Ele ctrode Diagram Author Ele ctrode Diagram
place ment placement place ment
Mason & |M-L (Modified Diamondet |Diamond EdenbrandiLund
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Table 3.2. Frontal plane leads. Table shows the adrsce of quantifiable data included in
previous studies investigating the effects of modid electrode placements on the ECG.

Table 3.2. Frontal plane leads
Rank |Author Electrode placement/  [Mean R wave chang¢Mean T wave changéMean ST segment chang
number of subjects (mV) with (mV) with height/slope (mV or
modification modification mV/ms)
1 |Edenbrandetal., (1989) |Modified® (n = 10) I: -0.03* No data No data
II: + 0.11*
Il: + 0.06*
aVR: +0.04*
avL: -0.07*
aVF: +0.10*
2 |Mason & Likar (1966) Modified* (n = 19) I: only % given* I: only % given* No data
IIl: only % given* II: only % given*
Il: only % given* Ill: only % given*
3 |Gambleet al., (1984) Modified® (n = 104) [l: -0.12* I: —0.02* No data
Il: + 0.06* II: no data
I: + 0.21** Ill: no data
aVR: no data aVR: no data
avL:—-0.11* aVL: no data
aVF: +0.08* aVF: +0.05*
4 |Rautaharjuet al., (1980) (Modified* (n = 68) I -0.12* I: no data I: no data
I: + 0.31* IIl: + 0.09* Il: + 0.15 mV/ms*
lll: + 0.24** [1I: + 0.07*** IIl: + 0.16 mV/ms***
aVR: no data aVR: no data aVR: no data
avL: -0.21* aVL: —0.04* aVL: —0.08 mV/ms*
aVF: +0.33* aVE: + 0.09** pVF: + 0.16 mV/ms***
5 |Papouchadet al., (1987) |Modified® (n = 29) I:-0.03* No data No data
IIl: + 0.05**
lll: + 0.07***
aVR: no data
aVvL: —0.03*
aVF: +0.07***
6 [Kleiner,etal., (1978) Modified! (n=75) [Nodata No data No data
7 |Diamond.etal., (1979) Modified®> (n=11) [Nodata No data No data
g |[Sevillaet al., (1989) Modified? (n=44) [Nodata No data No data
g |Pahimetal., (1992) Modified®® (n = 26) |No data No data No data
10 ([Krucoff et al., (1994) Modified® (n=30) [No data No data Mean differences in all
leads<0.02mV*
11 |Takumaet al., (1995) Modified® (n=10) [No mean values No mean values No mean values
12 [Jowettet al., (2005) Modified® (n=50) [Nodata No data No data

Table 3.2. Modified" = M-L placement, modified® = Diamond placement, modified =
Lund placement, modified = Sevilla placement, modified = Krucoff placement,
modified® = Takuma placement. Values represent mean changgsm standard ECG in
mV. Data is ranked with the study showing the largst ECG changes (in mV) first.

* = <50% change, ** = >50% change, *** = >100% chage from the standard ECG.

correct use of the modified electrode placemeninduexercise and at rest. A study of the
specific changes caused by electrode modificatias therefore conducted with particular
interest placed on how modification affects R, d &T segment amplitudes and QRS axes

and whether these changes affect the clinical 8pegiof the 12 lead ECG.
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Table 3.3. Transverse plane leads. Table shows tAbsence quantifiable data included in
previous studies investigating the effects of modifd electrode placements on the ECG.

Table 3.3. Transverse plane leads
Rank |Author Electrode placement/  [Mean R wave chang¢Mean T wave changéMean ST segment chang
number of subjects (mV) with (mV) with height/slope (mV or
modification modification mV/ms)
1 |Edenbrandetal., (1989) |Modified® (n = 10) V,: 0.00* No data No data
V,: —0.02*
V3 —0.04*
V, —0.02*
Vs 0.00*
2 |Mason & Likar (1966) Modified* (n = 19) V. no data \(: no data No data
V,: no data \{: no data
V3 only % given* Vjy: only % given*
V4 only % given* V,: only % given*
Vg only % given* V: only % given*
V¢ only % given* V: only % given*
3 |Rautaharjuet al., (1980) |Modified® (n = 68) vV, -0.01* V. —-0.01* No data
V, —0.02* V,: no data
V3 no data \{: no data
V4 no data \;: no data
Vs no data \: no data
V¢ no data \: no data
Kleiner, et al., (1978) Modified! (n=75) [Nodata No data No data
Diamond et al., (1979) Modified®> (n=11) [Nodata No data No data
Gambleet al., (1984) Modified® (n=104) [No data No data No data
Papouchadet al., (1987) |Modified® (n=29) |Nodata No data No data
Sevillaet al., (1989) Modified® (n=44) [Nodata No data No data
Pahlmet al., (1992) Modified®® (n = 26) |No data No data No data
10 ([Krucoff et al., (1994) Modified® (n=30) [No data No data Mean differences in all
leads<0.02mV*
11 [Takumaet al., (1995) Modified® (n=10) [No mean values No mean values No mean values
12 [Jowettet al., (2005) Modified® (n=50) [Nodata No data No data

Table 3.3. Modified" = M-L placement, modified® = Diamond placement, modified =
Lund placement, modified = Sevilla placement, modified = Krucoff placement,
modified® = Takuma placement. Values represent mean changgsm standard ECG in
mV. Data is ranked with the study showing the largst ECG changes (in mV) first.

* = <50% change, ** = >50% change, *** = >100% chage from the standard ECG.

Many electrode placements have been proposed dgitoieliminate discrepancies between
standard and modified ECGs (table 3.1). Such mgatiftn should not cause considerable
alterations to the ECG waveform in the transvetaagleads, because the modified electrode

placement does not involve movement of the preabediploring electrodes (\§). The only
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aspect of the transverse plane leads that shotdsl & the reference central terminal,
movement of which is likely to have less effecttba final waveform amplitudes (table 3.3).
Modification does, however, produce differencesvave amplitude in the frontal plane leads
of the ECG (table 3.2). Most changes are no grahtn +/- 50% of the standard values
although it has been suggested that even thesgeha@ould result in false positive exercise
stress tests in healthy subjects (Gandtlal, 1984; Jowetet al, 2005; Kleineret al, 1978;

Pahlmet al, 1992; Papouchadst al, 1987; Sevilleet al, 1989; Wiens & Chaitman, 1997).

The modified electrode placement has been shovwsause changes in ST segment height of
between 0.02mV (Krucofét al, 1994) to 0.13 mV (Takumaet al, 1995). Others claim that
the modified electrode placement causes clinicallportant ST segment changes, despite a
lack of supporting data (table 3.2 and 3.3) (Raarfahet al, 1980; Gambleet al, 1984;
Jowettet al, 2005; Wiens & Chaitman, 1997). The extent to \whilse modified electrode
placement affects the ST segment in the 12 lead ECGf interest because it contains

important diagnostic information for myocardialhgmia and infarction.

The modified electrode placement is thought to eausightward shift in the QRS axis. Data
shows that the M-L placement (modiff¢alters the QRS axis from between -3° to 45° &abl
3.4) (Gambleet al, 1984; Kleineret al, 1978; Papouchadet al, 1987; Rautaharjet al,

1980).
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Table 3.4 QRS axis. Table shows the modified eleotte placement used in previous
studies causes a rightward shift on the frontal plae of the ECG, ranging from 4° to 48°.

Rank |Author Electrode placement/ |[Mean QRS axis Mean T axis change
number of subjects change with with modification
modification

1 [Sevillaet al., (1989) Modified* (n = 44) +48° No data

2 |Kleiner,et al., (1978) Modified* (n=75) |*45° No data

3 [Papouchadetal., (1987) |Modified* (n=29) |*30° No data

4 |Jowettet al., (2005) Modified6 (n = 50) +27° + 25°

5 [Rautaharjugtal., (1980) |Modified” (n = 68) +16° No data

6 [Takumaet al., (1995) Modified® (n=10) |[*+8° No data

7 |Edenbrandet al., (1989) |Modified® (n = 10) +4° No data

8 |Gambleet al., (1984) Modified (n=104) |[-3° No data

9 |Pahimetal., (1992) Modified®® (n=26) [No mean data No data

10 |Mason & Likar (1966) Modified* (n = 19) No data No data

11 |Diamond,et al., (1979) Modified? (n=11) |Nodata No data

12 [Krucoff et al., (1994) Modified® (n=30) |Nodata No data

Table 3.4. Modified" = M-L placement, modified® = Diamond placement, modified =
Lund placement, modified = Sevilla placement, modified = Krucoff placement,
modified® = Takuma placement. Modified lead placements areedined in table 3.1.

Values represent mean changes from standard ECG ntegrees. Data is ranked with the
study showing the largest ECG changes (in mV) first

It appears that there is no agreement on precishlgh modified configuration should be
used, what ECG amplitude changes are induced aredhethsuch changes are clinically

relevant.Thus, Kligfieldet al, (2007) simply concludes that;

“ECGs recorded with torso placement of the extreelggtrodes cannot be considered
equivalent to standard ECGs for all purposes andusth not be used interchangeably

with standard ECGs for serial comparison

Rather than just measuring again whether modibocatproduces statistically significant

changes in healthy subjects, here the aim wastablesh whether modification moves the
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waveforms beyond the clinical limits of normaligs recently defined by the American Heart
Association, the American College of Cardiology Rdation and the Heart Rhythm Society
(Rautaharjlet al, 2009; Surawicet al, 2009; Wagneet al, 2009) and Wagner (2008) (table

2.3, page 60).

Wave amplitudes, ST segment height, QRS axes amdif@pdrval duration were compared in
both standard and modified electrode placementsqantifying observed changes in the
context of current clinical guidelines, it was hdpthe clinical specificity of the modified

ECG for detecting myocardial ischemia could beldisthed. In additional analysis, T wave
amplitudes and ST segment heights were separatedebgler and compared to gender
specific ECG clinical thresholds, as recommendetMagneret al.,(2009). A secondary aim

of this study was to determine whether Rutherfetdal., (2005) were correct in using a
modified electrode placement when studying thectdfef mechanical hyperventilation on the
ECG. Therefore, the effect of electrode modificatauring mechanical hyperventilation in

normocapnia was also examined.

Since the purpose of modification is to keep tmblielectrodes off the extremities, they
should ideally be placed just on the torso, bunhear to the limbs as possible. Of all the
possible modifications, that of Takune al., (1995) (Modified, table 3.1) was chosen
because it is nearest to this ideal and shouldetbex have the least effect on the ECG
waveform (Gambleet al, 1984; Wilsonet al, 1934). Arm electrodes were placed on the
“anterior acromial region” and leg electrodes oa thnterior superior iliac spine” (Takunea
al., 1995). This electrode placement is consideredulse a number of clinical settings

because in addition to reducing the artefact ofiomoon the patient’'s ECG, it also to allows
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recordings to be made without the removal of p#Beshoes, trousers or stockings, eliciting

faster application (important in an emergency).

3.3. Methods

Eighteen normal healthy subjects aged 24 + 3 yeltq20-30 years old) (13 male) gave
informed consent to participate in the study ah@gberiments were approved by the Walsall
Local Research Ethics Committee. Data were colklear four separate occasions and
subjects lay resting and semi-recumbent on a bed.Blue sensor ECG electrodes (Ambu)
were placed in standard positions (figure 2.4, pd8® and four more in the modified
positions (Modified, table 3.1). Two minute recordings were made sdtandard electrode
positions followed by the modified positions usithg ECG apparatus previously described
(chapter 2.9.2, page 50). Data from the ECG eldesowvere recorded simultaneously using

Spike2 data acquisition software and subsequentiyaed offline.

An average waveform (of ~120 beats) was calculatedach lead for both standard and
modified electrode placements. Amplitudes of thar/d T waves were calculated from these
waveforms. ST segment height, QRS axes and QTevaiteluration were measured as
previously described (chapter 2.9.3, page 55). Vew&T segment and QTc interval data
were measured because they are most commonly ssidieators of myocardial ischemia
and therefore were of interest to this thesis iigadon. QRS axis data was included in this
study because it has been commonly used in a nuofilpgevious studies to demonstrate the
extent of electrode modification on the ECG (Ganstlal, 1984; Sevillaet al, 1989; Jowett
et al, 2005; Takumat al, 1995; Edenbrandit al, 1989; Kleineret al, 1978; Papouchadet

al., 1987; Rautaharjat al, 1980).
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Wave amplitudes were defined as the wave heightsn(fzero) minus the isoelectric line
(figure 2.3, page 41). An average of these waveliaidps, electrical axes and interval
durations was calculated for each subject overr thevisits. T wave amplitudes and ST
segment heights in the transverse plane were c@dper non gender specific clinical
thresholds for normality. In addition, data werscakeparated by gender and compared to
gender specific thresholds. T wave and ST segnaghts were analysed in this way because
gender differences in the ventricular repolarisagphase of the cardiac cycle are known to
exist (Bidoggiaet al, 2000; Macfarlane, 2001; Surawicz & Parikh, 200Rgcent clinical
guidelines suggest that they should therefore Imsidered separately in leads exhibiting the
largest T wave and ST segments.(transverse plane leads) (Rautahatal, 2009; Wagner

et al, 2009).

The effects of electrode modification on the ECGimy mechanical hyperventilation (in
normocapnia) were also considered in nine subjelglschanical hyperventilation was
performed as previously described (chapter 2.3e 26). This was investigated to establish
whether changes that occur at rest also occurcatased breathing rates during mechanical
hyperventilation. It was not the aim of this studyexamine whether the modified electrode

placement affects the ECG waveform during hypoaapni

All data presented are expressed as means * sthmdesr. A 2-tail paired t-test was
performed in each lead to compare wave amplitudddrgerval durations in the standard and
modified electrode placements. The Bonferroni adio@ for multiple (12) comparisons was

applied, on the assumption that all 12 measurenveerts independent and uncorrelated.
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3.4. Results

As expected in transverse plane leads, figure Bdws that modification of the ECG
electrode placement causes no significant changekel amplitudes of the R wave and T
waves. Figure 3.2 shows this is also the case glumechanical hyperventilation in

normocapnia.

In the frontal plane leads, figure 3.3 shows thaidification does produce statistically
significant changes in some R wave (leads I, I},dVL and aVF) and T wave amplitudes
(leads I, 11, lll, aVL and aVF) at rest. In leaddlectrode modification caused a significant
decrease in the amplitudes of the R wave by 0.0®*mV (decrease of 21%,< 0.001) and

T wave by 0.06mV £ 0.01mV (decrease of 194 0.001) (figure 3.3).

The largest changes in R and T wave amplitudes welead Ill, with increases of 0.27 +
0.03mV (>33%,P < 0.001) in the R wave and 0.12 + 0.01mV (>74% 0.001) in the T
wave (figure 3.3). Electrode modification did n@use any T wave amplitudes to exceed

their corresponding clinical thresholds for norrha(table 2.3, page 60).

R and T wave changes in the frontal plane due ¢otlde modification were no different
during mechanical hyperventilation in normocapigure 3.4 shows that during mechanical
hyperventilation, electrode modification causesilsimncreases in R wave amplitude of up to
0.26 £ 0.03mV (in lead llI; increase of 369, < 0.01) and T wave amplitude of up to
0.12mV = 0.01mV (in lead IlII; increase of 146%< 0.001) as those seen at rest (figure 3.3).

In lead I, electrode modification during mechanitgiperventilation caused a significant
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decreases in the amplitude of the R wave by 0.09tmV (decrease of 19%,< 0.05) and

T wave by 0.04mV £ 0.01mV (decrease of 1P 0.01) (figure 3.4).

Figure 3.1. As expected, modification does not chga waveform amplitudes in
the transverse plane leads
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Figure 3.1. Mean_+SE of R and T wave amplitudes in the transverse ahe

in standard and modified lead placements. Threshoklfor clinical abnormality
(PP ) of T waves (table 2.3) are also stw. All modified placement
amplitudes, NS vs. standard placement.
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Figure 3.2. As expected, modification does not chga waveform amplitudes in
the transverse plane leads during mechanical hypeentilation in normocapnia
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Figure 3.2. Mean_+SE of R and T wave amplitudes in the transverse ahe
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Figure 3.3. As expected, modification does changeweform amplitudes in the frontal
plane leads
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standard placement.
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Figure 3.4. During mechanical hyperventilation in ormocapnia, electrode modification
causes similar R and T wave changes in the frontplane to those seen at rest
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P <0.01,”** P <0.001 NS vs. standard placement.
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Figure 3.5 shows that modification does not prodaicg statistically or clinically significant
changes in ST segment height in either frontal randverse planes. The largest non-
significant increase (0.03 mV) in ST segment heighs in lead Y (P > 0.35) and this was
well within the clinical limit (>0.2mV in \..3) for normality (Wagneet al, 2009). Figure 3.5
shows that ST segment height in leaglwas below the clinical threshold for ST depression
when electrodes were placed in the standard positje®.07 + 0.04mV). This depressed ST

segment was not accompanied by ST(80) point daprees ST flattening.

Figure 3.6 shows modification caused a rightwandk € 14 + 1° in the QRS axis that is
statistically P < 0.001) but not clinically significant.¢. <> -30 to +90°, Surawicet al,
2009).As expected, modification did not alter the QTemmhl duration measured in lead | of

the ECG (0.42 = 0.01 seconds vs. 0.42 + 0.00 sejond

Figure 3.7 shows that T wave amplitude (in the dvanse plane leads) in the modified
electrode placement does not exceed gender spelaffical thresholds for normality in males
or females. Figure 3.8 shows that ST segment hdighthe transverse plane leads) in the
modified electrode placement does not exceed gesg@ecific clinical thresholds for
normality in men and women. Once again, ST segmeight in lead ¥ (-0.12 £ 0.04mV) (in
male subjects) in the standard placement was bilewlinical threshold for ST depression (-
0.05mV, Wagneret al, 2009) (figure 3.8a). The ST segment in the medifelectrode
placement was also depressed below clinical thtdshe0.09 + 0.03mV) (figure 3.8a). ST
segment depression in both leads was not acconmpdnyieST(80) point depression or ST

flattening.
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Figure 3.5. Electrode modification did not cause ghificant ST segment changes in any of

the 12 leads of the ECG
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Figure 3.6. Modification causes a statistically buhot clinically significant rightward
shift in the QRS axis
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Figure 3.7. There are no effects of electrode modthtion in the transverse
plane leads when T wave amplitudes are seperated ggnder
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modified placement amplitudesNS vs. standard placement.
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Figure 3.8. There are no significant effects of eleode modification in the transverse plane

leads when ST heights are seperated by gender Standard placement
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3.5. Discussion

The modified electrode placement causes statiltisanificant decreases in both the R wave
and T wave of lead | at rest. Statistically sigrafit changes in ECG wave amplitude were
only seen in the frontal plane, but electrode miodifon did not cause these wave amplitudes
to exceed clinical thresholds for healthy and sesnitmbent subjects. These changes could
also be seen during mechanical hyperventilatiaomimocapnia. Electrode modification did
not cause any changes in the ST segment. Theréferejodified electrode placement does
not reduce the clinical specificity of the 12 |€a@G for detecting myocardial ischemia and

may be of use in situations where monitoring thes8dment is of great importance.

Data in the present study were averaged over nligart beats, on four separate occasions,
in 18 subjects. This maximises the possibility efetting whether modification causes any
small waveform changes that are consistent in orexttbn. Beat-to-beat changes in ECG
waveforms do occur in healthy subjects, for instawben the heart beat happens to coincide
with maximum lung inflation (Rutherfordt al, 2005). It is therefore important that a large
number of heart beats are averaged to produce andwd representation of the normal
waveform. Having shown that modification produces clinically significant changes,
detection of any consistent change in an individuaveform in any new subject would be

sufficiently unusual to require further investigei

3.5.1. Electrode modification in the transverse plae
ECG electrode modification did not cause any diaesiBy significant changes in any of the
wave amplitudes measured in the transverse planerest or during mechanical

hyperventilation (figure 3.1, 3.2, 3.5). As a resuatodification also did not cause clinically
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important changes in these leads. Separating datgebder did not reveal any hidden
variation between standard and modified electrddegments in the transverse plane. This
lack of changes was expected because electroddioation does not involve altering any of
the precordial electrode positions. These findiags contrary to some previous studies that
have reported changes in the transverse plane tdags to 0.04mV in the R wave (due to
alteration in the ‘position’ of the central terminaference point) (Edenbrandt al, 1989;
Mason & Likar, 1966; Rautahargt al, 1980; Krucoffet al, 1994). These changes however,

were always within 50% of standard values (tabB.3.

As expected, electrode modification did not causgsgnificant changes in the QTc interval
duration. This confirms the suggestion by Kligfietal., (2007) that electrode modification

does not adversely affect rhythm diagnosis in t68&E

3.5.2. Electrode modification in the frontal plane

In the frontal plane leads, one would expect moditfon to alter the ECG waveform because
the limb electrodes are moved onto the torso. Siedily significant changes in R and T
wave amplitudes were observed in all these leadspof in aVR (figure 3.3). Changes in
leads I, Il and aVF were <50% and this was in ataoce with previous studies (Edenbrandt
et al, 1989; Gamblet al, 1984; Mason & Likar, 1966; Papouchagtoal, 1987; Rautaharju
et al, 1980). The findings of previous studies that rfiodiion does significantly alter the
QRS axis (by 14 4°) in the frontal plane was also confirmed (fig\®.6) (Edenbrandit al,
1989; Gambleet al, 1984; Papouchadet al, 1987; Rautaharjet al, 1980; Jowetet al,

2005; Kleineret al, 1978; Sevilleet al, 1989; Takumat al, 1995).
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The modified electrode placement causes statistisggnificant decreases of ~20% in both
the R and T wave of lead | at rest. This effect vedso evident during mechanical
hyperventilation in normocapnia. The effects ofcalede modification on the amplitudes of
the R and T waves in lead | were of interest is thiesis investigation because Rutherfetrrd
al., (2005) used the modified electrode placementudysthe effects of hypocapnia, induced
by mechanical hyperventilation, on the ECG. Thalifigs of the present study suggest that
the modified electrode placement used by Rutherétrdl., (2005) may have significantly
altered the absolute R and T wave amplitudes im gtedy. Subsequent studies in this thesis
investigation will therefore use the standard ettt placement in order the measure true

wave amplitude changes during mechanical hyperagioth in normocapnia and hypocapnia.

3.5.3. Electrode modification and the ST segment

The ST segment is used as a key indicator of mywdaschemia/infarction during exercise
stress testing and emergency monitoring. This ssiyvs that modification does not change
the ST segment in any leads (figure 3.5, 3.8). §iression beyond the clinical threshold for
normality was observed in leadszMvhen leads were placed in the standard electrode
placement. This was not thought to be of interestabbse ST segment depression was not
accompanied by ST(80) depression or ST flatteniagordings were made in the standard
positions in clinically normal subjects at rest &l segment depression did not occur in any
other leads (for ST segment depression to be afcali importance it must occur in two

anatomically contiguous leads, Wageeal, 2009).

The largest non-statistically significant increas&T height was only 0.03 mV ¢, which is

similar to that found with the modification of Kroit et al., (1994). Although Weins &
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Chaitman (1997) and Jowaett al., (2005) claimed that the Takuma modification (usethis
study) did cause ST elevation in both the infedond lateral leads to such a degree that false
diagnosis of myocardial injury could occur, no nuicel data was provided. Other
modifications may also produce clinically importé8if segment changes (Rautahaiial,
1980; Gamblest al, 1984), although it appears their ST changes neayithin the most up to
date clinical boundaries (Wagnet al, 2009). This study therefore provides unequivocal
evidence that electrode modification does not calisecally significant changes in the ST

segment, and thus does not introduce false pos#oremic ECG changes.

3.5.4. Conclusions

No previous study has quantified the precise dffiees in amplitude in every waveform and
found an objective means of judging whether sudferdinces matter. This study addresses
this issue using an ECG apparatus that improveBdamte in wave amplitude measurements
and compares any differences with the latest AHECA and HRS guidelines on the clinical
thresholds for abnormality in the ECG (table 2.3aghler, 2008; Wagneet al, 2009;
Rautaharjwet al, 2009; Surawiczt al, 2009). The study shows that wave amplitude change
caused by electrode modification are sufficienthyal to remain within the clinical limits for
normality. These small changes may be of importanca research setting such as when
studying the subtle effects of hypocapnia in norsuddjects. However, because all ECG wave
amplitude changes were within the clinical limitr normality, it can be concluded that
modification does not affect the clinical specifycfor myocardial ischemia of the 12 lead

ECG.
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This investigation does not attempt to test wheéectrode modification alters the sensitivity
of the standard ECG in patients with known ECG abmatities. If modification produced

similar changes in these patients, it could alesrsgivity. For instance, diagnosis of a new
onset bundle branch block relies, in part, on assesnt of the QRS axis. In an acute
myocardial infarction situation with a borderlingig the change caused by modification in

the present study would be of critical importanaeimmediate patient management.
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Chapter 4

Does hypocapnia, induced by mechanical hyperventii@n, cause a significant change in

cardiac electrical activity or heart function in normal healthy subjects?

4.1. Summary

The effects of the most severe hypocapnia toler&flet OmmHg), induced by mechanical
hyperventilation, on cardiac electrical activitydameart function were examined in 18 normal
healthy resting subjects. Cardiac electrical agtiwias assessed by a standard 12 lead ECG
and heart function was measured using 3 modes ludcacdiography (M-mode, Doppler

blood flow and tissue Doppler echocardiography).

Hypocapnia only caused a significant increase imal’e amplitude in the anteroseptal leads
(V1-3) of the ECG (up to 0.9mV [15%]). This elevatioml diot cause any T wave amplitude to
increase beyond the clinical limits for normalitgt sout by the AHA, ACCF and HRS
(Rautaharjwet al, 2009; Wagner, 2008). Hypocapnia had no effedRamave amplitude, ST

segment height or QTc interval duration in any gead

Hypocapnia did not cause any significant changdsvilb, FS, E/A ratio, deceleration time

or diastolic septal and lateral wall velocities sw@&d by echocardiography.

The findings of this study suggest that mechanydaliuced hypocapnia (20 £ OmmHg) does

not induce ischemic changes in the heart (measurgd electrocardiography and

echocardiography) in normal healthy subjects. THegkngs do not discount the possibility
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of ischemic ECG changes occurring in patients suige from coronary artery disease.

However, they do suggest that the overall effeabisas severe as was previously thought.

4.2. Introduction

Hypocapnia causes coronary vasoconstriction anth@eased affinity of haemoglobin for
O, both of which decrease,@elivery to the myocardium (Laffey & Kavanagh, 20Meill

& Hattenhauer, 1975; Rutherfoet al, 2005). Animal studies have shown that hypocapnia
(23mmHg), induced by mechanical hyperventilatioauses large reductions in myocardial
blood flow to the septum (by 44%), right ventrielall (by 50%) and left ventricle wall (by
44%) in anaesthetized pigs (Karlsstral, 1994) and reductions in coronary flow of 23-33%
in anaesthetized dogs (Coetzgeal, 1984; Vanceet al, 1973). In normal healthy humans,
hypocapnia (19-20mmHg) induced by voluntary hypetiation, has been shown to reduce
coronary blood flow by 30% which is thought to beused by coronary vasoconstriction

(Roweet al.,1962; Yokoyamaet al., 2008).

Hypocapnia causes an increased affinity of haenbagltor oxygen (Roughton, 1964). This
shift of the oxygen dissociation curve to the Isfknown as the Bohr shift (figure 1.1, page
13). This is caused by the direct effect of dea@daSQ on haemoglobin and an increase in
arterial blood pH caused by decreased Pa(ughton, 1964). In humans, this effect has
been demonstrated by a higher than expected paregslsure of @in the coronary sinus

(venous) blood during hypocapnia (19mmHg) (NeilH&attenhauer, 1975).

This investigation aims to test whether hypocamaia cause myocardial ischemia, which in

turn, can induce noticeable, clinically signific&d€G changes in normal healthy subjects. If
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this is the case, hypocapnia induced by mechahigagrventilation may be of clinical value
for use in the early diagnosis of coronary arteisedse i(e. hypocapnia could be used as a
provocation test in patients with suspected corpaatery disease). The aim of a provocation
test is to stimulate noticeable changes in a papepulation which do not occur in normal
healthy subjects. The advantage of a provocatish tteat produces additional small and
consistent changes in a normal population is thablidates any negative resulise( the
provocation worked but did not cause large chamgeause the disease was not present). It
was therefore of interest to see whether hypocagamaproduce small but repeatable ischemic

changes in normal subjects that become accenttiatéer in patient populations.

4.2.1. Voluntary hyperventilation and the ECG

In normal subjects, hypocapnia (14-24mmHg), indubgdvoluntary hyperventilation, has
been shown to cause inconsistent changes in thavé v6T segment and QTc interval in 8-
57% of subjects (table 1.2, page 19) (Barkeal, 1939; Bibermaret al, 1971; Christensen,
1946; Goldenet al, 1975; Joy & Trump, 1981; Kemp & Ellestad, 1968ary &
Goldschlager, 1974; McCance, 1932; Scherf & Schteh 1947, Thompson, 1943;
Wasserbergeet al, 1956). Because voluntary hyperventilation does altow breathing
frequency or tidal volume to be accurately conéd)lit is difficult to induce a consistent level
of hypocapnia that is severe enough to induce admmgQ delivery to the heart. Few studies
have quantified the level of hypocapnia induced anithose that do, it differs by as much as
10mmHg (Bibermaret al, 1971; Golderet al, 1975). Inconsistent findings may be caused

by differing levels of hypocapnia induced by volamyt hyperventilation.
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Inconsistent inflation volumes also affect ECG daesduring hyperventilation. Rutherfogtl

al., (2005) demonstrated that increasing inflation woduby 0.6 litres increases the distance
between the heart and ECG electrodes causingzbeotthe T wave and R wave in lead | to
decrease by 0.2-0.3mV. The effects of varying tidla volumes on ECG wave amplitudes
can been seen in studies where similar R wave deeseare reported with T wave depression

(Barkeret al, 1939; Christensen, 1946; Scherf & Schlachman7)L94

Voluntary hyperventilation increases physical exartand metabolic rate due to increased
work of the respiratory muscles. This means more @Oproduced than at rest, making
hypocapnia more difficult to induce. This increagdysical exertion also limits the duration
one can comfortably hyperventilate for. Previouslybjects have voluntarily hyperventilated
for between 10 seconds and 16 minutes (Bakkdeml, 1939; Bibermanet al, 1971;

Christensen, 1946; Goldent al, 1975; Joy & Trump, 1981; Kemp & Ellestad, 1968ry &

Goldschlager, 1974; Scherf & Schlachman, 1947; Tpeon, 1943; Wasserberget al,

1956). It is not clear how long (or to what degrégpocapnia was maintained for during
these periods. It is unlikely that hyperventilatifty 10 seconds would be long enough to
induce a significant level of hypocapnia, and thene the true effects of hypocapnia may not

have been revealed.

Voluntary hyperventilation may also cause changeglasma electrolyte concentration. The
extent of these changes is unclear and data frewiqus studies are confusing. It is thought
that voluntary hyperventilation causes increasé®.@0.5mEg/L from 3.6-4.6mEQq/L) (Yet

al., 1959; Bibermaret al, 1971; Krapfet al, 1995) or decreases in blood potassium (of

0.2mEqg/L from 4mEqg/L) (Mostellar & Tuttle, 1964) érdecreases in blood calcium (of
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0.1mg/100ml from 10-10.5 = 0.1mg/100ml) (Yet al, 1959). However, the electrolyte
changes in these studies appear to be within th@ailaange for both K (4-5mEg/L) and
ca* (9-11mg/100ml) (Wagner, 2008). It is possible tbhanges in plasma electrolytes are
caused by sympathetic activation which also cawbesges in heart rate (increase of 9-
58bpm) (Bibermaret al, 1971; Christensen, 1946; Joy & Trump, 1981; Mggreet al,
1962; Miyagiet al, 1989; Previtaliet al, 1989; Richardsoret al, 1972; Burnumet al,
1954). Changes in plasma electrolytes would bateféest because hypokalemia causes ECG
changes such as T wave inversion (-0.15mV), ST adspon (-0.1mV) and QTc interval
prolongation (>0.43 seconds) that are not of isabergin (Wagner, 2008). Hyperkalemia
causes hyperacute T waves (>0.5-1.0mV) and hyperaic causes QTc interval
prolongation. Rutherforcet al., (2005) showed the hypocapnia induced by mechanical
hyperventilation does not cause significant chanigeplasma electrolytes. Here, venous
blood samples were taken during mechanical hypéfagan in normocapnia and
hypocapnia to confirm this. Heart rate and meareriaft pressure were also recorded
continuously, to confirm that subjects were relax@sughout mechanical hyperventilation

and that hypocapnia causes only trivial (if anyaradpes in heart rate and blood pressure.

Because of the difficultly in separating the eféeof hypocapnia on the ECG from the effects
of changing inflation volumes, inconsistent breaghifrequency and physical exertion,
voluntary hyperventilation is not considered aakle method for studying the effects of

hypocapnia on cardiac electrical activity (Ruthedfet al, 2005).
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4.2.2. Mechanical hyperventilation and the ECG

Mechanical hyperventilation via face mask producessistent and reproducible changes in
PetCQ that can be accurately controlled (Coopéeral, 2004). It allows hypocapnia to be

induced at a constant tidal volume and set bregthiaquency, eliminating the effects of

varying inflation volumes on the wave amplitudestitd ECG. Mechanical hyperventilation

requires no physical exertion, allowing sustainedqals of hypocapnia to be induced without

causing discomfort to the subject.

A reduction in T wave amplitude, thought to be emlby decreased availability in the
myocardium, has been demonstrated previously imabhealthy subjects during hypocapnia
induced by mechanical hyperventilation (Rutherfetdal, 2005). In 13/15 subjects (87%),
hypocapnia (20mmHg) was shown to cause a signifiegtuction in T wave amplitude of 0.1
+ 0.0mV in lead [, independently of R wave changdsey also showed that hypocapnia and
mechanical hyperventilation have no effect on pkgthor C&* concentrations. This was the
first study to provide irrefutable evidence thatpbgapnia causes a reduction in T wave
amplitude, even in normal healthy subjects. Thipegxnent was performed using a 3 lead
ECG (ECG waveform recorded in lead I) with ECG #leaes positioned in the modified
electrode placement. As yet, these findings havebren replicated nor reproduced using a
12 lead ECG. Measuring the effects of hypocapniadi? lead ECG would be of interest
because it permits a more comprehensive asses&ihdre global affects of hypocapnia on

cardiac activity.

This investigation aimed to establish whether T @ahanges seen during hypocapnia

induced by mechanical hyperventilation in lead tled ECG can be reproduced in a 12 lead
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ECG. In addition to measures of R and T wave aomhdif supplementary indicators of
myocardial ischemia such as ST segment height aid @terval duration were also
measured. All waveform amplitudes and interval dars were compared to AHA, ACCF
and HRS clinical guidelines for myocardial ischerftable 2.3, page 60) (Rautahagual,
2009; Kenigsberget al, 2007; Wagner, 2008; 2009). ST segment height &ndave
amplitude recorded in the transverse plane were s¢parated by gender and compared to

gender specific clinical thresholds, for reasoremusly described (chapters 2.9.1, page 47).

4.2.3. Hypocapnia and the echocardiogram

Echocardiography was used in the present invesiigas an independent measure of any
potentially ischemic changes in heart function obse by electrocardiography during
hypocapnia. Echocardiography is a useful tool tmtification of myocardial ischemia in
patients suffering from coronary artery diseasgjiiFet al, 1988; Garcia-Fernandex al,

1999; Kostkiewiczt al, 2003; Nishimura & Tajik, 1997).

Echocardiography has rarely been used to investitjad effects of hypocapnia on heart
function. Fujiiet al., (1988) used echocardiography and voluntary hypgiadion to assess
wall motion abnormalities in 27 patients with vatisangina. They measured wall motion
with  two-dimensional m-mode echocardiography reedrd from the standard
parasternal/subcostal short-axis view of the lefitricle at the level of the papillary muscles.
They found measurable decreases in wall motion sysfolic wall thickening (no data

presented) and these were associated with ST ségieaation.
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In the present investigation, two-dimensional dedcm-mode echocardiography, Doppler
blood flow analysis of global diastolic function cartissue Doppler measures of left
ventricular wall velocity were used to identify 88 of myocardial ischemia during

hypocapnia.

4.3. Methods

Eighteen normal healthy subjects aged 24 + 3 yela@r$20-30 years old) (13 male) with no
known cardiovascular disease were tested on theparate occasions on different days.
Subjects gave informed consent and all experimemie approved by the Walsall Local
Research Ethics Committee. All experiments werefop@ed in accordance with the
Declaration of Helsinki as stated by the Americdnygtological Society (2002). During each

visit, subjects lay semi-recumbent on a bed arnered to the radio through headphones.

In all experiments, continuous blood pressure vea®nded using a finger plethysmograph
(Finapres 2300) and end-tidal €Qvas recorded from expiration through an in-line
capnograph (Hewlett Packard 78354A). To confirméffects of hypocapnia on plasmd,K
ca&* and pH, venous blood samples were taken from thecabital vein in 14 subjects

during each condition and analysed using a Rapd865 analyzer.

Mechanical hyperventilation was performed at bagelvith normal PetC©O(normocapnia)
and reduced PetGdhypocapnia) using a positive pressure mechaneatilator (Engstrom
Erica Il) as previously described (chapter 2.3,e36). Breathing frequency (16 br.pm) and
tidal volume (~1.3litres) were kept constant thriooigt both conditions during mechanical

hyperventilation. It is known that hyperventilatiatecreases the amplitude of the ECG
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waveform due to increased inflation volume (Rutbetfet al, 2005). It was therefore

expected that ECG waveforms would decrease betwsmntaneous breathing and
normocapnia. It was not the aim of the presentstigation to examine this phenomenon
further; therefore ECG waveforms were not analydedng spontaneous breathing prior to

mechanical hyperventilation.

12 lead ECGs were recorded in 18 subjects durimgnacapnia and hypocapnia in two
separate trials, using the ECG apparatus previodssgribed (chapter 2.9.2, page 50). All
ECG electrodes were placed in the standard elextptatbement defined in Kligfieldt al,
(2007) (figure 2.4, page 43). The order that normpoca and hypocapnia were induced was
altered between trials to remove any possible eff€order or duration of ventilation on the

recorded ECG waveforms (figure 4.1).

An average ECG waveform was calculated from eachrminute recording in each lead and
each condition (as previously described in cha@tér3, page 55). Further analysis scripts
were used to calculate the amplitudes of the R Aiwlaves, ST segment height and QTc
interval duration. Two-dimensional m-mode, Dopplelood flow and tissue Doppler
echocardiographic measurements were recorded nrmmimocapnia and hypocapnia in 18
subjects during a third trial. LVID in diastole argystole (in 2D M-mode), fractional
shortening (in 2D M-mode), E/A ratio (in Dopplerobld flow mode) and myocardial wall
velocities (in tissue Doppler mode) were measuredndicators of myocardial ischemia

during hypocapnia.
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Figure 4.1. Order and duration that normocapnia andhypocapnia were induced during each trial in mechaical hyperventilation
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Data from both recordings in normocapnia in eacial tivere averaged. ECG and
echocardiographic data is presented with non-gesgieeific clinical thresholds for normality
(Wagner, 2008; Rautahargt al, 2009; Surawicet al, 2009; Wagneet al, 2009; Salcedo,
1978; Weyman, 1982; Hamlet al, 2004; Garciat al, 1998; Garcia-Fernandet al, 1999;
Garciaet al, 1998; Kostkiewiczet al, 2003). ST segment height and T wave amplitude
(recorded in the transverse plane) were also segghitay gender and compared to gender
specific clinical thresholds as recommend by Waggteal., (2009) and Rautaharijet al.,

(2009).

All data are expressed as means * standard emrdi8feubjects. To identify the statistical
significance between wave amplitudes and QTc ialeduration recorded in normocapnia
and hypocapnia, a 2-tail paired t-test was perfdrnmeeach lead with application of the
Bonferroni correction for multiple (12) comparisofi$ie Bonferroni correction assumes that
all 12 measurements are independent and uncodel@le difference between measures of
LVID in diastole and systole, fractional shortenifgA ratio and myocardial wall velocities

in each condition were calculated by a 2-tail phir¢est without correction.

4.4, Results

In all subjects, mechanical hyperventilation, withdhe addition of C®to inspired air,
caused PetCOto decrease by 18 £+ OmmHg (figure 4.2). This cdume increase in venous
blood pH by 0.2 £ 0.0 pH units to 7.6 (figure 4.8)ypocapnia did not cause significant
changes in venous blood Koncentration (figure 4.4). Hypocapnia caused kdereases in
venous C& concentration (by 0.03 + 0.00mmolf, < 0.001) but these were within the

normal clinical range for G& changes that affect the ECG (figure 4.4). Hypo&apaused
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decreases in mean arterial pressure (by 9 £+ 3mrRHg0.01) (figure 4.5) and increases in

heart rate (by 4 £ 1 bpn®, < 0.01]).

Figure 4.2. PetCQ decreases by 18 mmHg during mechanical
hyperventilation in hypocapnia in all subjects

50 -

n=18
40 -

w
o
!

PetCO2 (mmHQ)
N
o

10 A

0 .
Normocapnia Hypocapnia

Figure 4.2. Mean_+SE PetCQ during mechanical hyperventilation in
normocapnia and hypocapnia in 18 subjects.
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Figure 4.3. Hypocapnia increase venous blood pH @l subjects during
mechanical hyperventilation
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Figure 4.3. Mean_+SE venous blood pH in venous blood during mecharat
hyperventilation in normocapnia and hypocapnia.*** P < 0.001 vs. normocapnia

Figure 4.4. Hypocapnia causes small changes in versoblood electrolyte
concentrations in 14 normal subjects
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Figure 4.4. Mean_+SE potassium and calcium ion concentrations in veus
blood during mechanical hyperventilation in normocagnia and hypocapnia.
Values in hypocapnia, *** P < 0.001 orNSvs. normocapnia
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Figure 4.5. Hypocapnia causes a significant increasn heart rate and
significant decrease in mean arterial pressure inlasubjects during mechanical
hyperventilation
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Figure 4.5. Mean_ +SE heart rate and blood pressure changes during rokanical

hyperventilation in normocapnia and hypocapnia in B subjects. *P < 0.01 vs
normocapnia.
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4.4.1. Electrocardiography

During hypocapnia, a reduction in T wave amplitodeurred in 11/18 subjects (61%) in lead
| of the ECG. The largest decrease in any one suly@as 0.05mV (decrease of 14%).

However, the mean decrease in T wave amplitude justs0.002 + 0.025mV (decrease of

1%) and this was not statistically significant (j0.80) (figure 4.6). As expected, there was no
significant change in R wave amplitude in lead .40+ 0.05mV [normocapnia] vs. 0.49 +

0.05mV [hypocapnia] [p > 0.95]) (figure 4.7).

Hypocapnia caused a statistically significant iaseein T wave amplitude in the anteroseptal
transverse plane leads; increase of 0.06 + 0.01mV [> 319}, < 0.01), \% (increase of
0.09 + 0.02mV [> 15%]P < 0.001) and ¥ (increase of 0.07 = 0.02mV [> 11%¢?,< 0.05)
(figure 4.6). These changes were not accompaniedngyR wave changes (figure 4.7) and
were within clinically acceptable limits for normé&lwave amplitudes (<1.0mV). Increases in
T wave amplitude were not accompanied by signiticdranges in the ST segment in any of
the 12 leads of the ECG (figure 4.8). The largebtsegment deviation was seen in V

(increase of 0.02 £ 0.01mW, > 0.20) but this was within clinically acceptabhaits.

When T wave and ST segment data in the transvéase wvas separated by gender, increases
in T wave amplitude persisted in lead (0.06 = 0.02mV [> 40%] in men and 0.06 + 0.02mV
[> 125%] in womenP <0.05) (figure 4.9). In addition, statisticallygsificant increases in T
wave amplitude persisted in leads 0.10 £ 0.02mV [15%]P < 0.01) and ¥ (0.08 +
0.02mV [11%],P < 0.05) in male subjects but disappeared in feraalgects (figure 4.9). T
wave amplitudes in both men and women were bel@iv thspective gender specific clinical

thresholds.

112



Figure 4.6. Hypocapnia does not significantly decese T wave amplitude in any of
the 12 leads of the ECG but does cause significahtwave elevation in the antero-
septal leads V-3
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Figure 4.6. Mean_+SE T wave amplitudes during mechanical hyperventtion in
normocapnia and hypocapnia. *P < 0.05, **P < 0.01, *** P < 0.001 and NS vs.
normocapnia. Dotted lines indicate upper threshold$or normal T wave amplitudes.
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Figure 4.7. Hypocapnia does not have any significaaffect on R wave amplitude in
any of the 12 leads of the ECG in 18 normal subjest
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Figure 4.7. Mean_+SE R wave amplitudes during mechanical hyperventition in
normocapnia and hypocapnia. All wave amplitudes imypocapnia,NS vs. normocapnia
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Figure 4.8. Hypocapnia did not cause significant S$egment changes in any of the 12

leads of the ECG during mechanical hyperventilation
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Figure 4.8. Mean +SE ST segment height, defined by deviation of thkepoint from the
isoelectric line. The extent of these changes idiggated by deviation of the ST(80)
point. All points in hypocapnia, NS vs. normocapniaDotted line represents clinically
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Figure 4.9. Hypocapnia causes T wave elevation iedds M-s in male subjects
but only causes T wave elevation in Mn female subjects
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Figure 4.9. Mean_+SE T wave amplitude in the transverse plane during
normocapnia and hypocapnia in males (a) and femald€b). Gender specific clinical
thresholds for abnormality ( ........... ) in the Twave (table 2.4) are also shown. All
amplitudes in hypocapnia, *P < 0.05, **P < 0.01 orNS vs. nhormcapnia.
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ST segment height in the transverse plane of femabgects was unaffected by hypocapnia
(figure 4.10b). In male subjects, hypocapnia caustdistically significant ST segment
elevation in lead ¥ (0.02 + 0.01mV [22%]P < 0.05) but this was not accompanied by
significant ST(80) point elevation and was below ttinical threshold for normality (figure
4.10a). In lead ¥ in male subjects, the ST segment was elevatednidegtinical limits for
normality during hypocapnia but this was not stat#dly significant (0.04 + 0.02mV [57%)],

P > 0.05) (figure 4.10a).

In all subjects, hypocapnia did not cause sta#iflticor clinically significant QTc interval

prolongation in any of the 12 leads of the ECGUffeg4.11).
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Figure 4.10. Hypocapnia causes significant ST segnmeelevation in lead \4 in 13 normal
male subjects but not in 5 female subjects when dats seperated by gender
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Figure 4.10. Mean_t+SE of ST segment height (J point & ST[80] point)n the transverse

plane in males (a) and females (b). Dotted lines@igender sepecific and represent clinically

significant deviation from isoelectric line (straidht line). All ST heights in hypocapnia,
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Figure 4.11. Hypocapnia does not cause significaQ(Tc interval prolongation
in any of the 12 leads of the ECG of 18 normal suégts
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Figure 4.11. Mean +SE QTc interval duration during mechanical hyperventilation
in normocapnia and hypocapnia. All durations in hymcapnia,NS vs. normocapnia.
The dotted line indicates the upper threshold for ormal QTc interval duration.
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4.4.2. Echocardiography

Figure 4.12 shows that hypocapnia has no effec{adprLVID difference or (b) fractional
shortening during mechanical hyperventilation, mead by m-mode echocardiography in 18
subjects. LVID difference (-1.8 £ 0.0cm) and fracial shortening (34%) during hypocapnia
were within clinically normal limits. This indicadethat left ventricular contractility was not
affected by hypocapnia as the left ventricle waltsitracted to the same degree in both

normocapnia and hypocapnia.

Doppler blood flow analysis performed on the ledintricle at the level of the mitral valve

revealed no evidence of diastolic dysfunction dgititypocapnia. A non significant decrease
in E/A ratio from 1.99 + 0.13 in normocapnia to8 & 0.14 was recorded during hypocapnia
(P >0.10) (figure 4.13a) but this was accompanied hgranal deceleration time (0.20 £ 0.01
seconds) (figure 4.13b). These values were withimically normal limits (E/A ratio >1 and

deceleration time <0.22).

Tissue Doppler analysis of septal and lateral walibcity revealed no evidence of myocardial
ischemia. Figure 4.14 shows that during hypocapdiastolic wall velocities in both the
septum and lateral wall remained unchanged. Sew#lvelocity (12.6 + 0.5cm/s) (figure
4.14a) and lateral wall velocity (16.7 £ 0.6cm/§pyre 4.14b) during diastole were not
significantly different in hypocapnia from normoceég (P > 0.60) and were comparable with

clinically normal values.
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Figure 4.12. Hypocapnia has no affect on LVID diffeence (a) or fractional
shortening (b) measured by m-mode echocardiography
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Figure 4.12a. Mean +SE LVID difference is calculated as the differencéetween
LVID in diastole and systole. Values in hypocapnia\S vs. normocapnia
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Figure 4.12b. Mean_+SE Fractional shortening during normocapnia and hypocapnia.

Values in hypocapnia,NS vs. normocapnia. Dotted line indicates the loweriaical
threshold for normal fractional shortening.
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Figure 4.13. Hypocapnia causes no significant decreasel/A ratio (a) and
deceleration time (b) measured by Doppler blood flow echaadiography
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Figure 4.13a. Mean +SE E/A ratio measured from the Doppler trace during
mechanical hyperventilation normocapnia and hypocapniaValues in hypocapnia,
NS vs. normocapnia. Dotted line indicates the lower threshold fanormal ratios.
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Figure 4.13b. Mean_+SE Deceleration time measured from the Doppler trace
during mechanical hyperventilation in normocapnia andhypocapnia. Values in
hypocapnia,NS vs. normocapnia. Dotted line indicates the upper clinical fiesholc

for normal durations.
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Figure 4.16. Hypocapnia causes no changes in didgtavall velocity in either the
septum (a) or lateral wall (b) measured by tissue @ppler echocardiography
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Figure 4.16. Mean_+SE Septal and lateral wall velocity in the left vietricle during
diastole in normocapnia and hypocapnia measured fra the peak of the E wave on the
tissue Doppler trace. Values in hypocapnia)S vs. normocapnia. Dotted line indicates
the lower clinical threshold for normal velocities.
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4.5. Discussion

The present study shows that the most severe hgpac&0 =+ OmmHg) tolerable by normal
subjects does not induce clinically significant mp@as on the 12 lead ECG or
echocardiogram. These findings suggest that evagtha more stable and sustained period
of hypocapnia was induced than in previous studssg voluntary hyperventilation (table
1.2, page 19), it was still not sufficient to redu®, delivery to the myocardium to such a
degree that noticeable changes in cardiac electactvity or heart function could be

recorded.

4.5.1 Changes in heart rate & blood pressure

Mechanical hyperventilation, without the additioh@O, to inspired air, caused Petgc®@
decrease by 18 + OmmHg to 20mmHg which caused bptddo increase to 7.6 £ 0.0 pH
units. Hypocapnia caused a small but significactaase in heart rate (4 £ 1 bpm). These
findings confirm previous studies that hypocapreaises only trivial changes in heart rate
during mechanical hyperventilation (Rutherfoed al, 2005; Prys-Robertet al, 1972;
Cooperet al, 2004; Kazmaieet al, 1998). These small changes are thought to beeddus
aortic chemoreceptor stimulation caused by a hymaieainduced decrease in @vailability

in arterial blood (Rutherfor@t al, 2005). In the present study, the fact that fegnigicant
ECG or echocardiographic changes occurred duringpdgpnia, would suggest that such

heart rate changes do not have any significantetie the ECG waveform.

In contrast, previous studies with voluntary hymeiation have reported increases of 9-58

bpm (Bibermaret al, 1971; Christensen, 1946; Joy & Trump, 1981; Mggreet al, 1962;

Miyagi et al, 1989; Previtaliet al, 1989; Richardsoret al, 1972; Burnumet al, 1954)
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during hypocapnia. It is most likely that thesediavascular changes occurred due to the

physical exertion associated with voluntary hypatiation.

Hypocapnia caused a statistically significant daseein mean arterial blood pressure (9 *
3mmHg). Previous studies report non-significantrdases of up to 7mmHg (Coopetr al,
2004; Prys-Robertst al, 1972) and no change (Kazmasr al, 1998; Rutherforcet al,
2005) in mean arterial pressure during hypocaprdaded by mechanical hyperventilation. It
is unclear whether the drop in blood pressure sieimg the present investigation represents
a true physiological effect of hypocapnia or justiraitation of the Finapres device for
accurately measuring changes in blood pressureadtbeen shown that the Finapres can
overestimate absolute blood pressure values by up# 11mmHg (Wesselingt al, 1985;
Imholz et al, 1988; van Egmondt al, 1985; 1990). An overestimation of this amount elou
cause the size any observed blood pressure chanige éxaggerated. In addition, despite
attempts to prevent this from occurring, it is pblesthat the subjects’ hands may have
become cold during the experiment, resulting ieduction in blood flow to the fingers. This
would limit the accuracy of subsequent estimatiohblood pressure by the Finapres. Due to
the lack of supporting evidence for a reduction ddod pressure during mechanical
hyperventilation, the lack of electrocardiograplicd echocardiographic changes and the
limitations of the Finapres device used, the charnigeblood pressure seen in the present

study were not thought to be of physiological intpace for the findings of this study.

4.5.2. T wave changes during hypocapnia

Hypocapnia caused a small non-significant reduatioh wave amplitude in 61% of subjects

in lead | of the ECG. These findings were much $snahan those of Rutherforet al.,
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(2005) who demonstrated a significant T wave radnodf 0.1mV in 87% of subjects during
hypocapnia induced by mechanical hyperventilatidine discrepancies between the
Rutherfordet al., (2005) study and the present investigation appeaoe caused by the
different ECG apparatus used. In the study by Rtdgh#et al., (2005), a single lead ECG
was recorded using an analogue Neurolog NL840 #ieptialibrated against a custom built
200uV generator. In contrast, the ECG apparatud useéhe present study was calibrated
against a patient simulator calibrator box (DynatBevada Inc., Model 212B, Nevada, USA)
and a standard digital ECG machine (Philips HewRatkard Pagewriter 200) commonly
used in clinical practice. T wave amplitudes at neshe Rutherforeet al., (2005) study were
0.73mV, which is more than double the size of thwms¢he present study (0.32mV). The
resting T wave amplitudes in the Rutherfoed al., (2005) study would be considered
clinically abnormal (hyperacute) if they were comgghto the clinical thresholds used in the
present study (>0.5mV [Wagner, 2008]). Because tla¢a recorded in the present
investigation were analogous to clinical ECG maehijrthey were considered comparable to
clinical thresholds set out by the AHA, ACCF, HRSa(itaharjwet al, 2009; Surawicet al,

2009; Wagneet al, 2009) and Wagner (2008).

Hypocapnia, induced by mechanical hyperventilatmaysed significant T wave changes in
the anteroseptal (transverse plane) leagds(Wcrease of up to 0.09mV, 31%). These changes
were not accompanied by any significant changethén ST segment or QTc interval. In
addition, these increases in T wave amplitude ditl cause hyperacute T waves with
amplitudes beyond non-gender specific clinical shoéds for normality. When T wave and
ST segment data in the transverse plane were seg@aby gender, increases in T wave

amplitude in the anteroseptal leads persisted e rttale group. In females, significant
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increases in T wave amplitude persisted in leatht disappeared in leads.Y Importantly,
in neither group did T wave amplitudes increaseobdygender specific clinical thresholds for

normality.

It is unlikely that T wave changes in the anter¢akelgeads were caused by changes in plasma
electrolytes. It is thought that voluntary hypertiation causes increases (of 0.3-0.5mEq/L
from 3.6-4.6mEq/L) (Ywet al, 1959; Bibermaret al, 1971; Krapfet al, 1995) or decreases

in blood potassium (of 0.2mEqg/L from 4mEq/L) (Mdkie & Tuttle, 1964) and decreases in
blood calcium (of 0.1mg/100ml from 10-10.5 £ 0.14@@ml) (Yu et al, 1959). In the
present investigation, no changes in ionized patas®r electrocardiographic indicators of
hypokalemia or hypocalcemia were observed. Sigmificdecreases in ionized calcium did
occur during hypocapnia (-0.03 = 0.00mmadr|< 0.001), however, absolute ionized calcium
concentrations (1.17 £ 0.00mmol/l) were within thaically normal range (1.03-1.23mmolll,

Larsson & Ohman, 1978) and therefore were unlikelyause ECG changes.

The use of mechanical hyperventilation to inducpdogpnia enabled inflation volume to be
kept constant throughout the experiment. Thereforereases in T wave amplitude in the

anteroseptal leads could not have been causeddmgeh in inflation volume.

It is possible that increases in T wave amplitudseoved in the present study represents the
very earliest signs of grade | (early) localiseahsmural ischemia, caused by a decrease in O
availability in the myocardium due to increasedoc@ry vasoconstriction and a decrease in
O, dissociation in the anteroseptal region of therth@Rowe et al., Karlssonet al, 1994;

Laffey & Kavanagh, 2002; Neill & Hattenhauer, 1971%62). Alternatively, increases in T
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wave amplitude may have occurred due to normahtian of the T wave, known to occur in

normal resting subjects (Taggat al, 1979). It is difficult to draw conclusions as tioe

origins of the T wave changes seen in the presedy Hecause;

T wave changes seen in the anteroseptal leags) Were within normal clinically
acceptable limits for healthy subjects (<1mV) (Wagn2008) and were not
accompanied by any other ECG changes.

T wave changes alone are not reliable indicatordsofiemia because clinically
significant T wave changes occur in normal heakbpjects with normal coronary
arteriograms (Taggasdt al, 1979) and sometimes fail to appear in patientfesng
from myocardial ischemia (Wagner, 2008).

Hyperacute T waves represent transmural ischemia iagion of the heart due to
decreased blood supply caused by total coronarjusion (Wagner, 2008). It is
unlikely that total occlusion would occur as a tesdi hypocapnia in subjects with
normal healthy coronary arteries, particularlyhie tibsence of other markers for early

transmural ischemia such as QTc interval prolowgatKenigsberget al, 2007).

4.5.3. Hypocapnia and echocardiography

Non-invasive echocardiography was employed as daep@ndent measure of heart function

during hypocapnia. No detectable nor statisticalignificant change in LIVD difference,

fractional shortening, or tissue Doppler myocardvehll velocities were seen during

hypocapnia in any subject. This suggests that hymaia had no effect on left ventricular wall

motion during mechanical hyperventilation. Thereswaso no decrease in E/A ratio or

deceleration time measured during hypocapnia uBiogpler blood flow echocardiography.
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This suggests that hypocapnia did not induce mybalrschemia of sufficient severity to

stimulate a detectable reduction in global lefttuenlar function.

4.5.4. Conclusions

Indirect measures of cardiac electrical activityl dreart function were not able to detect a
noticeable ischemic effect of hypocapnia in norim@althy subjects. It has been calculated
that the coronary arteries need to be occluded tbieast 30-60% before blood flow is
significantly impaired (Mayet al, 1963; Braunwaldet al, 2001). Whilst it appears that
hypocapnia does not induce a critical stenosis6@@%- occlusion) sufficient enough to reduce
blood flow and cause ischemic ECG changes in nohealthy subjects, it remains to be seen
whether ECG changes can be induced in patientacireuffering from restricted coronary

blood flow due to coronary artery disease.

The calculations by Magt al., (1963) and Braunwal@t al., (2001) do not consider the
additional effects of hypocapnia on the affinity lidemaglobin for @ It is of interest to
investigate whether the ECG changes that were wbdeduring hypocapnia in normal
subjects can be accentuated by hyperventilatiatb# G where myocardial ©availability

should be further reduced.
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Chapter 5

Can mechanical hyperventilation in 15% inspired Q induce ischemic ECG changes in

normal subjects?

5.1. Summary

The aim of this investigation was to see whethepdogpnia induced by mechanical
hyperventilation in 15% ©can provoke consistent ischemic ECG changes imalosubjects.
This level of inspired @ was considered safe for use in a clinical settbegause it is
equivalent to the air inspired on commercial aiftcaad is not thought to cause chest pain or

discomfort at rest.

Spontaneous breathing with 15% 6ignificantly reduced ©saturation to 93 + 1%P(<
0.001) but otherwise had no affect on heart rdtsdpressure or ventilation. Hypocapnia in
15% G did not significantly augment ECG changes seeindunypocapnia in 21% £or
induce clinically significant ischemic changes metR and T wave, ST segment or QTc

interval.

These findings show that hypocapnia induced by m@eiclal hyperventilation in 15% inspired
O, does not augment or induce significant ischemiGEGanges in normal healthy subjects,
despite presumably inducing a more severe reducitiorQ, availability than during
hypocapnic mechanical hyperventilation in 21% The fact that mechanical hyperventilation
in 15% inspired @ did not accentuate the increase in T wave amgitaden during

hypocapnia in 21% ©suggests that these T wave changes were not caysediecrease in
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oxygen delivery to the heart. This indicates thatniormal subjects, hypocapnia of this
severity (20mmHg) is not sufficient to induce thdical stenosis necessary to substantially

reduce blood flow and Qlelivery to the heart.

5.2. Introduction

Hypoxemia refers to an abnormally low €ontent in arterial blood (Steadman, 1972). It can
be induced by inhaling 7.5-12%, @r 5-35 minutes and causes T wave depressiaeffiiatg

of up to 0.3mV and ST changes in normal subjectedB, 1972b; Katzt al, 1934; Levyet

al., 1938; May, 1939; Levet al, 1939; Baraclet al, 1941; Haarstad & Broch, 1958). In
patients with coronary artery disease, hypoxemimuwates T wave depression (up to
0.65mV), T wave inversion (< -0.15mV), ST changes0(1mV) and chest pain (Broch,
1972b; Katzet al, 1934; Levyet al, 1938; Barachet al, 1941; 1939; 1941; Turner &
Morton, 1952; Haarstad & Broch, 1958; RothschildK&sin, 1933). Because these effects
are more pronounced in patients, the hypoxemiawast proposed as a provocative test for
coronary artery disease (Rothschild & Kissin, 1938yy et al, 1938; 1939; 1941; Turner &

Morton, 1952; Haarstad & Broch, 1958; Broch, 1972%/2b; Stewart & Carr, 1954).

Levy et al., (1938; 1939) standardised the hypoxemia test aisipecific protocol involving
inspiration of a 10% oxygen in 90% nitrogen gas tom& for 20 minutes whilst the ECG
(leads I-1ll and a precordial lead called IVF) wasorded before, during and after the test. A
criterion of threshold ECG values was developeddssessing coronary efficiency with a
‘positive’ response to the test indicating the tease of coronary artery disease. An abnormal

response to hypoxia (a positive hypoxemia test) dedsed by ST deviation in all four leads
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(I-111, IVF) totalling >0.3mV, inverted T waves ilead | coupled with a ST change of >0.1mV

and/or T wave depression in lead IVF with ST degrabf >0.1mV (Levyet al, 1939; 1941).

In patients with known coronary artery disease, Hamsitivity and specificity of the
hypoxemia test (using the Levy diagnostic criteria) between 30-79% and 86-100%
respectively (Levyet al, 1941; Turner & Morton, 1952; Haarstad & BrochpH89 Stewart &
Carr, 1954). However, the existence of coronargrgrtlisease was identified by previous
patient history and previous ECG records. The hgpua test has not been compared to a
recognised gold standarel.g.coronary angiography) and thus these sensitivitysoecificity

must be considered with caution.

The hypoxemia test has a number of limitations;

1) The hypoxemia test causes patient distress.sRloilld & Kissin, (1933) showed that 69%
of patients with coronary artery disease, chest paveloped during the hypoxemia test and
on a number of these occasions (number of occasiminspecified), the test had to be stopped
early. Extraordinarily, the authors described tppemrance of chest pain and discomfort as
“an evil necessary for the successful performantcthe test”. Studies by Levyet al., (1938;
1939; 1941), Barackt al., (1941), Turner & Morton (1952) and Haarstad & Brdd 958)
have all reported cases where patients developgidanhest pain during hypoxemia.

2) Performance of the hypoxemia test can resudiuasiden death (2/4 patients in one study)
(Stewart & Carr, 1954).

3) Adverse reactions to the hypoxemia test inclligktheadedness, sense of lack of air,
moderate headaches, vasovagal attacks (syscopeugeaa drowsiness, fatigue, choking,

heavy chest, tetany, fear and anxiety (Stewart &r,CEO54). According to Levyet al.,
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(1941), the dangers of the hypoxemia test are nahiprovided that the correct precautions
are put in place and the test is only performeckirtain groups of patients. Leey al.,(1941)
state that patients should not participate in @& if they have known congestive heart
failure, have suffered a myocardial infarction e past 4 months, have already undergone a
provocation test that day, have had a positivessttest via an alternative method or have an
abnormal resting ECG (Turner & Morton, 1952). Thegelusion criteria limit the use of the
hypoxemia test in patient groups where, on somascns, the test would be most useful

(Burchellet al, 1948).

The hypoxemia test is no longer used in clinicahcpice because of the dangers and
discomfort associated with performing the test. t0BG9% of patients have been shown to
develop chest pain (Rothschild & Kissin, 1933) awdn sudden death (2/4 patients) (Stewart

& Carr, 1954) during the hypoxemia test.

In the present investigation, a milder form of imeg hypoxia (15% ¢) was used to induce
less severe hypoxemia in conjunction with hypocap@0mmHg) induced by mechanical
hyperventilation. The aim was to examine whethgpdwapnia combined with 15%,0n
inspired air would be sufficient enough to furtmeduce Q delivery to the myocardium and
create a functional hypoxia within the heart whasttentuates the small ECG changes seen
during hypocapnia in 21%  {increased T wave amplitude in leadgsVchapter 4, page 98).

It was not the aim of this investigation to simpgpeat previous studies by reducing inspired
O, to as low as possible in order to induce ECG chanipstead, a milder form of inspired
hypoxia that can be comfortably tolerated for egsh periods of time was chosen which is

equivalent to the Oinspired from air at an altitude of 6,700 fdegure 5.1, Wardet al.,
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Figure 5.1. Changes in minute ventilation (a) and ¢art rate (b) as inspired Q is
reduced
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Figure 5.1a shows that noticeable changes in minutentilation do not occur until
inspired O is reduced below 10% (equivalent to @inspired at an altitude of 17,500
feet)
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Figure 5.1b shows that changes in heart rate of >bm do not occur until inspired
O, is reduced below 12% (equivalent to @inspired at an altitude of 14,000 feet).
Figures 5.1a & b from Dripps RD & Comroe JH (1947).The Effect of the
Inhalation of High and Low Oxygen Concentrations onRespiration, Pulse Rate,
Ballistocardiogram and Arterial Oxygen Saturation (Oximeter) of Normal
Individuals. American Journal of Physiologyl49, 277-291.
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2000; Dripps & Comroe, 1947). 15% inspired © commonly tolerated by people taking
routine commercial aircraft flights (Cottrell, 1988The advantage of mechanically
hyperventilating subjects in 15%,0nstead of simply reducing their inspired @ that
hypocapnia stimulates a functional hypoxia withie theart (via coronary vasoconstriction
and an increased affinity of haemoglobin fos) @ithout substantially reducing arterialh, O
saturation which can result in distress and disootrfbr the subject (Rothschild & Kissin,

1933; Stewart & Carr, 1954).

15% inspired @ does not stimulate carotid chemoreceptors suffitieto cause large
physiological changes in the body. Dripps & Com(b847) have shown that inspiration of
14.5% Q for 6-8 minutes causes trivial changes in instagbas minute ventilation @
(increase of 0.5 I/min) and heart rate (increasd &pm) but significant changes do occur
when inspired @is reduced to 10% (increase i ¥f 1.3 I/min and heart rate of 21 bpm)
(figure 5.1). To confirm these effects, measuredm@athing frequency, tidal volumegV
instantaneous C{production (VCQ), heart rate and mean arterial blood pressure tagen
during 10 minutes spontaneous inspiration of eith&¥% inspired @ or normal room air
(normoxia) (5 minutes in each condition). Prelinmndrials breathing 15% inspired ,O
revealed that 5 minutes is long enough to cause@ahd subsequent plateau ingaturation
at rest. This was therefore considered long endagtonfirm whether 15% inspired,0s

sufficient to cause changes in heart rate, bloedsure or ventilation.

5.3. Methods

Nine normal healthy subjects 23 + 2 years old (ag@&6 years old) (eight male) with no

known cardiovascular disease were tested on twaragpoccasions. Subjects gave informed
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consent and all experiments were approved by thisaNd&ocal Research Ethics Committee.
All experiments were performed in accordance with Declaration of Helsinki as stated by
the American Physiological Society (2002). Duriragle visit, subjects lay semi-recumbent on

a bed and listened to the radio through headphones.

During each experimental trial, continuous bloo@égsure (from a finger plethysmograph,
Finapres 2300), end-tidal GQrom an in-line capnograph, Hewlett Packard 7885dnd Q
saturation (from the finger using a pulse oximet¢s200 series oximeter, Nellcor) were

recorded.

5.3.1. Examining the effects of 15% inspired @on spontaneous breathing

The effects of inspiration of 15%,®n spontaneous minute ventilation and metabolie ra
were assessed with the breathing apparatus prdyidascribed (chapter 2.6, page 32). A 3
lead ECG (for determination of heart rate only) andan arterial blood pressure were
continuously recorded for a period of 10 minutesrduwhich subjects inhaled room air for 5
minutes formoxig and 15% @in N, for 5 minutes lfypoxig. The order in which room air
and 15% Q were inspired was established at random. A cedtifias mixture of 15% Qn
85% N, was used for all experiments in hypoxia. ECG, Bet@®, saturation and breathing
data were recorded by Spike2 data acquisition soéiwia a CED power 1401 PC interface.
Breathing frequency, tidal volume,eVVCO, and W/VCO, ratio were derived from the

breathing apparatus data as previously descrilleap(er 2.6.1, page 34).

All data are expressed as means * standard etatisti®al analysis was performed on the

breathing data by sampling all data points onceye¥se (the minimum realistic resolution of
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instantaneous breathing measurements). Analysis pesformed by repeated measures
analysis with two within subject factors (normoxig. hypoxia [condition] and effects over
time [time]). Where the repeated measures analyass significant according to the Huynh-
Feldt method, simple contrasts analysis was peddrto compare subsequent time points
against the first initial time point (zero). Sigednt F values were found for £saturation
(time,F = 9.2,P < 0.001, conditionf = 68.5,P < 0.01, condition*timef = 21.7,P < 0.001).
Secondary analysis was performed to search focangistent pattern of significant contrasts
in the condition*time interactions. There were mgngicant F values for frequency, minute
ventilation, VCQ, Ve/VCQO,, heart rate and blood pressure. There were signifF values
for tidal volume (condition onlyF = 9.5, P < 0.05), but since the effects of time and

time*condition were not significant, these were patsued any further.

5.3.2. Examining the effects of hypocapnia in 15%nspired O

Hypocapnia in 15% inspired ;O(hypocapnic hypoxija was induced by removing the
additional CQ from inspired air (causing PetG@ fall) and replacing it with a 15%,n N,
gas mixture from a pressurised cylinder. Mechanicgperventilation in normocapnia,
hypocapnia and hypocapnic hypoxia were inducedgusimechanical ventilator (Dager Evita
II) as previously described (chapter 2.3, page 6hjects were mechanically hyperventilated
in four trials; twice in normocapnia and hypocap(®&tCQ of 20mmHg) (figure 4.1, page
107) and twice in normocapnia and hypocapnic hyp@kgure 5.2). Breathing frequency and

tidal volume were kept constant throughout all esagf mechanical hyperventilation.
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Figure 5.2. Order and duration that normocapnia andhypocapnic hypoxia were induced during each triain mechanical
hyperventilation (trials 1 & 2 are shown in figure4.1)
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All 12 leads of the ECG were recorded during meatarhyperventilation with 10 Blue
sensor ECG electrodes (P-00-S/50, Ambu) which wdaeed in the standard electrode
placement defined by Kligfieleet al, (2007) (figure 2.4, page 43). All ECG leads were
recorded simultaneously, as previously describ&éapter 2.9.2, page 50). ECG waveforms
were averaged for each lead over two minute periadeach condition (as previously
described in chapter 2.9.3, page 55). R and T veawplitudes, ST segment height and QT
interval duration were measured from these averagecforms. Mean wave amplitudes and
durations were calculated for each condition, Irsabjects, across all trials. Data from each
condition are presented with non-gender specifimical thresholds for normality (Wagner,
2008; 2009; Rautaharjet al, 2009). ST segment height and T wave amplitudeo(cked in
the transverse plane) were also separated by gandecompared to gender specific clinical

thresholds as recommend by Wageeal.,(2009) and Rautahargt al.,(2009).

The statistical significance between R and T wan®pldudes, ST segment height, QTc
interval duration, heart rate and mean arteriabsuwee during mechanical hyperventilation in
normocapnia, hypocapnia and hypocapnic hypoxia imasstigated. Statistical analysis was
performed using repeated measures analysis withicappn of the Huynh-Feldt correction
for nonsphericity. Separate analysis was performezhch lead as it was assumed that all 12
leads are independent and uncorrelated. No signifi€ values were found for condition in
any wave amplitudes or durations in all leads. Whieta were separated by gender,
significantF values were found between T wave amplitudes iremmabjects in lead MF =

5.0,P < 0.05). The sources of this significance weregti\gated using a 2-tail paired t-test.
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The statistical significance between @aturations measured in normocapnia, hypocapnic
hypoxia (during mechanical hyperventilation) andpdwia (during spontaneous breathing)
was also investigated. Statistical analysis wasopmed using repeated measures analysis
with application of the Huynh-Feldt correction feonsphericity. SignificanE values were
found for comparisons of Gsaturation in normocapnia, hypocapnic hypoxia layjbxia ¢

=97.4,P < 0.001). The source this of significance was stigated using a 2-tail paired t-test.

5.4. Results

5.4.1. Normoxia vs. hypoxia

As expected, spontaneous inspiration of 15% daused a significant reduction in, O
saturation from 55 seconds onwards (figure 5.3)eA minutes, @saturation was reduced
by 4 + 0% to 93 + 1%. This hypoxia did not cauggngicant changes in heart rate or mean

arterial pressure (figure 5.4).

Figure 5.3. Spontaneous inspiration of 15% Oxygerhypoxia) causes significant
decreases in @saturation in 9 normal subjects
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Figure 5.3. Mean_+SE O saturation during 5 minutes of normoxia and 5 mintes of
hypoxia in 9 normal subjects. *P < 0.05, **P <0.01, ** P < 0.001, normoxia vs.
hypoxia over time.
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Figure 5.5 shows that there was no significaniedéhce in breathing frequency, tidal volume
or instantaneous g/ during 15% inspired © compared to normoxia. As expected,
instantaneous VCO(indicating metabolic rate) was unaffected by iredpon of 15% Q

(figure 5.6). Therefore, instantaneoug/WCO, ratio remained unchanged throughout the 10
minutes of spontaneous breathing of different gadures indicating that the subjects were

not hyper/hypo-ventilating at any point during theeriment (figure 5.6).

Figure 5.4. 5 minutes of spontaneous inspiration of5% Oxygen (hypoxia) does not
cause significant changes in heart rate or mean arterigressure in 9 normal subjects.
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Figure 5.4. Mean_+SE Heart rate (a) and mean arterial pressure (b) during minutes of
normoxia and 5 minutes of hypoxia in 9 normal subje& All data points in hypoxia,NS vs.
normoxia over time.
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Figure 5.5. As expected, spontaneous inspiration @56% Oxygen (hypoxia) does not cause
a significant change in breathing frequency, tidalzolume or minute ventilation in 9 normal
subjects

22 -
a)
20 1 NS |

18 - , T TLTTTA T 1 N
10 TR AR Y L ETEAE SjiARampLantzaLs

14 7

12 — Normoxia

/( - Hypoxia
0

al T T T T 1

Breathing frequency (bpm)

1.0

09 b)
0.8 - NS |

0.7 4

I~ IAN

- N A I =L 2 o\ A =
0.6 E:. F ?‘, [Tk W‘ = ans ﬁ'l!i x;“;‘ S AR N
0.5 I

0.4 N=09
ool

12 + NS |

o _; A _ T R AR HA‘,‘ T

Inst. Ve (litres/minute) (BTPS) Tidal volume (litres) (BTPS)

0 60 120 180 240 300

Time (seconds)

Figure 5.5. Mean_+SE Breathing frequency (a), tidal volume (b) andristantaneous minute
ventilation (Inst. Ve) (c) during 5 minutes of nornoxia and 5 minutes of hypoxia in 9 normal
subjects. All data points in hypoxia NS vs. normoxia.
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Figure 5.6. As expected, spontaneous inspiration @6% Oxygen (hypoxia) does not cause
significant changes in metabolic rate, expressed asstantaneous VCQ, and does not
cause hyper/hypo-ventilation (Ve/VCQ ratio does not change) in 9 normal subjects.
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Figure 5.6. Mean_+SE Metabolic rate expressed as intantaneous G@roduction (Inst.
VCO:?) (a) and instantaneous Ve/VC®Qratio (b) (showing hyper/hypo-ventilation) during
5 minutes of normoxia and 5 minutes of hypoxia in @ormal subjects. All data points in
hypoxia, NS vs. normoxia.

5.4.2. Heart rate, blood pressure and ECG changesidng hypocapnic hypoxia

Mechanical hyperventilation caused a decrease i@ ®eof 19 + OmmHg during hypocapnia
and hypocapnic hypoxia from baseline (normocapivia)ll nine subjects (figure 5.7).

Hypocapnic hypoxia did not cause the significardragye in Q saturation seen in hypoxia in
spontaneous breathing (99% in normocapRi& [0.001 vs. hypoxia] vs. 93% in hypoxia vs.
99% during hypocapnic hypoxi# [< 0.001 vs. hypoxia]) (figure 5.8). Both hypocapmind

hypocapnic hypoxia had no significant effect onrheate (57 + 1 bpm in normocapnia vs. 59
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+ 2 bpm in hypocapnia vs. 65 £ 3 bpm in hypocagnipoxia P > 0.05]) or mean arterial
pressure compared to normocapnia (93 + 4mmHg irmaoapnia vs. 86 + 6mmHg in

hypocapnia vs. 93 £ 4mmHg in hypocapnic hypo#a[0.45]) (figure 5.9).

Figure 5.7. Mechanical hyperventilation caused PetQ: to decrease by
19mmHg during hypocapnia and hypocapnic hypoxic caditions
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Figure 5.7. Mean_+SE PetCQ during mechanical hyperventilation in
normocapnia, hypocapnia and hypocapnic hypoxia in 8ubjects.

Figure 5.8. The decrease in ©saturation during hypoxia at rest does not occur
during hypocapnic hypoxia in mechanical hyperventiation
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Figure 5.8. Mean_+SE O saturation of arterial blood during mechanical hyper-
ventilation in normocapnia and hypocapnic hypoxia ad spontaneous breathing in
hypoxia. % saturation in hypoxia, *** P < 0.001 vs. normocapnia or hypocapnic
hypoxia, normocapnia,NS vs. hypocapnic hypoxia.
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Figure 5.9. The addition of hypoxia to hypocapnia des not cause significant
changes in heart rate or blood pressure in 9 subjéc
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Figure 5.9. Mean_+SE heart rate and blood pressure changes during rakanical

hyperventilation in normocapnia, hypocapnia and hymcapnic hypoxia in 9 subjects.
Data points in all conditions,NS vs. normocapnia.
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Hypocapnic hypoxia did not augment any of the sfa&@l5 changes seen during hypocapnia
in 21% Q. Figure 5.10 shows that in nine subjects, T wanglaude increased during
hypocapnia in the anteroseptal leads{\but this was not statistically significant (inase of
0.05 + 0.02mV [>38%]) in ¥, 0.09 + 0.03mV [>13%] in Yand 0.08 + 0.03mV [>11%)] in
V3 [P > 0.65]) (figure 5.10). Hypocapnic hypoxia did nz#use significant increases in T
wave amplitude in any leads, nor did it signifidgrgugment T wave changes originally seen
in the anteroseptal leads 1y during hypocapnia in 21% JQJchapter 4, page 107) (figure
5.10). As expected, no R wave changes occurrechynleads (figure 5.11). All T wave
amplitudes measured during hypocapnic hypoxia weitdin clinical thresholds (>0.5-

1.0mV) for normality.

Figure 5.12 shows that no statistically or clinigaignificant changes in ST segment height
occurred during hypocapnia or hypocapnic hypoxiang of the 12 leads of the ECG. When
T wave and ST segment data were separated by gentlez transverse plane, statistically
significant increases in T wave amplitude appeanelad 4 in males during hypocapnia
(0.13 £ 0.02mV [18%] vs. normocapniB k 0.05]) and hypocapnic hypoxia (0.09 £ 0.03mV
[13%] vs. normocapniad < 0.05]) (figure 5.13a). No clinically significachanges occurred
in either the male or female subjects (figure 5.1\8) other gender differences occurred in T
wave amplitude or ST segment height during meclrgperventilation (figure 5.13 and

5.14).

Hypocapnic hypoxia did not cause prolongation @f @iTc interval in any of the 12 leads of

the ECG (figure 5.15).
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Figure 5.10. The addition of hypoxia to hypocapniaoes not significantly alter T
wave amplitude in any of the 12 leads of the ECG.
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Figure 5.10. Mean_+SE T wave amplitudes during mechanical hyperventtion in
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vs. normocapnia. Dotted lines indicate upper boundes for normal T wave amplitudes
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Figure 5.11. The addition of hypoxia to hypocapni@oes not have any significant
affect on R wave amplitude in any of the 12 leadd the ECG in 9 normal subjects
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Figure 5.11. Mean +SE R wave amplitudes during mechanical hyperventition in
normocapnia, hypocapnia and hypocapnic hypoxia. Datpoints in all conditions,NS
vs. normocapnia. Dotted lines indicate upper boundes for normal T wave amplitudes
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Figure 5.12. The addition of hypoxia to hypocapnialid not cause significant ST segment
changes in any of the 12 leads of the ECG.
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Figure 5.13. The effects of hypocapnia & hypocapnicypoxia on T wave amplitude
in the transverse plane are not altered when dataiseperated by gender except in
lead V.
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Figure 5.13. Mean +SE T wave amplitude in the transverse plane duringgormo-
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Figure 5.14. The effects of hypocapnia & hypocapnieypoxia on the ST segment height
in the transverse plane are not altered when dataicontrolled for gender.
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Figure 5.15. The addition of hypoxia to hypocapni@oes not cause significant
QTc interval prolongation in any of the 12 leads othe ECG of 9 normal subjects
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Figure 5.15. Mean_+SE QTc interval duration during mechanical hyperventilation in
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5.5.Discussion
Reducing inspired ©to 15% during hypocapnia, induced by mechanicgemyentilation,
does not augment the small ECG changes seen dhypgcapnia in 21% ©in normal

healthy subjects.

5.5.1. Absence of physiological changes during hyxia

As expected, inspiration of 15%, ©aused @saturation to decrease (by up to 4.2 £ 0.4%) in
all subjects. If inspired ©had been reduced to 12-7.5%, a larger decrea@g¢ saturation (of
12-33%) would be expected (Broch, 1972a; Broch,2b9T evyet al, 1938; Baractet al,
1941). The aim of the present investigation wastoatontinually reduce inspired,Qntil
chest pain and discomfort appear. Therefore, 15%pired Q was used because it is
equivalent to an altitude of 6,700 ft and is knawrbe well tolerated by people taking routine

commercial aircraft flights (Cottrell, 1988; Waetlal, 2000).

This study attempted to confirm that spontaneosgiration of 15% @ only causes trivial
changes in heart rate or mean arterial pressuger€i5.4). Dripps & Comroe (1947) showed
that breathing a 14.5%@nixture for 6-8mins causes a small but signifidactease in heart
rate of 4 bpm in resting subjects. This increasd&eart rate was thought to be caused by
carotid chemorecepter stimulation caused by red@eavailability in arterial blood. In the
present investigation, no consistent changes int mate or blood pressure were seen during

spontaneous inspiration of 15%.0

Analysis of ventilation during normoxia and hypoxevealed that breathing frequency, tidal

volume and instantaneous: Were not significantly affected by hypoxia (figuseb). These
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findings confirm those of Dripps & Comroe (1947) aviheported that ventilation is not
affected by inspiration of 14.5%,0The absence of changes ia &d VCQ mean that the
Ve/VCO2 ratio was unaffected by hypoxia (figure 5.8)can therefore be concluded that

subjects did not hypo/hyper-ventilate during thergpneous inspiration of 15%0

5.5.2. Physiological changes during hypocapnic hygia

During mechanical hyperventilation in nine subjedtgpocapnia and hypocapnic hypoxia
caused no significant change in heart rate (1 ipd bn hypocapnia and 8 £ 3 bpm in
hypocapnic hypoxia). Previous studies suggestahancrease in heart rate might have been
expected during hypocapnic hypoxia, even thoughriepired Q was only reduced to 15%
(Dripps & Comroe, 1947). However, the lack of dase in Q saturation suggests that the
stimulus for an increase in heart rate (decreag®;iavailability in arterial blood [Dripps &

Comroe, 1947; Rutherforet al., 2005]) may have been removed.

Mechanical hyperventilation in hypocapnia and 15%d{@ not accentuate the increases in T
wave amplitude seen previously in the anterosépsals (M.3) (chapter 4.4.1, page 112), nor
did it cause significant T wave changes in any otbads. Again, hypocapnia did not cause
statistically or clinically significant changes 8T height. The fact that inspiration of 15% O
did not accentuate the increases in T wave amgligegkn during hypocapnia in 21%, O
suggests that these original T wave changes wdreaused by a functional hypoxia within

the myocardium.

When data from male subjects and 1 female subjece weparated, statistically significant

differences in the T wave amplitude of leagliv males were revealed during hypocapnia and
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hypocapnic hypoxia. In addition, clinically (but tnetatistically) significant ST segment
elevation was seen in 4Vduring hypocapnia. Hypocapnic hypoxia did not Higantly

augment T wave amplitude or ST segment height fitoah seen during hypocapnia in 21%
O,. This suggests that hypocapnia in 15% inspiredd®es not significantly alter ECG

changes seen during hypocapnia alone.

The significant decrease in,@aturation seen during spontaneous breathing ¥ @5 was
not seen in the presence of hypocapnia during nmécdiahyperventilation. The reduction in
the partial pressure of G@nd the increase in blood pH during hypocapnigeathe affinity

of haemoglobin for @to augment (Roughton, 1964). In addition, accagdim the alveolar
gas equation (Fenet al, 1946), as the partial pressure of alveolar, PACQO,) decreases,
the partial pressure of alveolar, QPAQO;,) increases. Therefore, during hypocapnia, the
maintenance of normal JOsaturations could be explained by increased RAGrreased

uptake of Q at the lungs and decreased dissociation,ah@® the working tissues.

This represents a potential limitation to this gtuechich might explain the lack of observed
ECG changes. It appears that during mechanical riagp@lation, the augmented breathing
frequency and tidal volume increased the amoufdieing exchanged in the lung, therefore
compensating for the lower proportion of @ the air. The absence of any changes in O
saturation suggests thab @elivery to the myocardium during hypocapnic hypowas no
different to Q delivery during hypocapnia in normal room air. @ohieve the desired
reduction in @ saturation, it would therefore be necessary tacednspired @further, to a

level which would not normally be considered saf@@rmal resting conditions.
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5.5.3. Conclusions
The findings of this study suggest that inspiratioh 15% Q during mechanical
hyperventilation in hypocapnia was not sufficiemtéduce @availability further and cause a

functional hypoxia within the myocardium of nornsalbjects.

The lack of ECG changes occurred because a fumdttioypoxia within the myocardium
could not be induced in healthy subjects. It appdaat inspiring 15% ©during mechanical
hyperventilation does not have any additional éffeec PaQ®, coronary blood flow or ©

availability in the myocardium.

It is known that compensatory vasodilatation ocenrthe coronary arteries during significant
hypoxia which causes blood flow to increase (Kaufmat al, 2001; Arbab-Zadelet al,
2009). However, this is unlikely to have counteedctthe vasoconstrictive effects of
hypocapnia in the present investigation becausé&3be Q inspired was not severe enough to
cause increases in heart rate which are associaiitd coronary vasodilatation during

hypoxia.

The effects of hypocapnia on the ECG in normalthgadubjects are not as noticeable as was
previously thought. It is however, still of intetet® see whether hypocapnia can provoke
ischemic ECG changes in patients already sufferimm reduced blood flow to the heart due

to coronary artery disease.
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Chapter 6

Does hypocapnia induced by mechanical hyperventilmn cause clinically significant

changes in the electrocardiogram of patients sufférg from coronary artery disease?

6.1. Summary

The effect of hypocapnia on the ECG of patientsesufg from coronary artery disease has
not yet been satisfactorily assessed. In this gtiodly, 16 patients have so far been identified
as eligible to participate; however, only four hageccessfully completed the full
experimental protocol. Of those four, two patiemisre taking long acting, isosorbide
mononitrate medication (coronary vasodilator meghed which may have interfered with
the effects of hypocapnia and were therefore censdl in the medicated group A. The
remaining two patients were not taking any medocaknown to interfere with the effects of
hypocapnia and were grouped into the non-medicgtedp B. All patients were suffering

from coronary artery disease with stable angina.

Hypocapnia did not cause any clinically significdBCG changes in any leads in the
medicated group A. It was thought that the corpnmeaasodilator medication that these
patients were taking may have interfered with theoconstrictive effects of hypocapnia and

thus prevented a critical coronary occlusion.

In the non-medicated group B, hypocapnia causeidd@arase in T wave amplitude (of up to

0.05 £ 0.01mV [18%] in 3 leads) in patient 1B. &ad IIl, the increase in T wave amplitude

resulted in the appearance of a hyperacute T wdypocapnia also caused up sloping ST
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segment depression in four anatomically contigueads (of up to 0.13 = 0.02mV) in patient
2B. J point depression in these leads exceedeitallithresholds for normality although it is

possible that these ST segment changes were dwgertal variations in the ECG.

These preliminary findings cannot confirm whethenot hypocapnia causes significant ECG
changes in patients suffering from coronary artdisgase. Conclusions about the effects of
hypocapnia in these patients cannot be made udtitianal subjects are investigated.
Therefore, further study is required to determirfeethier consistent changes can be induced

by hypocapnia in patients who are not taking corprnasodilator medication.

6.2. Introduction

As previously described (chapter 1.2.1, page 12ypobapnia causes coronary
vasoconstriction and decreased oxygen dissocidtimm haemoglobin which reduces, O
delivery to the myocardium. In normal healthy sghge this reduced Odelivery does not
cause consistent, ischemic ECG changes of climgabrtance (chapter 4, page 98). The aim
of this investigation was to test whether hypocapauses clinically significant ECG changes
in patients suffering from coronary artery diseagth stable angina. If ECG changes are
detected they could have important diagnostic iogpions. In patients who present with chest
pain, it is necessary to perform a provocation tesieveal the existence of coronary artery
disease (Braunwalet al, 2001). Hypocapnia could potentially provoke mywoéa ischemia
by reducing coronary blood flow and decreasingd@sociation from haemoglobin therefore

causing an imbalance betweepd@mand and delivery.
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6.2.1. Hypocapnia and the diagnosis of variant anga

Hypocapnia, induced by voluntary hyperventilatiarguses significant ECG changes in
patients suffering from a variant form of anginaowm as Prinzmetal's (Yaswst al, 1978;
Girotti et al, 1982; Freeman & Nixon, 1985; Kruyswigt al, 1986; Ardissincet al, 1987,
Takaokaet al, 1988; Fujiiet al, 1988; Webeet al, 1988; Chelmowski & Keelan, 1988;
Miyagi et al, 1989). This form of angina occurs at rest or migirnormal activity and is
characterized by the fact that it is not broughbgrexercise, it is generally longer in duration
and more severe than normal angina and it can éetiickd on an ECG by way of ST
elevations with reciprocal depressions in leadsesponding to one specific coronary artery
(Prinzmetalet al, 1959). Prinzmetal’'s angina is brought on by aonary artery spasm.
Studies have shown that voluntary hyperventilatfon 2-8 minutes) can induce this coronary
artery spasm resulting in both clinically signifitaschemic ST segment changes (depression
>1.5mV, elevation >2.0mV) and chest pain in 83-1080patients tested (Girottit al, 1982;
Previtaliet al, 1989; Freeman & Nixon, 1985; Kruyswig al, 1986; Ardissincet al, 1987,
Takaokaet al, 1988; Fujiiet al, 1988; Webeet al, 1988; Chelmowski & Keelan, 1988;

Miyagi et al, 1989).

The mechanism that causes a coronary artery spadimese patients is unclear. Possible
causes have been proposed such as increased kukmac€a* (Yasue et al, 1978;
Kruyswijk et al, 1986; Ardissinoet al, 1987; Chelmowski & Keelan, 1988; Fugi al,
1988), hypersensitization of the coronary vascbkd to a normal physiological trigger of
coronary artery spasm (Freeman & Nixon, 1985; Avidis et al, 1987; Chelmowski &
Keelan, 1988) or a delayed response to respirati&aftosis (Girottiet al, 1982; Webeet al,

1988).
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Because voluntary hyperventilation causes condi§i®® changes in patients suffering from
variant angina, it is considered an acceptable quation test to be used in the diagnosis of
this disease (Previtalet al, 1989; Magarian & Mazur, 1991). It compares welithw
established diagnostic techniques such as ergomotgsting although its sensitivity is
dependent on the severity of the disease. In gateho suffer from frequent spontaneous
angina attacks, the hyperventilation test has aitety of 96%, but in patients where attacks
are less frequent, this may fall to as low as 5¥e\italiet al, 1989). The effectiveness of
this test is also affected by the degree of hypoicaplkalosis that is induced by voluntary
hyperventilation. Positive ECG changes should bmm@panied by an arterial blood pH of
>7.55 for variant angina to be positively identfiéMagarian & Mazur, 1991). Voluntary
hyperventilation is also useful in assessing thpe tgf drug therapy to prescribe to patients
with variant angina. Girottiet al, (1982) showed that in patients with positive
hyperventilation tests, the effectiveness of aatsrof drug treatments could be assessed by
performing a subsequent hyperventilation test by administration of individual drugs
such as phentolamine, isosorbide dinitrate, projphnnifedipine and verapamil. Effective
drugs were identified as those that produced ativegeesponse to hyperventilation following

drug administration.

6.2.2. Hypocapnia and the diagnosis of coronary aty disease with stable angina

The effects of hypocapnia on patients sufferingnfretable angina have been studied but
findings are inconsistent because of the limitatiassociated with inducing hypocapnia with
voluntary hyperventilation (chapter 1.2.3, page. I®udies have demonstrated ischemic T
wave changes (T wave inversion > -0.15mV) in u@Q@&o of patients suffering from coronary

artery disease (Jacobsal, 1974; Joy & Trump, 1981; Kemp & Ellestad, 1968d&sinoet
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al., 1987; Lary & Goldschlager, 1974). ‘False positikesults are widely reported by those
using voluntary hyperventilation to detect coronartery disease (Wasserbergemal, 1956;
Mchenryet al, 1970; Lary & Goldschlager, 1974; Jacaisal, 1974; Evans & Lum, 1977,

Joy & Trump, 1981).

Hypocapnia, induced by mechanical hyperventilatieliminates the limitations associated
with voluntary hyperventilation as previously debed (chapter 1.2.2, page 17). Therefore, in
the present investigation, mechanical hyperverdilatwas used with the digital ECG
recording system described in chapter 2.9.2 (p&y¢cbexamine the effects of hypocapnia on
patients suffering from coronary artery diseasé\stable angina. The ECG was recorded and
compared to recent AHA, ACCF and HRS clinical thdds for myocardial ischemia

(Kenigsberget al, 2007; Wagner, 2008; 2009; Rautahafal, 2009).

6.3. Methods

Sixteen patients suffering from coronary arteryedse were identified as eligible to
participate, however, only four (aged 61 + 8 yeads[42-74 years old]) (4 male) consented
to participate in the full experimental protocoll four patients had normal resting ECGs but
had a positive exercise stress test. All four pdgidhad undergone a coronary angiogram to
determine the extent of their disease (see figérésand 6.2 for details) and were awaiting
either coronary angioplasty or a coronary arterypdsg graft after participation in the
experiment was complete. Patients gave informedamnand experiments were approved by
the Walsall Local Research Ethics Committee. Apexments were performed in accordance

with the Declaration of Helsinki as stated by theeékican Physiological Society (2002). All
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patients were given a medical examination priguddicipation in the study by the consultant

cardiologist. Full patient details and past medigatory can be seen in appendix.

Initially, patients taking long acting isosorbidenonitrate medication (coronary vasodilator
medication) were included in the study. Howevetgrafio obvious ECG changes were seen in
two patients it was decided by the consultant cdodist that patients taking this type of
medication should be excluded as it may interfeité tihe effects of hypocapnia. Data from
two of these patients has been included in thisrtepnd is considered in the ‘medicated’
group A. To allow those on long acting nitrate noatibn to participate in the study, ethical
approval was obtained to ask all those receivitigta treatment to refrain from taking their
medication for a period of 36 hours prior to thepexmentation procedure. Two patients not
taking any medication thought to interfere withstimvestigation were grouped into the ‘non-

medicated’ group B.

Coronary artery disease affected different arteiieseach patient and thus each was
considered separately. The region and vessel affdny the coronary artery disease dictates
the ECG lead in which ischemic changes occur. Betdithe patient’s disease and the ECG
leads in which changes during provocation of angieee expected are presented in table 6.1
(medicated group A), table 6.2 (non-medicated gMupnd figures 6.1-6.2 (which show the

location of vessel occlusion in each subject).

For each trial, continuous blood pressure was dambrusing a finger plethysmograph

(Finapres 2300) and end-tidal g®@as recorded with an in-line capnograph (Hewlettk@rd

78354A). Q saturation was monitored continuously using a eulgimeter (N-200 series
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oximeter, Nellcor) as a safety precaution. A camins 7 lead ECG (6 limb leads, 1

precordial lead) was recorded using a portablespaitnonitor (Philips IntelliVue, MP30) to

allow instantaneous ST segment monitoring througtiwaiexperiment.

Table 6.1. Group A (medicated) - Patient’s relatednedication, disease type, disease

location and affected ECG leads.

Patient/ Coronary Affected Affected region | Affected ECG
Disease type| vasodilator | vessel of the heart leads
medication

1A Long acting | LAD Extensive anterior| |, aVL, Vi
Single vessel| nitrates (see figure | Anteroseptal
disease 6.1a)
2A. Long acting | LAD Extensive anterior| |, Il, Ill, aVL, aVF,
Triple vessel | nitrates LCX Anteroseptal Vis
disease RCA Lateral

(see figure | Inferolateral

6.1b)

Table 6.1. LAD = left anterior descending coronanartery. LCX = left circumflex
artery. RCA = right coronary artery.
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Figure 6.1. Group A (medicated) — location of coroary artery disease identified on the
coronary angiogram
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Table 6.2. Group B (non-medicated) - Patient’s rel@d medication, disease type, disease

location and affected ECG leads.

Patient/ Coronary Affected Affected region | Affected ECG

Disease type| vasodilator | vessel of the heart leads
medication

1B. None LCX Lateral I, 11, aVF, Vi,

Double RCA Inferolateral

vessel (see figure

disease 6.2a)

2B. None Left main | Extensive anterior| I, II, Ill, aVL, aVF,

Double LAD Anteroseptal Vie

vessel (see figure

disease 6.2b)

Table 6.2. LAD = left anterior descending coronanartery. LCX = left circumflex
artery. RCA = right coronary artery. Left main = main left coronary artery
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Figure 6.2. Group B (non-medicated) — location ofaronary artery disease identified
on the coronary angiogram

a) Patient 1B (double vessel disease)
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Mechanical hyperventilation was used to induce raapnia and hypocapnia, in two trials as
previously described in chapter 2.3 (page 26). dtder and duration of normocapnia and
hypocapnia can be seen in figure 4.1 (page 107)2Aead ECG was recorded for two
minutes at the end of each condition (figure 4T1vave amplitude and ST segment height
were measured in each lead and compared to AHA,FA@@ HRS gender and age specific
clinical thresholds for myocardial ischemia (tabl23 [page 60] and 2.4 [page 61])

(Rautaharjet al, 2009; Surawicet al, 2009; Wagneet al, 2009; Wagner, 2008).

A positive result in the ‘diagnostic test’ was aefil by a T wave elevation/inversion and/or
ST segment elevation/depression in two more, anassiy contiguous ECG leads associated
with the known affected region of the myocardiunte(itified by coronary angiography). All
data are expressed as means * standard errordbrpagient across both trials. ECG leads
affected by coronary artery disease (identifiedthy coronary angiogram) are indicated on
each graph by the grey boxes. A 2-tail paired t\ess performed to compare heart rate and
blood pressure in normocapnia and hypocapnia.s8tati analysis was not performed on
individual patient's ECG data because each was memwith respect to their specific

disease state.
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6.4. Results

Figure 6.3. In all 4 patients PetCG decreased by 17 mmHg during hypocapnia
and heart rate and mean arterial pressure remain uohangec

a) PetCO:2
40 A

30 -

20 -

10 A

PetCO2 (mmHQ)

0

b) Heart rate
80 -

NS
60 -

40 A

20 -

0

Heart rate (beats per minute)

c) Blood pressure
120 1

100 1
80 -
60 -
40 -
20 -

0

MAP (mmHg)

Normocapnia Hypocapnia
Figure 6.3. Mean_t+SE PetCQ, heart rate and mean arterial pressure (MAP)

changes during mechanical hyperventilation in normoapnia and hypocapnia
in 4 patients. All values in hypocapniaNS vs. normocapnia.
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Figure 6.3 shows that in all patients, mechaniggdelhventilation in hypocapnia caused a

mean decrease in Pete@f 17 £ 0 mmHg but had no affect on heart ratblood pressure.

6.4.1. ECG changes in the medicated group A

Patient 1A (medicated group)

In patient 1A, hypocapnia caused an increase imVewamplitude in leads;\ (increase of
0.03 = 0.01mV [20%] in YV, increase of 0.07 = 0.01mV [15%] inyVincrease of 0.03 *
0.04mV [7%] in \5) but wave amplitudes did not exceed clinicallyndfigant thresholds
(figure 6.4). No ST segment elevation or depressias seen in any of the 12 leads of the

ECG (figure 6.5).

Patient 2A (medicated group)

Hypocapnia did not cause clinically significant Bwe changes in any of the 12 leads of the
ECG (figure 6.6). In addition, hypocapnia did natise any clinically significant ST segment
deviation in any of these leads. The largest STnseg change was depression of 0.07 +

0.02mV in lead { (figure 6.7) but this remained within clinical lits for normality.
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Figure 6.4. In patient 1A (medicated group), hypogania did not cause clinically

significant T wave elevation in any of the frontalor transverse plane leads of the ECG
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Figure 6.4. Mean_+SE of 2 trials. T wave amplitudes during normocapia and

hypocapnia in patient 1A. Wave amplitudes above thdotted line are considered of

clinical importance. Relevant leads are highlightedby grey boxes.
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Figure 6.5 In patient 1A (medicated group), hypocapia did not cause significant ST
segment changes in any of the 12 leads of the ECG
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Figure 6.6. In patient 2A (medicated group), hypogania did not cause clinically
significant T wave elevation in any of the frontabr transverse plane leads of the ECG
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Figure 6.6. Mean_+SE of 2 trials. T wave amplitudes during normocapia and
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Figure 6.7. In patient 2A (medicated group), hypogania did not cause significant ST

segment changes in any of the 12 leads of the ECG Normocapnia
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6.4.1. ECG changes in the non-medicated group B

Patient 1B (non-medicated group)

Hypocapnia caused an increase in T wave amplitndeads Il (increase of 0.04 = 0.02mV
[11%]), 1l (increase of 0.05 + 0.01mV [18%]) an¥FR (increase of 0.05 + 0.01mV [15%)])
(figure 6.8). The absolute T wave amplitude in Iddddid exceed clinical thresholds for
ischemia suggesting that it had become hyperaauiagihypocapnia. Figure 6.9 shows that

T wave elevation was not accompanied by ST seguofertges in any of the expected leads.

Patient 2B (non-medicated group)

Figure 6.10 shows that hypocapnia caused no changesvave amplitude in any clinically
relevant leads. Hypocapnia did not cause any dlilyicsignificant ST segment elevation in
the affected ECG leads (figure 6.11). However, alsi8T depression did occur during
hypocapnia in leadsM-0.06 + 0.01mV), ¥ (-0.11 + 0.01mV), Y (-0.13 £ 0.02mV) and ¥
(-0.11 £ 0.02mV) which was beyond the clinical givelds of -0.05 to -0.10mV (figure 6.11).
ST segment depression in these leads was not aeceadpby ST flattening or depression of

the ST(80) point.
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Figure 6.8. In patient 1B (non-medicated group), hgocapnia causs clinically
significant T wave elevation in lead Il on the frantal plane of the ECG
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Figure 6.8. Mean_+SE of 2 trials. T wave amplitudes during normocapia and
hypocapnia in patient 1B. Wave amplitudes above thdotted line are considered of
clinical importance. Relevant leads are highlightedby grey boxes.
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Figure 6.9. In patient 1B (hon-medicated), hypocaga did not cause significant ST

segment changes in any of the 12 leads of the ECG Normocapnia
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Figure 6.9. Mean_+SE of 2 trials. ST segments are defined by deviati of the J point from
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Figure 6.10. In patient 2B (non-medicated), hypocapa did not cause clinically
significant T wave elevation in any of the frontalr transverse plane leads
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Figure 6.10. Mean_+SE of 2 trials. T wave amplitudes during normocapra and
hypocapnia in patient 2B. Wave amplitudes above thdotted line are considered of
clinical importance. Relevant leads are highlightedby grey boxes.
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Figure 6.11. In patient 2B (non-medicated group), ypocapnia causes ST segment

changes in leads ¥s of potential clinical importance Normocapnia
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6.5. Discussion

In the present investigation, patients in the mated group A did not display any consistent
or clinically significant ECG changes during hyppoa induced by mechanical
hyperventilation. The absence of changes couldttéwited to either a lack of effect of
hypocapnia on cardiac electrical activity or istsde mononitrate medication interfering
with this effect. In the non-medicated group B, bggpnia caused small changes in T wave
amplitude and ST segment height. Absolute T wavpli&udes in lead 11l during hypocapnia
in one patient were beyond clinical limits for naility. In another patient, up sloping ST
segment depression was seen in four anatomicafifigemus leads. This was beyond clinical
thresholds for normality although the actual charigen normocapnia was small and
depression of the J point was not accompanied Ipyedsion of the ST(80) point. These
changes do not confirm the presence of myocard@iemia during hypocapnia in patients
suffering from coronary artery disease. Howeverestigations in further patients are needed

before any definitive conclusions can be made.

6.5.1. Absence of ECG changes in group A (medicaled

In both patients in the medicated group A, hypo&apiid not cause any clinically significant
ECG changes. In these patients, it is possibleth®atack of changes were due to the nitrate
medication they were taking. Isosorbide mononitragglication stimulates the production of
nitric oxide in the coronary arteries which relaxd® vascular smooth muscle causing
vasodilation (Braunwal@t al, 2001). It is possible that the vasodilatory et§enf isosorbide
mononitrate may have counteracted the vasocostiefifects of hypocapnia, thus preventing

the critical coronary stenosis necessary to redyagelivery to the myocardium.
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Alternatively, the lack of ECG changes seen in theddicated group A may simply represent
the lack of effect that hypocapnia has on the EG@atients suffering from coronary artery
disease. Whilst previous studies suggest that lagua reduces blood flow and, Qelivery

to the myocardium (Rowet al.,1962;Karlssonet al, 1994; Laffey & Kavanagh, 2002; Neill
& Hattenhauer, 1975; Yokoyan# al, 2008), none have comprehensively proven thatishis
sufficient to cause consistent ECG changes in patiguffering from coronary artery disease.
To the contrary, Kazmaiest al., (1998) suggested that in patients suffering fraronary
artery disease, hypocapnia (31mmHg) has no effiecooonary blood flow although in this
case the stimulus may not have been severe enougdutse an effect. It is possible that in
some patients, diseased arteries do not resporstitheli of low PaCQ that causes coronary
vasoconstriction in the same way as normal headthigries. Without knowledge of the
mechanism which causes coronary vasoconstrictian,difficult to speculate as whether or

not this is the case.

Following the study of these patients in the medidagroup A, it was decided by the
consultant cardiologist that any other patientangkong acting nitrate medication either
refrain from taking their medication during testipgriods or should be excluded from the

study.

6.5.2. T wave changes in group B (non-medicated)

In those patients not taking nitrate medicatiorpdoapnia did cause small ECG changes that
could be of clinical interest. During hypocapniagreases in T wave amplitude of up to 0.05
+ 0.01mV occurred in leads Il, lll and aVF in patielB. This resulted in the appearance of a

hyperacute T wave in lead Ill. This patient sufterieom double vessel coronary artery
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disease of the left circumflex artery and rightara@ary artery. This hyperacute T wave in lead
[l would therefore be consistent with the occumemyocardial ischemia due to insufficient
O, delivery from the right coronary artery. If thissve the case, hyperacute T waves would

also be expected in leads Il and aVF. However,istetd changes of this type were not seen.

Previous studies have also failed to produce cterdisl wave changes during hypocapnia
induced by voluntary hyperventilation. In 114 pat&e Kemp & Ellestad (1968) reported 11
cases (10%) where voluntary hyperventilation causeldemic T wave changes. Others have
demonstrated T wave changes in patients suffenoig fcoronary artery disease (diagnosed
by coronary angiography) during voluntary hyperiation in up to 70% of patients (Jacobs
et al, 1974; Joy & Trump, 1981; Ardissiret al, 1987). Lary & Goldschlager (1974) found

that 7/192 patients (3%) with coronary artery désgadiagnosed by coronary angiography,
exhibit ischemic T wave changes during voluntarypdryentilation. In the present

investigation, it is impossible to draw conclusidnem T wave changes seen in one non-
medicated patient, particularly as hyperacute Tasawere not seen in all the relevant ECG

leads.

6.5.3. ST segment changes in group B (non-medicajed

Clinically significant ST segment elevation was 8een in any patients during hypocapnia.
Significant depression of the ST segment (at tpeidt) was seen during hypocapnia in the
non-medicated patient 2B in leads.s/(figure 6.11). The importance of these changes is
unclear because J point depression was not accaoedpby depression of the ST(80) point

(ST flattening) and the largest absolute decreas&T height between normocapnia and

hypocapnia was only 0.05 £ 0.01mV.
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ST segment depression in leadssVhdicates the existence of subendocardial ischamilae
anteroseptal and extensive anterior regions ofhtet. Subendocardial ischemia is usually
caused by increased oxygen demand due to increagechrdial @ demand (Wagner, 2008).
In the present study, the patient’s heart ratetdadd pressure (and therefore myocardial O
demand) remained normal throughout the experimiém. observed ECG changes were not
consistent with a reduction in blood supply caussdthe partially occluded left main
coronary artery or the blocked LAD (as indicatedtbhg coronary angiogram). It therefore
seems unlikely that the observed changes are ofcali importance, particularly as ST
segment flattening did not occur and up slopings8dment depression often occurs due to

normal variation of the ECG (Wagner, 2008).

6.5.4. Conclusions

The effects of hypocapnia in patients sufferingnfracoronary artery disease remain
inconclusive due to the small number of subjeatsuited in this pilot study. In those patients
who were investigated, it is not clear whether priegd medication may have interfered with

the effects of hypocapnia on the ECG.

Ideally, it is best to recruit patients with estabéd coronary artery disease (diagnosed by
coronary angiography) that have not undergone amgesy and are not taking any
medication. Where this was not possible, an atteng® made to identify medications most
likely to interfere with the results of this invegition and recruit patients who are not taking
them. It cannot be denied that other medicationg have interfered with the results of this

study via unknown interactions with hypocapnia @sceffects on coronary vasoconstriction.
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Consistent ECG changes induced by hypocapnia iergatsuffering from coronary artery
disease are yet to be demonstrated using mechédnypafventilation. This pilot study shows
that it is possible to investigate this if patiec#s be identified and conflicting medication can
be properly managed. A full investigation of théets of hypocapnia on the ECG in patients
suffering from single, double or triple vessel awaoy artery disease is necessary to establish
whether this technique of inducing hypocapnia bychmamical hyperventilation has any

clinical value in the early diagnosis of coronartesy disease.
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Chapter 7

General Discussion

7.1. Summary of findings

This thesis investigation set out to identify wheathypocapnia causes significant changes in
the 12 lead ECG of normal subjects and whetheretltbanges are exaggerated in patients
suffering from coronary artery disease. This wasiedaising an established method of
mechanical hyperventilation (Coopet al, 2004) in which hypocapnia can be induced
without altering breathing frequency and tidal voki An updated and improved version of

the ECG apparatus used by Rutherfetdl., (2005) was utilised so that 12 ECG leads could
be recorded simultaneously and the effects of hggoia on cardiac electrical activity could

be examined.

This investigation confirms that mechanical hypetiation is an effective method for
inducing severe, sustained hypocapnia which is tedrated by both normal healthy subjects
and patients suffering from coronary artery dise&seall studies, PetCOwas consistently
reduced to 20 + OmmHg and kept at this level f&a0 >inutes in all subjects. Mechanical
hyperventilation itself was well tolerated by allogects, particularly in those accustomed to a

hospital setting.

The main finding of this thesis investigation isatthypocapnia, induced by mechanical

hyperventilation, does not cause consistent EC@gamindicative of myocardial ischemia in

normal healthy subjects. The findings of a pilaidst examining the effects of hypocapnia on
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patients suffering from coronary artery diseaseewigrconclusive; however, preliminary
results suggest that there is little effect onE@G. Studies using echocardiography to assess
the heart function also failed to show any effaftypocapnia in normal healthy subjects. It
therefore seems unlikely that ECG changes (in nbsoigiects) during hypocapnia are due to
a reduction in @availability in the myocardium as has been presipguggested (Rutherford

et al, 2005). These findings question the degree to kvhypocapnia causes a reduction in O
delivery to the myocardium via coronary vasoconstth and an increased affinity of

haemoglobin for @as proposed by Neill & Hattenhauer (1975).

The reasons for the discrepancy between the fisdafighis thesis investigation and those of
Rutherford et al., (2005) are unclear. Both studies use the same mhetfioinducing
hypocapnia with mechanical hyperventilation in mik&r number of normal healthy subjects
(18 in the present investigation vs. 15 studiedRioyherfordet al.,2005). The main difference
between the two studies was the ECG apparatus @s#d. were custom made for each
experiment to enable accurate analysis of the E@&iform. In the present investigation, the
ECG apparatus used recorded a 12 lead ECG simaitalyeand was calibrated against a
patient simulator calibration box (Dynatech Nevéaaga, Model 212B, Nevada, USA) and a
standard digital ECG machine (Philips Hewlett PagkBagewriter 200). In the study by
Rutherfordet al., (2005), a single lead ECG was recorded using afogne Neurolog NL840
amplifier calibrated against a custom built 200u¥ngrator. T wave amplitudes at rest
recorded by Rutherfordt al., (2005) were 0.73mV, more than double the sizéno$¢ in the
present study (0.32mV). Resting T wave amplitudssormded using the ECG apparatus of
Rutherfordet al., (2005) would be considered clinically abnormalgésacute) if they were

compared to the clinical thresholds used in thegmestudy (>0.5mV [Wagner, 2008]).
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A secondary aim of this thesis investigation wagjtantify the degree to which electrode
modification alters wave amplitudes in the 12 |1&428G. Electrode modification was found to
significantly decrease R and T wave amplitudes @ad_| of the ECG by 20% at rest and
during mechanical hyperventilation. Rutherfaet al., (2005) used the modified electrode
placement in experiments studying the effects gfdeapnia on the ECG. Even with a 20%
reduction in T wave amplitude (which would have wted had they used the standard
electrode placement), the resulting T wave ampdit(@58mV) would still have exceeded
clinical thresholds for hyperacute T waves (>0.5nfWagner, 2008]). This further
emphasises the notion that the ECG apparatus ysBditherfordet al., (2005) study did not
produce an accurate representation of the ECG waweBecause the ECG apparatus used in
the present investigation was calibrated against $eparate machines commonly used in
clinical practice (Dynatech patient simulator cediior box and Philips Hewlett Packard
Pagewriter 200), ECGs recorded were considered ratecutand comparable to clinical

guidelines.

It is unclear where the threshold of 0.1mV for aichlly important reduction in T wave
amplitude was acquired by Rutherfatlal., (2005). Up to date guidelines (Rautahasjual,
2009; Surawicat al, 2009; Wagneet al, 2009) and textbooks (Wagner, 2008) suggest that
changes in the amplitude of the T wave are onlglwfical importance if a change in the
polarity of the T wave occurs (a positive T wavedraes inverted ovice versa or the
absolute amplitude is above 0.5mV (in the frontahp) or 1.0mV (in the transverse plane).
Since the findings of Rutherfort al., (2005) were not repeatable in the present invatstig

and no evidence can be found to support the cldhas their findings were of clinical

importance, it appears likely that their observdthrges in T wave amplitude during
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hypocapnia were attributable to random variatiateer than a decrease in @vailability in

the myocardium.

7.2. Clinical Implications

This thesis investigation shows that hypocapniasdus cause consistent ischemic ECG or
echocardiographic changes in normal health subpeutisis unlikely to in patients suffering
from coronary artery disease. It is possible thah@e severe hypocapnia might be more
effective at producing ischemic ECG changes in Ipaitients and normal subjects. However,
the side effects that accompany the reduction 6€©8gbelow 20 mmHg (such as tetany and
paraesthesia, Macefield & Burke, 1991) mean thabild not be appropriate to perform this

in a clinical setting or in normal healthy voluntee

The implications of these findings suggest thattdahnique of mechanical hyperventilation
has less clinical value in the diagnosis of corgraatery disease than was previously thought.
Had the induction of hypocapnia using mechanicglenyentilation caused more exaggerated
ECG changes in patients suffering from coronargrgirtlisease than those observed in normal
healthy subjects then the technique may have bésore value as a provocation test for
stable angina (Rutherforet al., 2005). However, this thesis investigation, inchglia pilot
study in patients suffering from coronary artergedise, suggests that this was not the case
and that mechanical hyperventilation is of littlmical value. It should be noted that the pilot
study in patients was conducted in a small poputatf four patients, two of whom were
taking medication which may have interfered witle thffects of hypocapnia on coronary
vasoconstriction. Therefore, it may be prematuremi@@ke conclusions about the clinical

implications of this technique in patients suffgrinom coronary artery disease.

187



7.3. Limitations

Likelihood of myocardial ischemia

Initially, it is worth considering the likelihoodhat hypocapnia can induce myocardial
ischemia in normal healthy subjects. Existing enwe suggests that hypocapnia causes a
reduction in coronary blood flow (Rowet al.,1962; Neill & Hattenhauer, 1975; Yokoyama
et al, 2008) and an increased affinity of haemoglobin@e (Neill & Hattenhauer, 1975). It
has been suggested that this causes a reductiOn delivery to the myocardium which is
reflected, even in normal healthy subjects, by estic changes in the T wave during
mechanical hyperventilation in hypocapnia (Ruthestfet al, 2005). Previous literature states
that a coronary artery must be occluded by at I188s60% for blood flow to become
significantly reduced (Mawt al, 1963; Braunwalet al, 2001). However, even an occlusion
of 60% will not necessarily result in myocardiathemia. In the presence of coronary artery
disease, current NICE guidelines suggest that gmarattack (myocardial ischemia) is only
likely if the coronary artery is occluded by >70%opperet al, 2010). It seems unlikely that
hypocapnia would cause an occlusion of >70% andtrieg myocardial ischemia in a subject
with healthy coronary arteries, even with the dddal effects of reduced Qlissociation due

decreased PaGO

In light of the present investigation, which higilts the inaccuracies of the findings by
Rutherfordet al., (2005), the notion that hypocapnia causes myoaghrsithemia in normal
healthy subjects seems even less likely. The Rigttteet al., (2005) study is the only
existing evidence that hypocapnia causes significaductions in T wave amplitude. The
present investigation suggests that these changee wnot of ischemic origin and also

guestions the accuracy of the equipment used ipringous study to measure the ECG.
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Changes in female sensitivity to €O

In women, the sensitivity of the respiratory systenthanges in C{alters depending on the
stage of the menstrual cycle (Duttenal, 1989). The ventilatory responsiveness to changes
in PACGO, was found to significantly increase by 2% betwé#en follicular phase and luteal
phase and significantly decrease by 5% betweenluteal phase and menstrual phase.
Therefore, CQ sensitivity is significantly higher during the éatl phase of the menstrual
cycle compared with the menstrual and folliculangds. This increase in G®ensitivity is
thought to be related to an increase in progestéenhich is elevated during the luteal phase
(Dutton et al, 1989). In the present investigation, this eff@els not taken into account and
therefore represents a potential limitation to &x@eriments conducted. It is not clear to
whether changes in GOsensitivity throughout the menstrual cycle afféloe coronary

vasoconstriction seen during hypocapnia.

If these experiments were repeated, it would adeésdao control this variable by only
studying female subjects during one phase of thestngal cycle. It seems most appropriate
to conduct experiments during the luteal phaséefmenstrual cycle, at which point subjects

would be most sensitive to changes in,CO

Modes of echocardiography

Another limitation of this thesis investigation was the echocardiographic measurements
used to assess heart function. Three modes of aahography were utilised; two-
dimensional M-mode, Doppler blood flow and tissugppler analysis. The standard Doppler
echocardiography used here assessed global leftiotdar function by measuring the

velocity of blood flow through the mitral valve amdto the left ventricle during diastole.
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Myocardial ischemia can cause diastolic dysfunctidmich would be reflected by a decrease
in the velocity of blood flow into the left ventle (Nishimura & Tajik, 1997). This measure
of heart function is limited because it is insamsito small changes in diastolic function (as
might have occurred during hypocapnia). Therefordy a large change in heart function

would have been detected using this techniquedrpthsent investigation.

In addition to Doppler echocardiography, measufaggional wall motion were made using
directed two-dimensional M-mode echocardiography &issue Doppler analysis of the
lateral wall and septum. Whilst these methods aaurately detect small changes in wall
motion in the region of the myocardium being imagits method of grouping entire walls

into one is not very specific and will result imda areas of the left ventricle being ignored.

If this experiment were to be repeated, it wouldadgantageous to take a different approach.
Instead of using 3 different modes of echocardiplgyait would be more beneficial to focus
on small changes in heart function using detailegue Doppler analysis as described by
Cerqueiraet al., (2002). Using this method, the left ventricle isided into 17 segments
across three levels (Base, mid-cavity and apex) isppdb anterior, septal, inferior, and lateral
segments on each level. Each segment is imagedidndily resulting in a more detailed

analysis of left ventricular function.

Additional modes of echocardiography which couldubed to assess left ventricular function
include qualitative echocardiography and two-din@mal strain imaging. Qualitative
echocardiography relies on the observer to clasaygcardial wall segments according to

their motion at rest and during myocardial streéSegments are labelled as non-kinetic,
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moderately kinetic or hyper kinetic. A differencetlveen motion classifications would
indicate a potential change in heart function. Tdumensional strain imaging is advantageous
because it is not dependant on the angle of thecacdiography transducer as in Doppler
measurements. It relies on estimation of the vedtaelocities of every pixel within an
echocardiographic image. These are used to cadcatatangle-independant velocity of each

wall segment over a specified time period (Cétal, 2008)

Hypocapnic ‘hypoxia’

The third study of this thesis investigation atté@apto accentuate the effects of hypocapnia
in 21% inspired @ by hyperventilating subjects in 15% inspired. ®lo differences were
found between ECG waveforms recorded in both candit A possible limitation to this
study was that by mechanically hyperventilatingtipgrants, the effectiveness of breathing
15% inspired @may have been diminished. When subjects inhaled ©o%pontaneously,
O, saturation measured using pulse oximetry was foiondecrease to 93 + 1%. When
subjects inhaled 15%Qluring mechanical hyperventilation, ®aturation remained at 100 +
0%. It appears that during mechanical hyperveititatthe augmented breathing frequency
and tidal volume increased the amount of Kking exchanged in the lung, therefore
compensating for the lower proportion of @@ the air. Q delivery to the myocardium during
hypocapnic hypoxia was consequently no differentOtodelivery during hypocapnia in

normal room air.

In order to achieve the desired reduction indaturation, it would be necessary to reduce

inspired Q further, to a level which would not normally bensalered safe in normal resting

conditions. Using the methodology of the presemestigation, it would be difficult to predict
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the level of inspired @needed to achieve this prior to experimentatidmer&fore, if this

experiment was to be repeated, a different methmadvbe required.

An alternative approach would be to sample respgasl in each subject and measure end-
tidal O, (PetQ) instantaneously. This information could then Isediin a simple feedback
system to adjust inspired,@ each individual in order to achieve a preddfitevel of PetQ.

By titrating G in this way, it allows the subject’s Pet@® be accurately controlled regardless
of whether they are hyperventilating or breathingrnrmally. This technique has been
successfully utilised by Balanas al., (2003), Talbotet al., (2008) and Dorringtoret al.,
(2010) to study the effects of varying levels oft®eand PetC® on pulmonary vascular
resistance. In these experiments, inspiregdsCautomatically adjusted by a computer system
to achieve a predefined PetO'he same technique was used to alter Pet&@d induce
hypercapnia. In the present investigation, meclamgperventilation would still be of use if
this technique were to be utilised because it ilk the most efficient method of reducing

PetCQ in resting subjects.

Small patient population

An obvious limitation to final pilot study was tHack of patients studied. This made it
difficult to draw conclusions as to the effects lgfpocapnia on the ECG of patients with
coronary artery disease. The primary reason fag #inall population of patients was the
difficulty in gaining access to this specialist gpoof patients chosen for study. Whilst the
prevalence of patients suffering from coronaryrgrtisease is common, it is less common to
find patients with established coronary artery @ssewho are not taking coronary vasodilator

medications, haven’'t undergone coronary bypassesyrand are not suffering from any co-
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morbidities (such as asthma, epilepsy, diabetes| failure or morbid obesity). Thus, from

the beginning of the study the pool of eligibleipats to recruit from was limited.

In addition, the number of eligible patients whaldeed participate in the experiment was
higher than anticipated and on five occasions,ep&i willing to participate were denied
permission to by their GP. Although reasons for-participation were not required, most
subjects stated a wish not to jeopardise theirtheahy further by participating in an
experiment which was designed to provoke a stresshe heart. When coupled with the
limited number of eligible patients for recruitment first place, this lack of participation

resulted in a disappointingly low number patientamined over the study period.

If this pilot study was to be continued, it maywerth investigating the effect of hypocapnia
on the ECG in patients who present with chest path have undergone an initial assessment
of their risk of coronary artery disease. Studyagients with a relatively high risk of having
coronary artery disease, before they undergo nessie cardiac imaging or coronary
angiography, would increase the number of patiatigible for study and decrease the
proportion of those eligible who are taking cortfhig coronary vasodilator medication. This
strategy of subject recruitment would also allodirgct comparison of whether there are any
fundamental differences between the ECGs recordeithgl hypocapnia in patients eligible

for diagnostic investigation who have coronary grtdisease and those who do not.

During future patient recruitment, only acknowledgmt of a consenting patient’s

participation would be requested from their GP.c8IiNHS policy does not require the GP to

consent to a patient’s participation in an expentakstudy of this kind, it has been possible
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to gain ethical approval to do this. The advantaigehis alternation in recruitment procedure
is that it takes the responsibility of the patientvelfare (during the study) away from their

GP, making it more likely that they will not inteswe and prevent participation in the study.

7.4. Future experiments

As stated previously (in section 7.2), based onfthéings of this thesis investigation, it
seems unlikely that hypocapnia induced by mechanggerventilation will provoke
myocardial ischemia in patients with coronary artdisease. To confirm this, it might be
worth studying additional patients with varying saties of coronary artery disease under
hypocapnic conditions to see if ECG changes od€uhis was to be done, the limitations
highlighted in section 7.3 should be addresseds Wauld mean testing all female patients in
the luteal phase of their menstrual cycle and usiatpiled (17 segment) tissue Doppler
analysis to measure heart function. Should hypadeaprnnduced by mechanical
hyperventilation, still not result in measurableagbes in cardiac electrical activity or heart
function, then the preliminary assumption that tteshnique does not induce myocardial

ischemia would be confirmed and therefore wouldrequire further investigation.

Alternatively, if significant ECG changes did ocand it was assumed that hypocapnia does
cause myocardial ischemia in patients sufferingnfrooronary artery disease, there are
subsequent experiments which might be of intefidst. investigation of electrocardiographic
responses to hypocapnia in patients presentingeh@ém pain of unknown origin would be of
use in determining whether this technique of meidamyperventilation has any use in the
early diagnosis of coronary artery disease. Thislystcould be incorporated into a larger

randomised controlled trial comparing the technig@idnypocapnia induced by mechanical
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hyperventilation with a gold standard test for ¢@xy disease (coronary angiography) to
establish the sensitivity and specificity of thi®yocative test and whether it is cost effective

to be used in a clinical setting.

Another study of interest would be to investigatdetiner inducing hypocapnia with
mechanical hyperventilation can be utilised witlhest cardiac imaging techniques. When
used in conjunction with myocardial perfusion sgraphy (MPS) using single proton
emission computed tomography (SPECT), pharmacabgitess agents such as adenosine,
dipyridamole and dobutamine have a higher sensitfer coronary artery disease than when
they are used with echocardiography (91% vs. 73%% 9s. 72%, 84% vs. 81% respectively)
(Heijenbrok-Kal et al, 2007). Future experiments would therefore ingedé whether
hypocapnia induced by mechanical hyperventilat®mpractical with MPS using SPECT or
wall motion/perfusion magnetic resonance imaginigeter it improves the sensitivity and/or
specificity for coronary artery disease and whetier techniques are cost effective when

used in conjunction.
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Appendix
Patient details

Patient 1A

Age: 42

Ethnicity: White British

Allergies: Penicillin

Past medical history:

- Asthma (5 years ago)

- 0Old gastric ulcer

- Angina (not resting or night pain)
Cardiovascular risk:

Not diabetic

- BP normal

Cholesterol normal

Ex-smoker

Family history of cardiovascular disease:
- Mother had a Ml aged 69
- Father had two Mls aged 61

Current medications:

Isosorbide mononitrate

Lansoprazole
- Bisoprolol

- Simvastatin

- Aspirin

- Recommended for surgery Awaiting coronary angioplasty
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Patient 2A

Age: 72

Ethnicity: White British

Allergies: None

Past medical history:

- Transient ischemic attack (2 years previously)

- Pleural plagues (no lung disease)

- Angina (no night pain, occasional rest discomfort)
Cardiovascular risk:

Not diabetic

Hypertension

Hypercholesterolaemia

Ex-smoker

Family history of cardiovascular disease:
- None

Current medications:

Isosorbide mononitrate 20mg o.d.
- Bisoprolol 1.25mg o.d.

- Simvastatin 40mg o.d.

- Aspirin 25mg o.d.

- Ramipril 2.5mg o.d.

- Recommended for surgery Awaiting coronary bypass graft
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Patient 1B

Age: 54

Ethnicity: South Asian

Allergies: None

Past medical history:

- Duodenal ulcer

- Previous right coronary artery stents
- Angina (not resting or night pain)
Cardiovascular risk:

Not diabetic

Normal BP

Hypercholesterolaemia

Current smoker

Family history of cardiovascular disease:
- None

Current medications:

Atenolol 50mg o.d.

- Simvastatin 40mg o.d.

- Aspirin 75mg o.d.

- Ramipril 2.5mg o.d.

- Lansoprazole 15mg o.d.

- Fenofibrate 67mg o.d.

Finasteride 5mg o.d.

Recommended for surgery Awaiting coronary bypass graft
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Patient 2B

Age: 74

Ethnicity: White British

Allergies: Shellfish

Past medical history:

- Angina (not resting or night pain)
Cardiovascular risk:

Not diabetic

BP normal

Cholesterol normal

Ex-smoker

Family history of cardiovascular disease:
- None

Current medications:

Simvastatin 40mg o.d.
- Aspirin 75mg o.d.

- Nicorandil 10mg o.d.

- Ranitidine 300mg o.d.
- GTN spray

Recommended for surgery Awaiting coronary bypass graft
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