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Summary

Background: Current gold standard pulmonary artery pressure measurements (PAP}) are
not accwrate using a fluid filled catheter. High fidelity micromanometer tipped catheters
are more accurate both at rest and during exercise. ‘They have been used to examine the

pattern of pulmonary artery pressure waveforms under various physiological conditions.

A new thoracic impedance device has been developed, the Physioflow 1 (©Manatec,
France), which has been shown to measure cardiac output (CQ) accurately in a variety

of respiratory conditions.

It 1s konown that PAP varics with changes in posture, sleep and exercise, and may
sometimes appear normal at rest in early disease. Resting pressures vary daily,
However, pressure and flow is linearly related in physiological ranges and the
relationship is relatively constani. Changes in pressure-flow relationships may be
missed at rest. It has been shown thal response to a grven treatment may be missed if
measurements are based solely on resting PAP. For this reason the slopes ol pressurc-
flow plots, are more useful than spot measures of pressure and flow. This has not

adequately been explored in humans.

Aims: To validate the use of the physioflow 1 cardiac output device, for use in subjects
with pulmonary hypertension, and to develop a method of combining its data with high
fidelity pulmonary artery catheter measurements, to produce pressure flow plots in a
clinical context. The use of exercise or dobutamine, will be explored to achieve this, to

then examine the effects on pressure—flow plots of the following:




1. The inhalation of oxygen or a nitric oxide/oxygen combination

2. Changing cxercise posture

3. The response ol dilferent causes of pulmonary hypertension to the
former two investigations

4. The rtesponsc of pressurc-flow curves to oxygen or mnitric
oxide/oxygen combination on vasodilator responders and non-

responders (at rest).

Recruitment, Ethics_and Methods Ethical approval was granted for all studies. All

subjects who attended the Scotiish Pulmonary Vascular Unit between April 2001 and
August 2003, for invasive investigations, were offered to participute in the pressure—

flow and other studies,

Whilst the subjects underwent routine right heart catheter mvestigations, measurement
of cardiac output derived from the physioflow-1 cardiac output device was compared
against thermodilutional derived cardiac ouviput measurements concurtently measured

during rest or during any physiological or pharmacological manoguvres.

Those who agreed to the study had the micromanometer lipped catheter, inserted into
their main pulmonary artery, and measurements were taken concurrently with thoracic
impedance derived cardiac output mecasurements, during exercise or a dobutaminc

infusion under varying experimental conditions.

Results; We found that the physioflow 1 device, overestimated the cardiac output,

compared to thermodilutional measurements 1.21 (+ 1.85) L min"'. The percentage




change from haseline however was similar between the two methods, and the
physioflow 1 gave an overestimation of only 2.08 % ( 12.5), making it reliable in

following the trends of changes in cardiac output in individuals.

In the reliable production of pressure- flow plots, both studies failed. The straight leg
raising exercise studies, had a 20% equipment failure rate, and only achieved
statistically liear plots in 45% of studies. The slope and intercepts had wide confidence
intervals making them unsuitable for clinical comparisons (the 95% confidence inictval
< 20% baseline in 27% of studies). The dobutamine studies were unsuccessful, as the

PAP seemed to plateau, as cardiac output continued to increase.

Pooled data of vasodilator responders and non-responders, demonstrated that when
given air or nifric oxide/oxygen, the non-vasodilator responders slope significantly
decreased from 10.2 to 6.9 respectively (p < 0.001), but for responders the slope did not
significantly change from 8.6 to 8.9, and the 95 % confidence intervals overlapped (8.2~
8.8 versus 8.7-9.2). For individual disease groups, chronic thromboembolic pulmonary
hypertension and normal subjects responded in a simifar fashion (decrease in the slope
of pressure-flow plots) to non-vasodilator respouders (p — 0.004 and <0.001
respectively), i response to oxygen and nitric oxide combined, whereas idiopathic
pulmonary hypertensive and connective tissue disorder subjects had parallel shifts

similar to vasodilator responders (p = 0.237 and 0.09 respectively).

Conclugion: The physiofiow-1 not been shown to be accuraie enough quantatively n

general clinical practice in subjects with pulmonary hypertension when compared to




thermodilution cardiac output measurements. It docs however follow trends fairly

accurately and can thus be a useful research tool.

In conjunction with the high fidelity ambulatory pulmonary catheter, pressure flow plots
can be produced with exercise. The quality of these plots in an individual, however, is
not enough to be used to compare pressure-flows clinically. The data when pooled
however is sufficient enough to discover other findings like the difference in response to
vasodilators of so called vasodilator responders and non responders. It would scem that

responders have a parallel shift and non-responders alter their pressure-(tow gradient.

The use ol straight leg raising exercise or dobutamine infusions does not lead to linear
pressure flow plots of sufficient quality to be used in individuals clinically but pooled

results may be a useful research tool.
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1.1 A Brief History of the Science of the Pulmonary Vasculature & Pulmonary
Hypertenston

In ancient times there were numerous explanations of the working of the human body.
Between 138 and 201 AD Galen summarised these ideas. It was thought that blood was
formed in the liver and distributed around the body by the venous system, where it was
consumed, whilst nourishing the body (Grover, R. F. et al 1983). It was thought that
some of the blood flowed through the right side of the heart in order to nourish the
lungs. Most of the blood it was thought passed into the left side of the heart via tnvisible
pores. Galen believed that the lungs conveyed air to the left ventricle, where it became
“Vital Spirit.” (Fleming, D. 1955; Grover, R. F. et al 1983). ‘Soot’” produced by the
ventricle was then fransported back to the lungs and exhaled. This became church
doctrine for 1400 years. It took William Harvey, a student of Padau, during the 7™
century, to establish the idea in mainstream science, that blood follows a circuit, both

through the systemic and pulmonary systems. (Grover, R. F. et al 1983).

Stephen Hales in the 17" and early 18™ Centuries performed the [firsl quantitative
measures of the systemic circulation, where he measured the carotid pressure and the
cardiac output of a goose. He also deduced that pulmonary artery resistance was likely
to be less than systemic vascular resistance, due to the corresponding thickness of the
vessel walls, and that the blood velocity must be greater through the lungs then the rest
of the body. He estimated the capillary cross diameter, and total lung capillary volume

(Grover, R. F. et al 1983).

in 1870, Fick described the measurement of cardiac output (CO) in animals and

estimated that in man it was likely to be 4.6 L/min. The {irst direct mcasurcments of




pulmonary arterial pressure was performed by Auguste Chauveau and Elienne Jules
Marey (Grover, R. F. et al 1983). During the 19" and early 20% century, Otto Frank
measured the outflow pressures allowing the calculation of pulmonary resistance, and
Frnest Henry Starling heart-lung preparations allowed the experimental analysis of
mechanical and physiological properties of the heart and lung (Fishman, A. P. 2004). In
the early part of the 20% Century, Forssmann showed that right heart catheterisation was
possible via a peripheral vein. (The experiments were performed on himself) (Fishman,
A. P. 2004). This was taken up by Cournand and Richards, at the Bellevue laboratories.
It was here moved from the laboratory to the bedside (Fishman, A. P. 2004). Inn 1953,
Hermann Rahn used this catheter with a balloon iip to mcasurc outflow pressure
(Fishman, A. P. 2004). Tn 1970 William Ganz and Harold J. C. Swan introduced a
balloon fipped catheter that could be advanced into the pulmonary artery under

haemodynamic monitoring (Swan, H. J. et al 1970).

The first physiological studies into pulmonary hypertension were preceded by
histopathological studies. In 1891, the first case reporl was published by Ernst von
Romberg, calling the disease “pulmonary vascular sclerosis™ (Fishman, A. P. 2004).
Following this several other case series were published, In 1901, during a lecture Abel
Ayerza described a syndrome categoriscd by pulmonary hypertension and right
ventricular dilatation (Fishman, A. P. 2004). Until the 1940’s, it was believed that the
cause of primary pulmonary hypertension was syphilis, but Oscar Brenner in
Birmingham reviewed 100 case reports and autopsy files of patients with pulmonary
hypertension and found that through histological examinaiion syphtlis was nol the cause

(Fishman, A. P. 2004).
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In 1951, Dresdale and his co-workers discovered that pulmonary vasoconstriction was '
involyed in the pathogenesis of primary pulmonary hypertension (Dresdale, D. T. et al
1954). Since then there has intcrest in the scientific investigation of pulmonary
hypertension, but the majority has been in the pathophysiology of the disease.
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1.2 Clinical Pulmonary Hypertension

1.2.1 Definition & Epidemiology

Pulmonary arterial hypertension (PAH) accompanies nearly all heart and lung disease.
Because of the difficulty of making measurements of pulmonary arterial pressure and
flow, the morbidity associated with pulmonary hypertension is poorly understood.
Pulmonary hypertension is said to exist if the mean pulmonary artery pressure is greater
than 25mmHg at rest or 30mmHg with exercise (Rubin, L. J. 1993). A list of causes of

pulmonary hypertension is shown in Table 1.1 (Simonneau, G. et al 2004).

1.1 Idiopathic PAH
1.2 Familial PAH

1.3 Associated with (APAH)
1.3.1 Collagen Vascular Disease
1.3.2. Congenital systemic-to-pulmonary shunts
1.3.3. Portal Hypertension
1.3.4. HIV infection
1.3.5. Drugs & Toxins
1.3.6. Other
1.4 Associated with significant venous or capillary involvement

1.5 Persistent pulmonary hypertension of the newborn

Left sided atrial, ventricular or valvular heart disease

3.1 Chronic obstructive pulmonary disease
3.2 Interstitial lung disease

3.3 Sleep disordered breathing

3.4 Exposure to high altitude

3.5 Alveolar hypoventilation

3.6 Developmental abnormalities

Table 1.1: WHO Classification of pulmonary hypertension
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Severity varies between different causes, however the histological changes seen in the
vessels arc similar and also there also appears to be similarity in responses to treatment,
suggesting a common link that leads to vascular changes. Changes are seen in all three
layers of the blood vessels, the intinta, the media and the adventitia. It is now clear that
the factors leading to pulmonary vasoconstriction also leads to remodelling of
pulmonary vessels, (vasomotor cell growth coupling) (Barer, G. R. et al 1989; Cutaia,

M. et al 1990; Peacock, A, J. 1999).

The incidence ol idiopathic pulmonary arterial hypertension is 1-2 per million per
annum (Rich, S. et al 1987). It causes disabling symptoms and left untreated leads to an
early death. The incidence of other causcs of pulmonary hypertension apart from COPD
equal another 1-2 per million per annum {(Gaine, S. P. et al 1998; Sanchez, O. et al
1999). The incidence of pulmonary hypertension amongst COPD paiients has been
calculated to be between 5-40% (Behnka, R. H. ct al 1971; Fishman, A. P, 1978; Flint,
F. J. 1954; Report of an expert committee 1970). This may give prevalence amongst the
general population of 0.3%. In the U.S. it has been estimated that up to 30% of hospital
admissions with ‘congestive cardiac failure’ actually have fluid retention secondary to
hypoxic lung disease (Flint, F. J. 1954; Report of an expert committee 1970;

Weitzenblum, L. et al 1996).

1.2.2 Pathophysiology

it is likely that pulmonary hypertension develops as a consequence of a number of
genetic and environmental influences (Humbert, M. et al 2004)which ultimately, at the
level of the pulmonary arterioles and capillaries, can be divided into 3

pathophysiological facets.
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As mentioned earlier, hypoxic vasoconstriction is one of the mechanisms behind
pulmonary hypertension. The other two are destruction of the vascular bed and

remodelling,

Over the past decade, the PPH1 gene has been mapped to the locus 2¢31-32 (Deng, Z.
et al 2000; Lane, K. B. et al 2000; Nichols, W. C. et al 1997).In idiopathic pulmonary
arterial hypertension. This gene encodes for bone morphogenetic protein-IT (BMPR-2)
receptor. Carriers have a 10-20% chance of devcloping pulmonary
hypertension(Newman, J. H. et al 2001), but the mutation is only found in 26% of
sporadic pulmonary arterial hypertension(Thomson, J. R. et al 2000). A further gene the
activin receptor-like kinase (ALK )-1 has been found to be associated with pulmonary
hypertension in paticnts with hereditary hemorrhagic telangiectasia (Trembath, R, C.
2001). Bone morphogenetic protein is part of the TGF-§ superfamily and may either
promote or inhibit cell growth{Loscalzo, J. 2001). Other paticnts, who do not have the
PPHI1 mutation, may have other abnormalities which interfere with BMPR-2 function.
Angiopoietin-1 protein is involved in smooth muscle recruitment and vascular
development is overexpressed in patients with pulmonary hypertension and down
regulates BMPR2 mRNA. Angiopoietin-1 protein also is correlated with pulmonary
vascular resistance (Du, L. et al 2003; Sullivan, C. C. et al 2003). Thc inability to
regulate the prohiferative response to injury may be the reason for endothelial cell

prolifcration found in plexiform lesions.

In pulmonary hypertensive subjects, there is often found an imbalance in many
circulatory and tissue coagulation and other factors, and this may lead to in-situ

thrombi. These factors include raised thromboxane A2 levels, reduccd prostacyclin

BVt e i Wt
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levels, reduccd nitric oxide synthase and raised endothelin-1 lung tissue levels, elevated

serotonin and serotonin transpotter levels (Presberg, K. W. et al 2003b).

Hypoxic pulmonary vasoconstriction has been known to exist since 1946 (von Euler, U.
S. et al 1946) but is not yet fully understood. It will be turther discussed in chapter
1.3.2.1. Destruction of the pulmonary vascular bed is often due to diseases which result
in a loss ol lung parcnchyma but it take up to 50-75% of the vascular bed to be
destroyed before the pulmonary artery pressure rises at rest. In addition to short-term
autoregulatory changes in vascular tone, vessels can undergo profound fibrocellular
changes, in various ¢linical conditions (Ryland, D. et al 1975; Semmens, M. et al 1974),
termed vascular remodelling. Pulmonary vascular remodelling is important clinically

because it renders the vessels relatively non-distensible to vasodilators.

The process of pulmonary vascular remodelling, adventitial changes, medial smooth
muscle hypertrophy, distal smooth muscle hypertrophy, intimal  proliferation,
endothelial cell proliferation, in-situ thrombus and plexiform lesions (Presberg, kK. W. et

al 2003a).

As pulmonary hyperiension develops, the thin walled right ventricle of the heart tends
to slowly thicken, in response to an increase in afterload. As the right veniricle dilates,
this causes a fall in CO as the right ventricle competes for space with the left ventricle
in the pericardial sac. This in turn may lead to right veniricular ischaemia and a drop in
right ventricle contractility, further reducing the CO (Carlson, k. B. et al 1985,
Franciosi, R. A. et al 1968; Gold, F. L. et al 1982; IHoran, M, et al 1981; Milnor, W. K.

ctal 1978).




1.2.3 Investigations

Foliowing initial clinical assessment of pulmonary hypertension a multitude of
investigations are arranged, however there is no single ideal investigation for diagnosis.
The problems with less invasive tests are inaccuracy, and they measure surrogate
markers of pulmonary hypertension and so cannot be relied apon to make a diagnosis.
The most important investigation is right heart catheterisation. Right heart
catheterisation is the diagnostic gold standard measuring mean pulmonary artery
pressure (PATP) and cardiac output (CO) with the patient at rest and supine while
performing a vasodilator challenge test. Even though this test is the gold standard it has
its limitations as will be discussed later. There are several vasodilator substances used in
this testing, and one of the most uscful is nitric oxide (NO) (Pepke-Zaba, . et al 1991;
Ricciardi, M. J. et al 1998; Roberts, J. D., Jr. et al 2000), A positive vasodilator
response is defined as a fall of 20% in cither mean pubmonary artery pressurc or

pulmonary vascular resistance (Chemla, D, et al 2002).

[.2.4 Treatment
Treatment should be aimed at the underlying causc of pulmonary hypertension.

Conventional treatments include oxygen therapy and anticoagulation,

In secondary pulmonary hypertension, hypoxia is a precipitating factor. There is
evidence that oxygen improves symptoms in children with pulmonary arterial
hypertension (1985; Kanemoto, N, et al 1989; Kral, H. et al 1993, Nagasaka, Y. et al
1978; Stark, R. D. et al 1973; Weitzenblum, E. ct al 1985; Wuertemberger, G. et al

1990),




The other mainstay of treatment is vasodilator therapy. The theory behind the use of
vasodilators in pulmonary hypcricnsion is based on the importance of vasoconstriction
in the development of pulmonary hypertension. These can be subdivided into calcium
channel blockers and disease directed therapy. Disease Targeted Therapies (DTT)
includes prostacyclin, endothelial antagonists and phosphodiestease 5 antagonists. Apart
from wvasodilatation, these agents may have other beneficial effects in pulmonary

hypertension.

Calcium channel blockers are used in those deemed to be vasodilator responders (Rich,
S. et al 1991; Rich, S. et al 1992), and disease targeted therapy in those who are not,
Discase target therapy may double five vear survival rates (Rubin, L. I. et al 1990),
These beneficial effects may persist up to 10 years (Bush, A, et al 1987; Ewert, R. et al
2000; Galie, N. et al 2002; Hoeper, M. M. et at 2000, Jones, K. et al 1989, Machhernd],
S. et al 2001; Olschewski, H. et al 2000; Glschewski, H. ct al 2002; Oudiz, R. I. et al
2004; Rubin, L. J. 1997, Rubin, L. J. et al 2002; Simonneau, G. et al 2002).
Combination therapy of disease targeted therapy may also be useful (Ghofrani, H. A. et

al 2003; Hoeper, M. M. et al 2004; Lunze, K. et al 2006).
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1.3 Introduction to Haemodynamics

1.3.1 Introduction

Optimal condition for exchangc of mixed venous blood and inspired air is a low
pressure high flow system with very little distance separating the air from the blood.
The pulmonary circulation is a low pressure system and this prevents fluid from moving
out of the vessels into the interstitial space and also allows the right ventricle to operate
at a minimal energy cosl. T'be pulmonary circulation operates at approximately 20 % of
systemic pressures at rest. This means that the pressure-flow (P-Q) refationship is very
sensitive to mechanical influences, The heart and pulmonary vasculature are situated in
a pressure chamber — the thorax. Pressurc measurcments have to be interpreted relative
to surrounding pressure as breathing effort can generate changes that override normal

pulmonary vascular pressures.

Resistance can be described as the opposing lorce to a given constant flow. Pulmonary
vascular resistance, (PVR), is used to evaluate the forces that oppose right ventricular
ejection but can be misleading, PVR is calculated by

PYR :M , and is the ratio of the mean pressure drop across the lung to

Q
cardiac output, where Q is blood flow per unit time (or cardiac cutput, CO, measured in

L min™), MPAP is mean pulmonary artery pressure and 1LAP is left atrial pressure.

Pulmonary Artery Occlusion Pressure (PAOP) is the pressure measured when a balloon
1s inflated within the pulmonary artery and it gives an estimation of I.AP under normal

circumstances if the tip of the catheter is placed below the level of the left atrium. The
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putmonary circulation is affected by passive and active mechanisms and is altered by

varying physiological activity.

1.3.2 Passive Regulation

The pulmonary circulation can be affected by lung volume, interstitial pressure or left
atrial pressure (LAP). Blood vessels in the lung can be divided into alveolar vessels and
extra-alveolar vessels. As Iung volume increases (during inspiration), it has different
affects on the different groups of pulmonary vessels (Graham, R. et al 1982). The
transmmural pressures of intra-alveolar vessels and extra-alveolar vessels also depend on
changes in alveolar and interstitial pressure produced by changes in lung volume,

(Fishman 1985; Naeije 1996)

1t has been observed in experimental models of pulmonary hypertension with positive
extrapolated intercepts of pulmonary artery pressure-flow (P-Q) plots, that LAP can be
increased up to a certain point above normal without affecting pulmonary artery
pressure {PAP), The exact level at which increases in LAP leads to an increased PAP
varies from model to model of pulmonary hypertension. This shows that LAP can
seldom be taken as the effective outflow pressure to calculate resistance of a

hypothetical Poiseuillian {tow within the pulmonary circulation (Naeije, R. 1996).

1.3.3. Active Regulation

1.3.3.1 Hypoxic Pulmonary Vasoconstriction (HPV)

Hypoxic pulmonary vasoconstriction (HPV) was first demonstrated in 1946 (von Fuler,
U. S. et al 1946). Describing the effects on the pulmonary circulation of acute (hours) or

chronic (days-weeks) hypoxia is complicated, in view of the great amount of inter &

|
i
i
i
!
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intra specics variability. This can be demonstrated by the variable response of animals
to changes In altitude. As altitude increases, the partial pressure of oxygen in the
atmosphere decreases. Some animals, like the cow or cat, show a large increase in
pulmonary arterial pressure to decrcascs in the pariial pressure of oxygen, whereas
others, like the rabbit or guinea pig show only a little response (o decreases in Partial
pressure in arterial blood (Pa0,). Most animals, including man, fall in the mid category

(Reeves, I. T. et al 1979b)

Intra species varration also occurs. In adult humans, Reeves and Grover found that there
was a large variation in pulmonary artery pressure in those living at high altitude, with a
lesser degree of variation or range in those living at sea level (Reeves, J. T. ct al 1979a).
The variation in thc pulmonary artery pressures noted in individuals at high altitude

appears to be due to variations in arterial oxygen levels (Grover, R. F. et al 1983).

Hypoxic puimonary vasoconstriction is intrinsic to the lung and does not requirc
external ncural or humoral stimulation. As the airway oxygen tension reduces below
100mmITg, the arterial pressure increases, until the response fails (Barer, G. R. et al
1970; Hauge, A. 1968). The onset of vasoconstriction is gradual over minutes, but the
offset is rapid (McMurtry, 1. F. et al 1976). The response can be affected by other
factors, such as cardiac outpul, lell atrial pressure, autonomic nerve stimulation and
circulating vasoactive substances (Naeije, R. 1996). The exact biochemical mechanism
of HPV is unknown (Fishman, A. P. 1985; Grover, R. F. et al 1983). Giving oxygen

may reverse the cffects of hypoxic vasoconstriction.
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1.3.3.2. Nervous Control of Pulmonary Vascular Tone

The pulmonary Vasculature has both sympathetic & cholinergic innervation. -
adrenergic receptors produce vasoconstriction and [-adrenergic recepiors vasodilation
(Grover, Wagner et al. 1983; Fishman 1985). However, an increase or a change in
sympathetic stimulation does not lead to HPV. Thus the o~ adrenergic effects are either

greater than or balanced with the §-adrenergic effects.

Studies have shown that in total autonomic block by chemical sympathectomy,
pressure-flow plots in dogs move to a higher pressure (Murray, P. A, et al 1986; Naeije,
R. et al 1989), This suggests that under certain circumstances the sympathetic system

may produce a net vasodilatory response.

1.3.3.3 Humoral Control of the Pulmonary Vascular Tone
Many mediators have been proposed to modulate pulmonary vascular tone (Nacije, R.
1996), but only prostacyclin and nitric oxide have been shown to reduce normal

vascular tone in experimental models.
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1.4, Effects of Various Physiological Conditions on the Pulmonary Circulation
1.4.1. Hyperoxia

Pulmonary artcrics have been shown to dilate in responsc to hyperoxia (Madden, J. A.
et al 1983, Peake, M. I). et al 1981). During ventilation in the normal lung, the
pulinonary vasculature is kept in a telatively relaxed state. Hyperoxia may lead to an
acute fall in calculated pulmonary vascular resistance and pulmonary arterial pressure,
but with no significant effect on the systemic circulation ar cardiac output (Tucker, A. et
al 1975). Hyperoxia selectively decreases the pulmonary vasoconstrictive response of
prostaglandin Fz, (Lomigro, A. J. et al 1975) bul does not aflect the response to

serotonin and noradrenaline (Archer, S, L. et al 1989).

1.4.2, Posture

When a human stands up, the intravascular pressure increases due to the force of
gravity, leading to increased transmural pressure and dilation of the venous system. This
leads to less venous return and reduced heart filling. Normally 400-500m! is shifted
through the leg veins. Although the reservoir of pulmonary blood is decreased, the left
heart can still be filled out of this reduced reserve for 10 beats, This is followed by an
increased vascular resistance in the skeletal muscle and a reflex tachycardia,
augmentation of the contractility of the ventricles, and a catecholamine release. In
humans at rest, cardiac output may be up to 25% lower, stroke volume 40% lower and
heart rate 30% higher when erect as compared to supine. The distrnibution of blooed in
the lungs can be split into 4 zones with regards to the source of pressures that alter flow,
and these are partially gravitly dependant, (Permutt, S. et al 1962; West, J. B. et al 1964).
In the upright position, the blood volume is redistributed to the dependant parls of the

body and hing, and thus cardiac rcturn and filling is reduced (Bevegard, S. ot al 1960,
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. Reeves, §. T. et al 1961b). In the lung, the blood distributes, preferentially perfusing the

lower segments (Hacf, A, et al 1978, West, 1. B. 1999),

In the supine human lung, the whole lung is perfused (Reeves, I. T. et al 1988a)}.
Pulmonzu‘y venous pressure is important for vascular recruitment, thus a higher LAP
would allow more recruitiment (Permutt, S. et al 1962; Wagner, W. W., Jr. et al 1979).
In the erect lung at rest, there is higher pulmonary vascular resistance as there is a
smaller Jung vascular bed being perfused, and at rest PAP is too Jow to allow even
distribution of blood (West, J. B. 1999). However, even moderate exercise is enough to
reverse this and allows the recruitment of upper lobe vessels (Harf, A. et al 1978). An
increase in the cardiac output is likcly to be the major [actor behind this but increasing

ventilation may bc a contributing factor (Bake, B. et al 1974).

1.4.3. Exercise

Reeves, Grover and Dempsey extensively reviewed the literature and reanalysed
combined data with regards to exercise and the pulmonary circulation in normal humans
(Reeves, J. T. et al 19883). For supine exercise they analysed data on 91 subjects, (28
females), with 196 measurements from several studies (Bevegard, S. et al 1960;
Bevegard, S. et al 1963; Bevegard, S. 1963; Dexter, L. et al 1951, Gurtner, H. P. ct al
1975; Holmgren, A. et al 1960; Varnauskas, E. 1955). In crect subjects they analysed
data on 24 subjects (1 female), with 104 measurements (Bevegard, S. et al 1963,
Groves, B. M. et al 1987, Reeves, J. T. et al 1987). In the supine subjects, the workioad
was up to 1600 kg m min™. In mild exercise there was a two to three times increase in

oxygen uptake, but there was no change tn puimonary vascular resistance. However
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more significant amounts of exercise resulted in a slight decrease 1n pulmonary vascular
resistance (Bevegard, S. A. et al 1963, Holmgren, A. et al 1960). When reviewing the
paired data in individuals, there was a immHg rise in PAP for every 1L rise in cardiac
output (Reeves, I. T. et al 1988a). It was assumed that the outflow pressurc was
pulmonary artery wedge pressure (Pawp), and that the net driving force through the
lungs was the difference between PAP and Pawp, Both the regression lines for PAP and
Pawp, when paired with Q, had similar intercepts across the y-axis, and thus when the
PAP-Pawp vs Q plot was produccd, the iniercept appeared to got though the origin
(Reeves, J. T. et al 1988a). This would suggest that there is only a little change in the

pulmonary vascular resistance.

In upright subjects, during mild exercise, they found a significant rise in Pawp from 5 £
3 mmkhg, to 9 2 mmllg. They also found that PVR also fell significantly, from 1.5 *
0.5 to 0.8 = 0.3 units. With heavicr exercise, they found that PVR was only reduced
shightly when compared to mild exercise, with values in these individuals of 2.1 £ 0.6
units at rest, to 0.8 +0.2 during mild exercise, and 0.5 + 0.1 units during heavy exercise.
They also found that in individuals, the PAP- Q relationship was linear, and the Pawp-Q)
relationship was hinear, but the PAP-Pawp & flow relationshup was not. This suggested
that when changing from mild to moderate exercise, there is no increase in the pressure
gradient, but the calculated PVR decreases (Reeves, J. T. ¢t al 1988a). When the data
for resting pressures whilst erect were removed from the linear regression calculations,
the line went through the origin, and gave a PVR value of 0.63, which is close to the

value of 0.61 obtained for the PVR during exercise at rest. This would suggest that the




main affcet of posture is during rest, and cven mild excreise takes away the influence of

posture (Bevegard, S. A. et al 1960; Reeves, J. T. et al 1961a; Reeves, F. T. et ai 1988a).

It is felt in general that lung vascular resistance acts passively during exercise, but
during prolonged exercise there may be a drop in pulmonary vascular resistance

(Ekelund, L. G. 1967).
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1.5. Pulmonary Vascular Resistance

Since the Swan-Ganz catheter was introduced in 1970, pulimonary vascular resistance
(PVR) has been measured worldwide. The catheter allows measurement of pulmonary
arterial occlusion pressure (PAOP). However as it is a fluid filled catheter, it is
inaccurate in the measurements of instantaneous pressures, due to inadequate frequency
response, motion artefacts, errors in zero levelling and altered signal quality due to
regular debubbling and frequent flushing. However, it is assuimed that the measurement
of mecan vascular pressurcs is rcliable. Thermodilutional flow measurements require
several cycles (and are not simultaneous), thus this catheter imposes a simplification in

which is the pulsatile nature of the pulmonary circulation is ignored.

in steady state flow haemodynamics, resistance is calculated as a pressure drop froin an
upstreamn point (inflow pressure, Py,) to a downstream pomnt (outflow pressure, Pow)
divided by the flow. [n smooth~-walled thin, non-distensible tubes, with a laminar flow
of a Newtonian fluid, Paiseuille’s law states that; R = (Py, = Paued/Q = 8.L1y/ mr?

Where | is the length of the tube, 1) is the coefficient of viscosity, and r is the radius. In
most clinical circumstances PAOP gives an estimation of LAP, provided the catheter tip
1s placed below the level of the left atrium. If pulmonary venous resistance is increased
then PAQOP is less then pulmonary arterial wedge pressure (PAWP), and PAWP will
overestimate LAP. Poiseuille’s law assumes that in the pulmonary circulation (PAP-
LAPYQ plots are both linear und cross the origin. Accordingly the PVR, the slope of

(PAP-LAP)/Q is constant.
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1.6 The Pressure-Flow Relationship & Limitations of PYR Calculations

There are several limitations to the use of PVR calculations. Pulmonary vessels are
compliant and thus PVR should decrease as MPAP increases (by virtue of the effect of
pressure on vessel calibre). Also, the pulmonary vessels may collapse as a result of
outstde forces at low PAP. These outside forces may include alveolar pressure on

capillaries or elastic or muscular recoil of the vessel.

These limitations in PVR measurement or the (PAP-LAPYQ relationship mean that,
although the relationship may be linear at a physiological range, it may have a positive

intercept (extrapolated) and in some subjects PVR decreases as blood flow increases.

Theoretically (PAP-LAP)/Q should not follow Poissenille’s law a3 pulmonary biood
flow has a branching pattern and is not laminar as it is not a simple Newtonian fluid,
However physiological experiments suggest that the relationship 15 linear with a
positive intercept, both in animals and humans (Naeije, R. 1996). This is a constant

ohservation in isolated lung preparations.

in well recruited, well oxygenated subjects who are healthy, the plots may intercept the
origin. In hypoxia, increased alveolar pressure, vasoconstrictor drugs and a variety of
pulmonary and cardiac diseases may shift the curves to a higher slopes and higher
interecpts. (Iishman, A. P. 1985; McGregor, M. ¢t al 1983a; Mitzner, W. ct al 1989,

Naeije, R. 1996).
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1.6.1, Explanation for [Tigher Intercepts in Pressure Flow Plots

Linear curve shifts towards higher pressures with an increase in pressure intercepts have
been explained by the vascular waterfall model (Permutl, S. et al 1962). According to
this model, the pulmonary circulation is made up of paraliel collapsible vessels, with
different closing pressures. At low flow (and pressure) these vessels are derecruited. At
higher flows within the normal physiological range, the P-Q curves are linear, and their
extrapolated pressure intercept represents the mean of the individual vascular closing
pressures. This mean closing pressure is the effective downstream pressure of the
pulmonary circulation. The slope of the linear portion of the P-Q cutrves reflects the
cross-sectional area of the perfused vessels and is interpreted as an incremental

resistance upstream from the site of vascular closure.

There is however an alternative explanation based on the “distensible vessel’ model
(Zhuang, F. Y. et al 1983). According to this model, the diameter of the pulmonary
vessels increase, as thetr transmural pressure increases. This pressure/diameter ratio
flattens progressively until a limiting diameter is attained. The resulting P-Q curves are
mazkedly affected by small changes in compliance. Interestingly a paralle! shift of P-Q
curves is predicted by the model if both resistance and the compliance increases in smali

order arterioles (Mitzner, W. et al 1989)

1.6.2. Interpretation and Problems with Pressure-Flow plots

Interpretation of pulmonary vascular P-Q curves in intact animals must take into
aceount major methodological difficultics. PAP can be affected at both the highest and
lowest flows by changes in the mixed venous PO,, neurochumoral activity and LAP

(Fishman, A. P. 1985; McGregor, M. et al 19852a; Mitzner, W. et al 1989; Naeije, R.
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1996). In addition, very low flows are impossible to study in intact animals, A slight
overestimation of PAP at the highest Q leads to an increased slope and decrease the

extrapolated pressure intercept of a P-Q plot. This can be avoided by limiting the

analysis of data points to comparisons at a given level flow.

The ideal way to describe pulmonary vascular function is as a P-Q curve generated from
as many points as possible. If the analysis is restricled to the effect of a pharmacological
intervention at one single point, one may be mislead into believing that the intervention
has improved the PVR, as scen in figure 1.1 (ie C to A), but all that has happened is the
flow has decreased. Correspondingly, an improvement might be misscd by single
measurements (figure 1.1: B to A) but the pharmaceutical agent has decreased the P-QQ
plot. Thus, the use of a P-Q diagram allows a more reliable identification of changes in

pulmonary vascular tone at different cardiac outputs.
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Figure 1.1: Pulmonary arterial and flow relationships and the mis-representation of
resistance changes of the pulmonary vasculatuwre from poini A, when measuring
classical pulmonary vascular resistance changes in respect of (o (wo possible

covrdinate values, B & C.

The relationship of (PAP-LAP)Y/Q or PVR 1s only meaningful if LAP is the relevant
downstream or outlet pressure (McGregor, M. ct al 1985b; McGregor, M. et al 1985a;
Sniderman, A. D. et al 1988). For instance in norma} subjects the pressure flow ratio
(PVR) decreases as blood flow increases using LAP as the outlet pressure, and this has
been assumed to be sccondary to flow induced dilatation or recruitment of ncw paralle]
vessels. Sniderman et al, (1984, 1988) found in animal studies that the mean pulmonary
artery pressuic to flow relationship is constant over a large range of flows (Sniderman,
A. et al 1984; Sniderman, A. D. ¢t al 1988), but they also found that the pressure flow

relationship intercept was always positive. Its minumum intercept represents the critical
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closing pressure (the pressure at which blood vessels collapse) (Burion, A. C. 1951,
West, J. B. et al 1904), which was usually related to alveolar pressure rather then left
atrial pressure. This slope represents resistance, but becomes misleading it LAP is less
than the critical closing pressure, because LAP is no longer the appropriate downstream
pressure, but critical closing pressure is. The critical closing pressure in normal man is
10mmHg (Brofiman, B. H. et al 1957) but in subjects with COPD may as great as 30
mmHg (Charms, Brofman et al. 1958). To date no measurements have been made in

pulmonary hypertension,

Tt is known that if a vasodilator is given in pulmonary hypertension, stroke volume will
increase, but PAP changes little. Thus the PVR apparently decreases, as calculated from
Q. Figure 1.2 helps demonstrate the possible explanations for a change in PAP and CO
to an pharmacological agent, where pressure-llow coordinates change from A fo B.
From the pressure-flow model there may be one or a combination of both of two

alternative explanations.

1. Tt may be that critical closing pressure increases, but real PVYR remains constant, (the
vessels have the same cross sectional area as notmal subjects). If critical closing
pressure increases, PAP would be higher for any given level of flow.

Also, if critical closing pressure was reduced by vasoditator drug, and real resistance
left unchanged, Q would increase without an increase in the apparent driving pressure,
leading to an apparent decrease in calculated PYR

2. Tncreases in real PVR (the vessels have a reduced cross sectional area) associated

with no change in critical closing pressure (Sniderman, A. D. et al 1988).
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Figure 1.2: Possible explanations for change in pressure and flow in an individual
subject

1.6.3. Pulmonary Vascular Pressure-Flow Relationships: Evidence from animal studies
The plots seen in animals vary. Hypoxia increases the slope of pressure-flow plots in
both dogs and pigs, but with a greater increase in pigs (Maggiorini, M. et al 1998). Dogs
MPAP have variable response to hypoxia (up to 50% non-hypoxia responders)
(Lejeune, P. et al 1988). Minipigs & dogs have reduction in P-Q slopes to both hypoxia
and hyperoxia when given nitric oxide. The shift of the slope up, to hypoxia, was
reversed. Minipigs have a greater reduction in downstream resistance (as calculated by
PaOP) (Maggiorini, M. et al 1998). Other chemicals and pharmacaeutical agents, in
both normoxia and hypoxia were found to have variable effects on both the gradient and

intercept (Lejeune, P. et al 1988).




1.6.4. Pulmonary Vascular Pressure-Tlow Relationships: Human studies

1.6.4.1. Normal Values at Rest

The haemodynamic values in humans at rest are PAP 13mmHg (8-20), PAOP 9 mmHg
(5-14), RAP 5mmHg (2-9). Q 6.5 | min™ (4-8.3), Heart rate 69 bpm (40-100) (Naeije,

R. 1996).

1.6.4.2 Methods of measuring P-()
Pressure flow curves can be produced by several methods. Cwrrently using exercise is
the main method in use. In the past, unilateral pulmonary arterial occlusion and

extracorporcal circulation were used to produce P-Q curves,

Unilateral pulmonary arterial occlusion relies on the assumption that flow is divided
cqually between the two Tungs. If the artery of one lung is obstructed, then all the blood
flows through the other lung. From the changes pre and post occlusion the P-QQ can be
plotted for the obstructed lung. Using this method, the average intercept pressure in
novmals is ~10mmHg (slightly higher than 1.AP), and the stope of the P-Q curve is 0.9~
1 mmHg/l/'min (Evans, P. et al 1971, McGregor, M. et al 1985a; Reeves, J. T. et al

1988a).

Physical exercise can be used for P-Q plots, but as discussed below, it is not ideal.
Howecvet, so long as LAP, plcural and alveolar pressures are monitored, and excessive
changes between diffcrent levels of flow are avoided, physical exercise is acceptable.
An infusion of dobutamine at 10ng/kg/min may be an alternative method of studying

passive P-Q relationships (Naeije, R. et al 1994),
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1.6.4.3. Physical Exercise & Posture

An increase in cardiac output during exercise does not normally affect pulmonary
vascular pressures (Tishman, A, P. 1985, Reeves, J. T. et al 1988a). In heaithy supine
young adults the P-Q plots during moderate exercise does not exceed LmunHg/l/min,
corresponding to a PAP of 25mmllg, for a Q of about 20 Vinin (Reeves, J. T. et al
1988a) Exercise —induced PAP greater than 30 mmlg is considered diagnostic of

pulmonary hypertension.

The P-Q plots during excreise may also be influenced by exercise induced changes in
pleural pressure, alveolar pressure and left atrial pressure. PAOP increases to 12-15
mmHg during moderate exercise, but during strenuous exercise may increase to as
much as 30-35 mmHg (i.e. in friathletes) (Naeije, R et al 1993; Reeves, J. T. et al
1988a). Interestingly these changes in PAOP does not seem to affect the slope of PAP-
Q plots during exercise, probably because of vascular distension at high levels of Q and
PAQP.

P-Q slopes have been reported to decrease when exercise is performed standing or
sitting, as opposed 1o supine. This can be explained by vascular derecuitment at rest

(Reeves, J. T. et al 1988a).

1.6.4.4. Age & Negative Intercept

In older subjects, exercise is associated with greater increases in PAP and PAOP ai
lower CO. Tn patients with cardiac and/or pulmonary disease, pulmonary hypertension
at low levels 1s explained by early increases in LAP and intrathoracic pressure, and also

by mixed venous blood hypoxemia which enhances hypoxic pulmonary

(e e lea
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vasoconstriction (Naeije, R. 1996). All these changes account for the negative
extrapolated pressure intercepts for P-Q plots produced hy physical exercise in patients
with pulmonary vascular disease of various origins (Janicki, J. S. et al 1985; Naeije, R.

et al 1994).

These changes thus may make exercise not the ideal mcthod to gencrate multipoint

pulmonary vascular P-Q plots, which are only influenced by flow.

1.6.4.5. Hypoxia
Using the unilateral pulmonary arterial occlusion method, it has been shown that
inspiratory hypoxia (FiO; 9-12%) in normal subjects shifts P-Q plots in parallel towards

higher pressures (Evans, . et al 1971; McGregor, M. et al 19853).

1.6.4.6. Pulmonary hypertension

1t has been shown that improvements by treatment with prostacyclin may be missed by
PVR alone but detected by P-Q changes (Castelain, V., et al 2002; Janicki, J. S ct al
1985). Depending on the underlying cause of pulmonary hypertension the P-Q
relationship have varying slopes or intercepts (Evans, P. et al 1971, Janicki, J. S. ct al

1985; T.eeman, M. et al 1990; McGregor, M. et al 1985a; Naeije, R. ct al 1994).




1.7. General Haemodynamics

The importance of impedance and hydrauhc energy in the subject of pulmonary
hypertension can be taken from the fact that even when vasodilators reduced PVR, 1t is
the total right ventricular load (which includes a pulsatile component) and not changes
inflow or resistance that will influence clinical outcome. Resistance would be more apt
with constant flow (using an clecirical analogy-D.C. current) whereas impedance is

more apt for pulsatile flow (AC current).

1.7.1 Pulmonary Vascular Impedance

It is possible to measure PAP & QQ instantaneously. Pulimonary Vascular Impedance
(PV7) is basically the instantaneous pulmonary artery P/Q changes, separatcd into
separate barmonics, Fach harmonic has its own modulis (amplitude) and phase delay.
PVZ is calculated after comparing the instantaneous harmonic frequencies of PAP & Q.
Pulmonary vascular impedance is the ratio of pressure oscillations to flow oscillations.
It is most often measured in the main pulmonary artery (“input impedence’). It 18
cxpressed as two components : the ratio of pressure and tlow moduli and a phase
angle {whether the pressure changes come before or after flow changes, negative
indicates flow before pressure wave. Both of these are compared against frequency
(multiples of HR) (Milnor, W. R. 1982). Pulmonary vascular impedance at 0 hz (Z,), is

equivalent to pulmonary vascular resistance as calculated from PAP/Q).
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Figure 1.3: Example of graphical representation of first 6 harmonics of pulmonary

vascular impedance in a normal human subject, with pulmonary artery input impedance

and phase.
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Pulmonary vascular impedance at 0 hz (Z,), is equivalent to pulmonary vascular
resistance as calculated from PAP/Q.
The impedance decreases from this maximum to a minimum at 2-3 hz. Then increase to

a smaller secondary maximum at 5-6 hz
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At low frequencies, the phase angle is negative and this means that blood {iow changes

lead pressure flow changes (Naeije, R. 1996).

1.7.2. Models ol the Pulmonary Circulation

Various attempts have been made to try and mimic and explain the observed behaviour
of the pulmonary vascular bed, and input impedance including early attempts by
Engelberg and Dubois, the IFishiman’s transmission line theory and the Pollack’s
transmission line theory model (Engelberg, J. el al 1959, Pollack, G. H. ct al 1968;
Weiner, T. et al 1966). These models emphasise the differences comparcd to the
systemic circulation in that: wave reflection is less in the pulmonary circulation and
pulse transmission is decreased pulse wave velocity and differences of wave

amplilication,

1.7.3. Wave Reflection

In the systemic circulation, from the relationship of resistance to the minimum and the
subsequent impedance modulii, we can deduce the coefficient of reflectson in peripheral
arteries, This is approximately 0.8 (ie the wave reflected [rom peripheral bed has an
amplitude of 80% of incident wave) (O'Rourke, M. F. 1971). The point of reflection is
equivalent to the point of minimums in frequency. Thus, the distance to point reflection
= A4 = (v/£)/4,

where, A=wavelength, v = wave velocity, f =harmonic frequency & v=x. (figure 1.4)

e AR UL L T 2R S S AN L P
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Figure 1.4: Example of single reflected wave, where only when the reflection point is "4

of the wavelength, or a multiple of a wavelength and a 'y, will it register at the receiver.

receiver

ceemeeatam il [«— Reflection point%

A

wavelength

A high frequency suggests a small wavelength. There are multiple waves of same
frequency, but at different phases. Different phased waves have the ability to cancel
each other out, especially if the wavelength is smaller than distance to receiver

(catheter). A wave with wavelengths larger than the distance to the receiver have no

opportunity to cancel each other out. Thus the higher the frequency found at the
receiver, the smaller the wave’s wavelength, and the more proximal the reflection point

of the wave must be, as demonstrated in figure 1.5 (Westerhof, N. et al 1972).
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IFigure 1.54 & B: waves produced at two different reflection points. Wave 1 & 2 are in
black, and combined wave produced is in red. A. Two high frequency waves, which

when combined, cancel each other ous B. Low frequency waves, which may be additive

A. High frequency waves

Wave 1
Wave 2
\*
. ..“1
B. Low frequency wya? T / AN Receiver point
Reflection point 1, Combined waves
/ \?“* Reveiver
point

/

Wawe 1

W 2 ¢

Reflection point I, Cormbined waves

In hypertension, the reflected wave velocity s faster than in normal subjects and thus
the modulus and phase curves are shifted to right. ‘This may be secondary to deercased
vessel distensibility. Increased in PVR may change PVZ. little (ORourke 1970) and vice
a versa, decreases in PVZ may not be noted by measuring PVR.

Systemic central pulse pressure increases il there Is an increased resistance and

decreased distensibility of the blood vessels (O'Rourke 1970)
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1.7.4. Aortic pressure waves

1.7.4. 1. Contowr of uscending aortic pressuire wave

Hypertension leads to changes in pulmonary impedance, which increases in lower, as
compared to higher, pressure harmonics, Tt also leads to changes in phase. This
combination leads to increased amplitude of aortic pressure wave and altcration in its

shape.

At Jow pressure there is a simultaneous peak flow and pressure wave. With increasing
mean pressure the first peak of pressure wave becomes less prominent (hecoming either
a hump or change in slope of upstroke. The diastolic wave moves from diastole into late
systole and contributes to latc systolic pump. The diastolic wave talls in smooth and

exponential fashion (O'Rourke 1970)

Figure 1.6: Changes in normal aortic pressure wave contour in rabbits subject io

alteration in mean pressure

.
~ 400 j\\
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1.7.4.2. Synthesised aortic pressure waves

Nommally diastolic wave is not apparent in the proximal aorta or brachiocephalic
arteries. However if there is a reduction in pulse wave velocity, the diastolic wave
becomes apparent. This is due to the late return of reflected wave before aortic valve
closure compared to normal carly return. As the pulse wave velocity increased the
diastolic wave becomes less apparent and the amplitude of pressure wave increases in

late systole (O'Rourke, M. F. et al 1980),

Ejection wave shortening leads to the diastolic wave becoming apparent due to the
lower body reflection wave returning after aortic closure, (ORourke, M. F. et al 1980),

This is found in hypertension, arterial degenerative disease, and aortic coarctation
{(ORourke, M, F. 1970). The mechanism is completely explicable from change in

vascular bed and not the pattern of ventricular ejection,

In children and animals, pressure wave contour in different systemic arteries can be
cxplained from wave reflection {at upper and lower body) leading to a prominent
diastolic wave. As age increases this disappears. 1t is aftributable to a high wave
velocity leading to reflected waves from the upper and lower body both fusing together
and combining with the initial wave generation, from the ventricle. They become
prominent when wave velocity falls or duration of ejection shortens, (ie shock or

hypotension).

1.7.5. Pulmonary artery wave reflection
The oscillations in pulmonary vascular impedance result from wave reflection in animal

studics (Bergel, D. H. ot al 1965, Caro, C. G. ct al 1961). Pressure wave reflections




originatc from the pulmonary microcirculation but also from branch points in the large
vessels (Piene, L. et al 1982), The timing of these reflections to the entrance of the
pulmonary bed depends on the distance of the reflecting site and also the wave
transmission velocity Distance of the reflecting site is much shorter in the pulmonary
circulation compared to systemic circulation, The low pressure / high compliance nature
of the pulmonary vasculature leads to a slower velocity compared to systemic
circulation (ORowrke, M. 1982; Westerhof, N. et al 1972). The matching of wave
transmission velocity and arterial fength results in the same pronounced impedance
minimum seen in both circulations. Maximum flow amplitude occurs at the samc

frequencies where impedance is lowest,
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Figure 1.7: Graphical example of matched pulmonary and aortic impedance and blood

flow harmonics. (Matched for transmission velocity and arterial length)
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Maximal flow amplitude with minimum impedance leads minimum expenditure of

pulsatile power and thus optimal vascular-ventricular coupling. This relationship is
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adjusted by the phase relationship between pressure and flow, power being proportional
to the cosine of this anglic (Kuusmaul, Noordergraaf et al. 1992). It is worth noting that
the flow pattems at vascular junction are more affected compared to pressure from
reflected waves as reflected waves subtract from flow in one direction of the branch and
adds to it in the other but reflected waves add to pressure waves in all branches of the

junction,

In pulmonary hyperiension, lower compliance leads to a fasier wave reflection velocity,
which in turn leads means reflections occur earlier during systole and enhance the
systolic pressure load on the right ventricle. This occurs in the systemic circulation but
can be reduced by miroglycerin (Fitchett, D. H. et al 1988). Effects of vasodilators on
the pulmonary vascular impedance in hypertension, has not been adequately

investigated.

Computer models of the pulmonary circulation suggest that, if large vessel compliance
1s unchanged, the usual vasodilator response, (increase flow and decreased ejection
time) leads to a small decrease in mean pressure and little change in SPAP, and
consequently pulse pressure increases and DPAP decreases. However, if vasodilators
result tn the opens previously closed vascular channels closed by pathological
vasoconstriction they would reduce PVR and diminishes the contribution of reflected
waves on the SPAP. Unless pulmonary artery compliance decreases or pulmonary
artery resistance declines more than systemic vascular resistance there will not be a

decrease in SPAP (Sniderman, A. D. et al 1988).

BT PPE
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In summary, pressure generated by the right ventricle is determined by the flow output

from the ventricle and the hydraulic arterial 1oad.

Figure 1.8: Venn diagrams of relative contributions of elastance, reflections and
resistance &critical closing pressures to hydraulic load on the right ventricle in normal

humans and pulmonary hypetension
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I the pulmonary circulation, elastance (compliance) and wave reflections may become
more important to the overall hydraulic load compared to the normal pulmonary

circulation. Thus PVR only describes part of the load on the heart,

Increasing CO is beneficial to the circulation as an increased SV reaching the systemic
circulation will lead to a diuresis, less fatigue and more well being. But increasing CO
could result in Inercasc load on the right ventricle and lead to heart failure and death.
The reason for the increased load on the right ventricle can be seen when considering
the end-systolic pressure-volume relationship (Sagawa, K. 1978; Sagawa, K. 1981). I a
vasodiiator results in an increase in CO, this consequently leads to an effect on the right

ventricle. The increased venous return leads to a right ventricular pressure change. If
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SPAP & contractility do hot change, an increased SV requires increased right
ventricular end diastolic (RVED) volume. RVED volume increases result in an
increased ejection fraction and increasing diastolic and systolic wall tensions. If RV

already generating excessive power, this will be harmful.

If SPAP are reduced, an increase in SV can be achieved by a decrease in RVSD
volumes and perhaps RVED volumes leading to reduced systolic and diastolic wall

tensions and thus beneficial to the overworked RV.

Thus only if pulmonary pressures are reduced can the vasoedilator be beneficial to RV
performance. This occurs rarely (Rich, S. ct al 1983).Calcium blockers can sometimes

do this (Rich, S. et al 1985).

Figure 1.9: The pulmonary vasodilator effect on pressure volume relationship in the
right ventricle, with increased CO.
A. When PAF unchanged, increased SV achieved by increased EDV
B. When decresed PAP, systolic volume and wall stress decrease, and if RV
function improve, EDV and stress will decrease
ESPVR = end-systlic pressure-voluine relationship
DPVR= diastolic pressure volume relationship
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1.7.6 Animal Studies of Impedance and Hydraulics

Several studics have been performed in rabbits (Cavo, C. G. et al 196]; Engelberg, I. et
al 1959) and dogs (Bergel, D. H. ¢t al 1965; Elkins, R. C. et al 1971; Pace, J. B. 1971,
Patel, D. 1. et al 1963; Reuben, S. R. et al 1971b), studying impedance and hydraulics in
the pulmonary circulation, These had many differences in methodology, but similarity

in results.

These studies showed that there was an overall similarity of the pulmonary input
impedance pattern to that of the ascending aorta. Impedance moduli decreased rapidly

from a high level at 0 hz (Z,), to significantly lower levels at highcr {requencies.

However there are several differences between the pulmonary and aortic impedances
including an increased distensibility of pulmonary artery (slope of the decline related to
pulmonary artery compliance). There arc many differences in the pulmonary input
impedance spectrum as compared o the systemic circulation which suggest diminished
wave reflection in comparison to the systemic circulation. In some subjects, a clear
early impedance minimum and secondary rise at twice its frequency point to a relatively
discrete and symmetric effective reflection site. This may correspond to the major
division of the main pulmonary artery ito lwo branches (Kuusmaul, W. G. et al 1992),

In hypoxia, it has been found that the impedance first minimum changes from 3.5 (0 5.6,
and with serotonin to 6.6 in dogs (Reuben, S, R. et al 1971b). With sympathetic nerve
stimulation this moved to 7.5. This indicates a major change in the site ol wave
reflection, so the sile was more proximal. Thus the site of vascular resistance moves

more proximal.
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1.7.8. lydraulic Encrgy
One of the consequences of the pulsatile nature of blood nature of blood flow is that
more energy is used to move blood per minute than il the heart somehow generated

non-pulsatile flow.

'the hydraulic energy associated with blood flow of two types, potential enerpy which is
the product of flow and pressure, (B, = Q.P) and kinetic energy which is calculated as

the physical mass of blood and square of its velocity, (B, = % m.v*).

Both types of energy depend on instantaneous flow and velocities, and are
underestimated when calculated from mean pressure, cardiac output or SV. The
difference in estimated energy to actual encrgy can be regarded as a kind of ‘extra’

energy due to pulsations.

This pulsatile component normally snakes up about one third of the total hydraulic
power output of right ventricle and one tenth of left ventricular output (but can increase
to approximately one third of left ventricular output in aortic coarctation) (Milnor, W.

R. etal 1969).

Right ventricular pulsatile power is affected by a change in heart rate, the compliance of
the branches of the large pulmonary arteries and by wave retlection (Milnor 1983). The
System is most efficient when flow occurs during low impedance. As proximal portion
of vasculature contains most pulse wave cnergy, it 1s most efficient to have low

impedance here,
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In normal humans PAPP is approximately 50% of PAP. Thus the pulsatile arterial

power generated by the RV is an important proportion of total external power (30-40%),

An important issue is, do vasoditators reduce pulsatilc pressure & thus power

requirements,

An important component of pulsatile hydraulic load is the elasticity of the large and
medium size arteries. Normal pulmonary arteries are thinner wallcd compared their
systemic counterparts and the more distensible elastic vessels extend to arterics of 1mm
in size (Sniderman, A. D. et al 1988). Consequently the pulsatile load in the pulmonary
circulation 1s less (although a bigger proportion of total) compared to the systemic
circulation. As pulmonary hypertension develops the distensibility (or compliance} of
the elastic arteries decreases (Reuben, S. R. et al 1971a), partially due to structural
changes in the pulmonary circulation, and also in part due to the higher pressures the
arteries operating in the steeper portion of their pressure-volume relationship. Thus a
larger atmount of right ventricular energy must be e¢xpended to distend the stifl

pulmonary arteries.

If vasodilators were able to decrease the PAP, it could be assumed that compliance
would increase as the arteries move down their pressure-volume rclationship. Were this
to ocour, we would find a disproportionate full in the systolic pressure compared to

mean pressure.
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1.7.9. Right Ventricular Haemodynamics

Compared to the systemic circulation, pulmonary circulation is unique in its ability to
transport an equivalent amount of flow with substantially lower pressures. [n addition,
the pulsatile nature of ventricular ¢jection and the homeostatic requirements for an
equivalent amount of blood ejected per beat from each ventricle, place unique
constraints upon the right ventricle and the opposition to forward flow in the

pulmonary circulation (Kuusmaul, W, G. et al 1992),

There are several differences between normal right and left ventricles. The right
ventricle 1s thin walled, with one third of the muscle is in continuity with the left
ventricle. It has a bellow shape and inertial forces dominate the development of

intracavity pressure (result in sufficient pressure for ejection).

The presence of low pulmonary vascular resistance minimises load on tight ventricle by
matching output impedance of pump with Input impedance of pulmonary vascular

system (Milnor, W. R. 1982).

1.7.10. Charactcristics of the Pulmonary Artery

The external hydraulic components of opposition to forward flow in the pulmonary
circulation must be different its systemic counterpart, in order to produce the same flow
at such a reduced pressure. At the steady state, the term of opposition (resistive, PVR)
to flow must be substantially less than systemic vascular resistance. The vascular
distensibility in the pulmonary circulation must be greater than the systemic circulation,

The intrapulmonary course of the vasculature has a radial distribution of perivascular
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and interstitial pressure. It is subject to gravitational (postural) affects and has a distinct

pattern of vascular division

But there are also similarities with the systemic circulation. The amount of blood
gjected per beat and the size of the proximal vessels are similar in both the systemic and

pulmonary vasculature.

The differences in the pulmonary circulation lead to certain features. There is increased
distensibility and decreased resistance and thus a low PAP. 1f PAP was equal the
systemic pressure then there would be transudation across the alveolar membrane and

pulmonary vedema.

The proximal portions of the right and left circulation are both within the intrathoracic
cavity. But only the pulmonary circulation has the rest of its vasculature in the

intrathoracic cavity. This leaves it subject to variations in the intrathoracic pressuure.

The remarkable pattern of vascular division in the pulmaonary circulation leaves a rather
short proximal elastic pulmonary artery and a complex pattern of distal branching and
tapering. This has important implications for wave rcflections and transmission

(Kuusmaul, W. G. et al 1992),

1.7.10.1 Compliance
Decreased arterial compliance is unlikely to cause major impairment of large pulmonary
and systemic arleries. For instance, aging decreases compliance but does not cause heart

disease (Gonza, E. R et al 1974),

[P,
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1.7.10.2. Resistance

Increased pulmonary vascular resistance leads to impaired right heart function. This
causes increased pressure, causes decreased vascular compliance and increased load on
the right ventricle This is associated with symptoms and death (Recves, J. T. et al

1988b).

1.7.10.3. Pulmonary artery, resistance, compliance and the right ventricle

Reduced compliance of pulmonary arlerics is associated with increascd mortality {Gan,
C. T. et al 2007). Pulmonary vascular resistance increases alone lead to PAP becoming
nasrow (ammal studies). This is nat scen in pulmonary hyperlensive patients. They have
an increase in PAPP as chronic increases in pulmonary vascular resistance leads to
increases in the turgidity and the thickness of the walls of large pulmonary arterics.
Both lead to decreases in the compliance in large Pulmonary artery (Milnor, W. R. et al
1978). A decrease in compliance affects the right ventricular load in the following way.
If the changes that occur with decreased compliance and increased pulmonary vascular
resistance in animals resemble those of patients, with decreased flow, right ventricular
hypettrophy and increased pulmonary arterial pulse pressure then reduced compliance
and increased pulmonary vascular resistance lead to a decrease in flow. This implies

that low compliance imposed an additional load to the right ventricle,

Decreased lung vessel compliance by up to sixteen fold, with an unchanged pulmonary
resistance leads to a reduction of blood flow but the reduction in flow is less than that
caused by a fourfold increase in pulmonary vascular resistance. This leads to an increase
m right ventricular systolic pressure, Pulmonary arterial diastolic pressure remains low

but with an increase in PAPP. Thus decreased compliunce of targe pulmonary vessels
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contributes to loading of the Ventricle & may be responsible for large PAPP in
pulmonary hypertension. Even in mild pulmonary hypertension, where there is an
absence of gross abnormalities in the right ventricle, the mechanical function of the
right ventricle may be affected, leading to dyssynchrony {Lopez-Candales, A. et al

2007).

In the systemic circulation, there is an increased in systemic systolic and pulse pressures
with increasing population age due to stiffened vessels and hypertension. The pressure
wave has an increased amplitude, late peak and absence of norm diastolic wave

(ORourke, M. F 1985).

The degree of left ventricular hypertrophy is related to systemic systolic arterial
pressure and to arterial pulse velocity, even at a constant systemic diastolic pressure,
and thus decreased compliance, independent to left ventricular systolic load (Bothier, B.

N. et al 1983),

In the isolated heart, reduced pulmonary artery compliance affects the right ventricular

pressure, leading to a change shape of the pressure curve,

In normal subjects, the pressure contour resembles a square wave (high fidelity
catheters). In pulmonary hypertension, the normal right ventricular pressure contour is
followed by a sccondary pressure rise, This is not seen in pulmonary valvular stcnosis,
but only when the obstrrction to flow is distal (Reeves, I. T. et al 1988b). This suggests

that a load that is imposed in latc systole leads to a right ventricular response and
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increasing pressure, Late pressure rises account for 30-40% of the total systolic

pressure.

Hort et at (Hori, M. et al 1981) confirmed that a load suddenly imposed during ejection

leads to a change in the pressurc contour within a beat.

Imposing impedance on the left ventricle early in systole leads to an early increase in
left ventricular pressure, similar to that seen in with that seen in the late introduction of
impedance. Thus during a single contraction, the left ventricle can perceive a change in
load and respond. No change in powsr is required if flow decreases and pressure

Increases.

Extrapolating to the pulmonary circulation, we can speculate that a latc systolic load is
behind the increases in pressule seen in pulmonary hypertension. We can also state that
the pressure contour arises from an abnormal circulation, as obstruction at the outlet
valve does not lead to a change in contour (Reeves, J. T. et al 1988b) and also Decicascs
in compliance lead to a late load rise (Tilzinga, G. et al 1980).Thus, decreased
Compliance lcad to a late load rise, increased right ventricular pressure and pulmonary
hypertension. In vitro flow and pressure contours are simnilar in normals but dissimilar if

there is an increases in pulmonary vascular resistance and decreascs in compliance.

In animal models flow is maximal during carly svstole and  pressure  maximal
during late systole. This suggesis that a lale load leads to impaired output (especially
when the load is maximuin). Data from isolated heart model resembles humans as

measured by echo. In normals, maximal flow is during mid systole. In pulmonary
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hypertension, maximal flow is during early systole. Doppler measurements confirm that
as pulmonary vascular resistance increases, maximal flow becomes earlier (Kitabatake,
A. et al 1983). Thus the pressure maximum occurs after the flow maximum in
pulmonary hypertension and pressure rises as flow falls (later in systole). Increased
pulmonary vascular resistaiice and decreased compliance, lead to a late load, and late

systolic augmentation occurs by early return of refiected wave (O'Rourke, M. F 1985).

In dogs with congenital pulmonary stenosis and raised right ventricular pressure, in
response to occlusive hypereamia, the normal incrcase in systolic coronary artery blood
flow is decreased (and is less than diastole). Total flow is approximatcly 100% of the
normal, but a higher work load is required by the right ventricle due, to increased
pulmonary vascular resistance, and thus flow not adequate. This leads to right
ventricular ischaemia (Franciosi, R. A. et al 1968; Gold, F. L. et al 1982). Al post
mortem right venticular infarcts are reported in pulmonary hypertension with normal

coronary arteries {Carlson, E. B. et al 1985; Horan, M. et al 1981).

it is observed - RV adepts variably to similar severities of pulmonary hypertension as
assessed by PAP and PVR. Improved evaluation would come froin using pulsatile
haemodynamics and would allow a hetter understanding of right ventriculovascular
coupling (Kuusmaul, W. G. et al 1992). The use of pulsatile haemodynamics could aiso
explain the disappointing clinical results of vasodilators selected exclusively on the

basis of PVR in patients with pulmonary hypertension {Sniderman, A. DD, et al 1988).
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1.8. Pharmacological Agents

1.8.1, Nitric Oxide

Following the identification of nitric oxide (NQ) in 1986 as a factor known to be a
mediator in the relaxation of blood vesscls, there has been an exponential increase in the
understanding if its biological role (Murad, I et al 1995; Murad, F. 2006), NO is an
unstable radical, with a molecular weight of 30g/mol, and with a low blood-gas partition

coefficient.

The affinity of haemoglobin for oxygen is 10° times less than that for NO (Borland, C.
1991). In the lungs, nitric oxide combines with oxygen and water and leads to
methaemoglobin and nitrate entering the systemic circulation, This reactivity with
oxygen and methaemoglobin, leads to a short half life and limits the effcct of NO on the
pulmonary circulation {Carlsen E & Comroc JH Ir 1958). The half life of NO has been
estimated at between 0.05 to 1.8 milliseconds (Celermajer, D. S. et al 1994; Stamler, J.

S. et al 1994) Because of this NO must be continuously produced.

1.8.1.1. Physiolegical Effects

Stamler et al (1994) & Celermajer (1994), demonstrated that there must be a continuous
release of NO even at rest in normoxia, as when they infused a NO antagonist into the
pulmonary circulation in both adults and infants respectively, they increased pulmonary
vascular resistance and decreased pulmonary blood [low velocity.(Fagan, K. A, et al
1999). During hypoxia, it is likely that NO production is increased as with the
endothelial NOS knockout mice, which develop pulmonary hypertension in hypoxia
{Isaacson, 1. C. et al 1994; Zhao, 1. ei al 1993). Experiments have aiso demonstrated

that even in chronic hypoxia, therc must be continuous production of NO. When NO is
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inhibited under these conditions, there 1s an increase in basal vascular tone (Ignarro, 1.

J. et a! 1987; Ignarro, L. J. et al 1999; Singh, S. et al 1997).

NO inhibits platelet aggregation and is also a potent inhibitor of smooth muscle cell
migration and proliferation, and both of which would oppose the development of
pulmonary hypertension, by reducing in-situ thrombi and remodelling (Bortand, C.

1991).

1.8.1.3. Toxicity
At the levels of NO used clinically, less than 80ppm, if used for only a few hours, NO

has very few side etfects,

1.8.1.4. Therapeutic Use

Compared {0 systemic agents, NO has several potential advantages in both the
investigation and treattment of pulmonary hypertension. It has few of the systcmic side
effects (Pepke-Zaba, J. et al 1991) due to its short half life, and it is a potent and
selective pulmonary vasodilator {Clark, R. H. et al 2000; Clark, R. H. et al 2003,
Davidson, D. et al 1998; Journois, D. et al 1994). As mentioned earlier in this chapter, it
15 an ideal agent for the vasodilator tcst required in the assessment of pulmonary
hypertension. Its is now routinely used in the treatment of persistent pulmonary
hypertension of newborns and has been found to improve the outcome in this condition

(Leier, C. V. et al 1983),
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1.8.2. Dobutamine

Dobutamine was originally developed as a synthetic catecholamine for short terin
parenteral administration and became clinically available in 1978 (Leier, C. V. ct al
1983). It is a powerlul ionotrope, with relatively mild chronotropic and vascular cffects.
The predominant mechanism of action, augmentation of myocardial activity, Is
mediated through predominantly beta; adrenergic receptor stimulation. However, at
standard doses, it also has beta, and alpha; agonist activity. The effects ol thesc
additional activitics are normally balanced, and so have very little cffect on the systemic

vasculature {Leier, C. V. et al 1979).

The plasma concentration of dobutamine seems to be directly related to its
haemodynamic effects (Kates, R. E. et al 1978) In clinical practice, dobutamine
infusions use are commenced at 2-3 pg kg™ min” increments every 10-30 minutes vntil
the desired effects are obtained. Usually at doses greater than 15 pg kg min™' side
effects such as headaches, tachycardias, arrythmias, headaches, anxiety, tremors and
blood pressure changes may occur, The onset of action of a continuous infusion of
dobutamine, usually occurs within 2 minutes, with maximal effects occurring after 10 or
more minutes. Due to the short plasma half life of 2.37 + 0.70 minutes (in cardiac heart
failure) means that most of the drug will be metabolised within 10-12 minutes of the
infusion being stopped.(Locb, H. S. et al 1977; Stoner, J. D., III et al 1977). Its major
metabolites are pharmacologically inactive.  Unlike somc other chnically used
catecholamines, dobutaminc does not alter ventricular pressures (Mishra, M. B. el al

1997),

P —
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In many cardiology dcpariments, dobutamine is often used as a surrogate to exercise, in
order to perform a cardiac stress test. A standard protocol for this, uses 3 minute stages,
with incremental doses, and with the range of infusion being given, ranging from 3 (o
A0ug/kg/mm (Mishra, M. B. et al 1997). Mishra et al, (1997) investigated the
hacmodynamic effects of dobutamine in 69 human subjects being investigated for
ischacmic heart disease, and found that in these subjects mean stroke volume rose from
67.5ml pre test, to 82 ml on 20 ug kg™ min" dobutamine and 85ml on 40 e kg'] min™.
Only 26% of subjects reached their maximal stroke volume, by wsing 10 pg kg™ min™
of dobutamine (Vatner, S. F. et al 1972; Vatner, S. F. et al 1974), Studics in animals
have shown that the prime action of dobutamine is on contractilily, with myocardial
contractility inereasing by 82% in exercisc comparcd with 125% with dobutamine

(Cohen, J. L. et al 1993},

Another study, comparing dobutamine to ¢xcrcisc, found when using the standard
dobutamine stress testing protocol, (with dobutamine used up to doses of 40 pg kg
min’"), that none of the subjects investigated had any fatigue, versus 58% in the exercise
group (p<0.001). 29% of patients had arrhythmias in the dobutamine group versus 8%
in the cardiac group {p<0.05), the majority were ¢linically non-significant arrhythmias,
like premature beats, but 4% of subjects had a supraventricular tachycardia. Only 4%
had non-sustained ventricular lachycardias (Bradford, K. K. et al 2000; Jenkins, [. R. et

al 1997; Murali, S. et al 1991; Schneider, A. J. ¢t al 1987).

The effects of dobutamine on the pulmonary circulation are more difficult to ascertain.

Studies suggest dobutamine reduces PVR. (Ducas, J. et al 1992; Furman, W, R. et al
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1982; Hyman, A. L. ¢t al 1985; Lejeunc, P. et al 1987b; Light, R. B. et al 1988)
However, these studics do not take account (o flow affects on PVR. Where flow
conditions have becn controlled, pulmonary vascular resistance, as ascertained from the
gradient of the difference of pulmonary arterial inflow and outflow pressure against

flow, has been found to either remain static, increase or decrease.(Pagnamenia, A. et al

2003).

A study by Pagnamenta et al, of experimentally induced pulmonaty hypertension in 10
anaesthetised and ventilated dogs, found that dobutamine up to a concentration of 10 pg
kg? min” had no effect the pressure flow gradients produced in these animals
(Pagnamenta, A. et al 2003). However, at higher doses, the effect is dependant on the
existing tone. If the cxisting tone is high, debutamine may reduce the pressure flow
plots, and if the basal tone is low, it may increase the pressure flow gradient (Lejeunc,
P. et al 1987a). Previously, the same team demonstrated that in dogs, dobutamine at 10
ug kg min” did not affect the pressure [low plots during hypoxia or hyperoxia. 20 ug
kg™ min™ led to an increase in the difference between pulmonary arterial pressure and
occlusion pressure at the lowest flows 1n hyperoxia, but in hypoxia decreased it at all

levels (Lejeune, P. et al 1987a).
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1.9. Pulmonary Artery Pressure;: Methods of Measurements

1.9,1 Swan-Gantz Cathctcrisation: Brief overview

Right heart catheterisation is the most uscful investigation in pulmonary hypertension as
it allows the measurements of a number of important variables. The swan-gantz catheter
allows the right atrial and ventricular pressures to be measured before it is placed in the
pulmonary artery and an indirect measurement of the left atrial pressure can be made,
by obstructing a branch of the pulmonary artery using a balloon. The catheter can also
be used to measure pulmonary artery pressure and using the thermodilutional method,

an indication of cardiac output can be made.

. 1.9.1.2. Measurements & Accuracy

Using a swan ganz catheter allows various measurements to be made but the accuracy
of these is variable. As the pressure is measured using a fluid filled catheter, they are
limited in accuracy as they are liable to artefacts such as overshooting and over

dampening. An accurate estimation of the zero point is also required.

1.9.1.3. Disadvarntages & Problems
Apart from the risk froin an invasive intervention, the measurements can only be made

in a supine position and that real life daily haemodynamic changes cannot be

determined.

1.9.2. Ambulatory Pulmonary Artery Catheter: A Bricf Overview
Attempts have been made to measure continuous pulmonary artery pressures by fluid
fitled catheters in a partially ambulatory subject (Levy, R. D. et al 1986). Although they

managed to get a limited amount of data on ten patients, this method was fraught with

|
|
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problems. There was a difficulty of localising the zero reference point, there was a
requirement for anticoagulation, and there was a need for {illering for data retrieval. In
addition Levy et al (1986) (Levy, R. D. et al 1986), found that a change in posture
altered the zero reference point by 4 mm and that therc were often substandard
recordings due to repeated clotting of the catheter tip and dampening of the sine
pressute wave. They were also problems with the equipment and a liability to artefacts.
They were satisfactory in measuring stationary pressure, but have limitations in fidelity

~ when they are used with varying pressure.

In order to measure it during daily activities of living and during exercise tests another
method of measurement was required. Micro-manometer tipped pressure catheters were
ideal. Levy et al (1986), validated these catheiers against fluid filled catheters (Levy, R.
D. et al 1986). The amplitude response, the method of measuring pressure, was constant
over a selected band of frequencies and fefl off at frequencies above and below this. [f
high frequency response was severely limited then the fastest moving components, the
upstroke (systolic pressure) may have been underestimated. This was the case with fluid
filled catheters which underestimate the systolic pressure by up to 20 % compared with

the micromanometer tipped catheter.

1.9.2.1. Measurements, Accuracy & Risk

As mentioned ecarlicr, the micromanometer tipped catheter has been validated by Levy
et al, (1986) as wcll as Gibbs el al (1989,1992), when compared with fluid filled
catheters (Gibbs, J. S, et al 1989; Gibbs, J. S. et al 1992). There are however a number
of problems associaled with these catheters. One problem with the micromanometer

tipped catheters was zero drift. This has been overcome in the newer catheters, by
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zeroing it during the in vivo measurements on scvetal occasions and then using a
computer program to readjust all the measurements to correct for this (Raeside, D. A. et
al 1998; Raeside, 1D, A. et al 2000, Richards, A. M. et al 1990). In addition, the pressure

transducer was placed at the catheter tip, making the tip its own zero reference point.

1.9.2.2. Use in Pulmonary hypertension

The micromanometer tipped catheter has been used to measure pulmonary artery
pressure while lying flat, sitting, while asleep and during exercise. Raeside et al (1998,
2000) and Richards et al (1990), performed several studies using these catheters
successtuily (Donald, K. W. et al 1953; Fagard, R. ct al 1990; Grenvik, A. 1966; Hillis,

L. D. et al 1985; Reddy, P. S. et al 1976; Reeves, J. 1. etal 1961a; Sekelj, P. et al 1958;

Vissher, M. B. et al 1953; Warburton, D. E. et al 1999a).
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1.10. Measurement of Cardiac Output

There arc vartous methods ol measurement cardiac oulput. These range from non-
invasive methods like Doppler echocardiography, thoracic bio-impedance cardiography,
semi invasive techniques like LIDDCQO, and PICCO, (both of which have not been
validated for exercise) and invasive techniques bike thermodilutional cardiac output or
Fick mcthod. They have wvarious problems including, accuracy, difficulty of
implementation during exercise, reproducibitity and risks. There may also be soine

difficulty in performing them during exercise,

1.10.1 Invasive

1.10.1.1. Gold Standard

Invasive techniques, namely the direct Fick and dye-dilutional methods, are still
currently the gold standard methods for measuring cardiac output. A number of studies
bave been performed comparing these two methods, performed in the 1940°s to 60°s,
showing that they give reliable and valid detevminations of cardiac output at rest and
submaximal exercise to an accuracy of within 5-10% (Doyle, J. T. et al 1953; Elasch,
H. et al 1920; Friedlich, A. et al 1950; Miller, D. E. et al 1962; Thomasson, B, 1957;
Warburton, . F. et al 1999a). The measurement of cardiac output via the Fick method
relies on the measurement of oxygen from an artery and on mixed venous blood
sampled centrally (pulmonary artery), along with a measure of oxygen consumption, by
the body (lungs), during a steady state condition (Warburton, Haykowsky et al. 1999).
This requires a pulmonary artery catheter to be inserted centrally, and then cardiac
output, Q is calculated by the Fick equation,

oo V0,
Ca0, - CV0,
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This gives an accurate measurement of cardiac output (Kopelman, H et al 1951,
MacCanon, DM et al 1955, Warburton, D. E. et al 1999a), al rest or submaximal
exercise, but becomes a problem in maximal exercise when a steady state of exercise for
2-3 minutes is not achievable. It also requires highly trained personnel to perform
preciscly and meticulously, and without this becomes more inaccurate (Clausen, J. P. et
al 1970; Grenvik, A. 1966, Hillis, L. D. ct al 1985; Mohammed, M. M. et al 1981,
Warburton, D. E. et al 1999a). In addition there may be problems with cardiac
catheterisation, including arrhythmias, and perforation of the artery or right ventricle

(Ekblom, B. ct al 1968; Strand, P. O. et al 1964).

1.10.1.2. Thermodilutional

The thermodilutional technique can be used to measurc Q at both rest and exercise. 1t is
based on the same technique as the dye-dilutional test, but replaces the dye with cold
saline (or 5% dextrose) injected through a proximal port of a pulmonary artery catheter.
This cools the blood and this blood is measured at the tip of the catheter by a thermistor.

The amount of cooling is inversely proportional to Q (Nishikawa, T. et al 1993).

'The advantages of thermodilution compared to the dye-dilutional method is that it
produces no changes in the indicator baseline, allows numerous measurements to be

made and recirculation is of little concern (Nishikawa, T. et al 1993).

Its disadvantage is that as heat is used as a marker, a proportion of it may be lost during
handling of the syringes and in the catheter before it enters the circulation (Mackenzie,

J. D. et al 1986; Russell, A. E. et al 1990). The error due to the temperature of the
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injected water not being ice cold is that Q is approximately 2.86% overestimated for
cvery 1°C that the injectate temperature is warmer (Nishikawa, 1. et al 1982;
Nishikawa, T. et al 1988; Nishikawa, T. et al 1990; Nishikawa, T. et al 1992). For every
13 seconds a glass filled syringe is held in a hand at 36°C, the 10ml of iced water will
increase in temperature by 1°C, (Evonuk, E. et al 1961). I'urther more, physiological
variations oceur in blood temperature as a result of phasic heat exchange of air in the
lungs (Kohanna, F. H. ¢t al 1977; Nishikawa, T. et al 1993). Using iced fluid may also
lead to a transient slowing of the heart and alterations in systemic and pulmonary
arterial pressures, right atrial pressure, and right ventricular pressurc (Cigarroa, R. G. ¢t
al 1989; Hillis, L. D. ¢t al 1985; Nishikawa, T. et al 1993; Ohteki, H. ct al 1981; Olsson,
B. ct al 1970; Rahimtoola, S. H. et al 1965; Samet, P, et al 1966a; Samet, P. ct al
1966b),. These effects are greater the cooler the fluid is and the larger the volume
(Cigairoa, R. G. et al 1989). In subjects with a low cardiac output, it may overestimate
cardiac output due to recirculation of the indicator before analysis is complcie (Konishi,

T. et al 1992).

In paticnts with valvular heart disease, it has been found that thermodilution cardiac
output is often unreliable (Hamilton, M. A. et al 1989). 1n tiicuspid regurgitation, this
may lead to an underestimate of cardiac output (Hoeper, M. M, et al 1999). Konishi et
al (1992) found that a combivnation of a low cardiac oufput state and tricuspid
regurgitation have opposing errors which may cancel out and lead to a more accurate
result (r = 0.98, slope = 0.86). Similar results have been found in other studies
(Branthwaite, M. A. et al 1968; Espersen, K. et al 1995; Mackenzie, 1. D. et al 1986;

Russell, A. T, ct al 1990; van, Grondellc A. et al 1983). Hamilton et ai (1989) also
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reported little difference betwecn Fick mcasurements and thermodilution measurements
in subjects with heart failurc and tricuspid regurgitation {r =0.8). Similar findings have

been found by others (Hsia, C. C. et al 1995; van, Grondelle A. et al 1983).

In patients with pulmonary hypertension, Floeper ¢t al (1992) found an acceptable
agreement between Fick and thermodilutional cardiac output measurements (mean
165%, +0.01+1.1L/min), but with a large splay of single results of approximately
+1.1L/min (+30%). Similar findings have been found by others (Becklake, M. R. et al

1962; Chapman, C. B. et al 1950; Werko L et al 2006; Zeidifard, E. et al 1976)

The accuracy of the thermodilutional technique is debatable, and certainty it is not a
gold standard method, but it has found widespread use in clinical practice. Many studies
have reported that this measurement may overestimate the value of Q compared to
Doppler echocardiography, CO; rebreathing, and direct Fick methods, during supinc or
upright rest and light exercise of up to 40% (Warburton, D. E. et al 1999a) and this error
may be even greater during vigorous exercise (Clausen, J. P. et al 1970; Espersen, K. et

al 1995).

1.10.2 Non-Invasive
Other methods of measuring cardiac output include the foreign gas method, indirect
Fick method and Doppler echocardiography. The foreign gas method has been found to

be less accurate during resting conditions and in subjects with pulmonary conditions

(Clawsen, I. P. et al 1970; Farhi, L. E. et al 1976).
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The results of the indirect [Fick method may vary from direct Fick by O to 31% af rest
(Espersen, K. et al 1995; Gardin, J. M. et al 1984; Shaw, J. G. et al 1985) and 2 to 19%

during exercise (Christie, I. et al 1987, Shaw, J. G. et al 1985).

Doppler echocardiography has several possible areas in which ervors can be introduccd
resulting in a lot of inter and intra operator variability (Kubicek, W, Gi. et al 1966), and
in studies, Doppler echocardiography has been found to often underestimate Q when

comparcd to other methods of measuring cardiac output, by up to 21% (Sramek, B. et al

1983) or may overestimate in the supine posture (Bernstein, D. P, 19806).
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1.11, Thoracic Bio-impedance

In 1966 Kubicek et al (Kubicek, W. G. et ul 1966) described a method of calculating
stroke volume, ie. cardiac output (Q) , from thoracic impedance signal. However
obtaining the results required special electrodes, a specific contiguration, vigorous skin
cleansing, and measurements of distances between electrodes were required. [t was also
assumed the thorax was like a cylinder. All these factors may lead to the introduction of
errors into the assessment.  Later, Sramek et al (1983)Osypka, M. J. et al 1999)
suggested an alternative equation likening the thorax to a truncaled cone. This equation
has been further modified by Benstein et al (1986) (Osypka, M. . et al 1999) to
improve accuracy. There are now a number of commercially available instruments

available for the measurement of bioimpedance, incorporating these equations.

One of the morc recenl devices is the Physioflow® (Manatec Biomechanical,
Macheren, Paris). This had {urther modified the equation to allow ease of use and a

more accurate result,

§.11.1, Basic Principles & Theory

In  cleetricity an  analogous relationship exists to the biological
relationship between cardiac output (Q) , pressure gradient (MAP ~ CVP, where
MAP is the mean attetial pressure and CVP is central venous pressure) and peripheral

vascular resistance (R),




where Q = P,IAPI; CV—I‘)-. This is Ohm’s law where the flow of a direct current, L, is

analogous to Q, is equal to the voltage drop, E, between the two ends of circuit with

resistance, R, giving us

E . .
R = %, where R is measured in ohms ().

If the current, 1, remains constant then any change in resistance, AR, is proportional to
any change in voltage AE, i.c.

AR = AE, so any voltage drop would be due to a drop in resistance.

The resistance of an electrical object is dependent on the size, shape and resistivity of a
material. For an alternating current, resistance is known as impedance, Z, and is

frequency dependent. We would then obtain the equation,

-
|

TFollowing the logic for the direct current, we get
AZ = AE.. 1 remains constant then any change in resistance, AZ, is proportional to any

change in voltage AF.

The impedance of a simple cylindrical circuit, is equal to the specific resistance of the

material, (p), times its length (IL), divided by its cross sectional area, (A),

Z:p-i—-
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Thus if both L. and p remain constant, then Z is inversely proportional to the cross

sectional area.

If like Kubicek et al(Kubicek, W. G. et al 1966) we assume that the thorax can be
modelled like a cylindrical conductor, with length L, and which has embedded, within
itself and in parallel with itself, a second smaller cylindrical conductor, the great vessels

(Figure 1.10) (Osypka, M. J. et al 1999).

y Ramm e

PT ngE

Figure 1.10. Cylindrical conductor as a simple model of the human thorax. In this model, the great
vessels (aorta, pulmonary artery) are considered as a smaller cylindrical conductor of cross-
sectional area (Ay), length (L), and specific resistance (pg) of blood, and the remaining thoracic
volume is characterized by cross-sectional area Ay, length L, and specific resistance pr (pg << py).
©(Osypka, M. J. et al 1999)
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It is assume that with cach beat-to-beat pulsation, the cross sectional area of the greatl
vessels will alter, giving us an arca, If ventilation is suspended, then it can be assumed
that change in Z, (AZ), with each heartbeat, is caused mainly by changes in the cross

sectional area of the great vessels.

By using all these assumptions and synthesising them with the theory of Ohm’s law, the
changes in the cross sectional area of the great vesscls, in turn must lead to an inverse
change in thoracic impedance. The impedance changes are directly propottional to the
voltage and can be measured (Osypka, M. J. et al 1999) and varies directly and
proportionally in time with changes in the pulmonary and aortic blood volume, (Khan,

M. R. et al 1977), piving the following cquation.

L2 or 2 .
AV(t)zPB'“Z—z"AZ(t) SV=pB-E-dZ/dt-l

o [

where Zy, is the measured non pulsatile baseline impedance. This is the basis for

thoracic bioimpedance and dircctly leads to the Kubicek equation (Osypka, M. J. et al

1999)where SV 1s stroke volume in ml, p is the resistivity of bloed (1352 cm), L is the

measured distance between the neck and thoracic leads, Zo is baseline thoracic
impedance (Q2) dZ/dt is the, maximum rate of change of impedance during systole

(Q/sec) and T is left ventricular ejection time (s).
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Thus in practice a constant current is introduced across the chest and the voltage drop
measured. This voltage measured is proportional to impedance across the chest. The
major part of Zo does not change during beat to beat, only a small component due to the

air to liquid ratio during breathing (Wang L. et al 1995).

In healthy adults Z, has a mean value of 30Q2 (Bernstein, D. P. 1986, Kubicek, W. G. et
al 1966; Sramek, B. et al 1983; Sramek, B. B et al 1983). Superimposed on this baseline

impedance is change in impedance, AZ, which is due to both changes due to ventilation

and due to blood flow, giving the following equation,

Z(t) = Z, + AZ(t)

ECG

I Zo - Delta Z Respiratory & Cardiac

— e _ Expiration N e ___ Inspiration —
| |
: |
max. Inspiration max. Expiration max. Inspiration
Time

Figure 1.11. Variation of thoracic impedance Z(t) = Zy + [DELTA]Z(t) with a
ventilation cycle and with each heart beat. The electrocardiogram on top is a
reference for the impedance changes related to the cardiac cycle. © (Osypka,
M. J. et al 1999)
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The overall variations in impedance due to respiration are greater then the variation in
impedance due to blood flow (Figure 1.11) (Appel, P. 1.. et al 1986; Goldstein, D. S, et

al 1986).

If ventilation is suppressed or corrected for, only the cardiac component of thoracic
impedance is left. This is usual about 0.1 to 0.2 2, (about 0.3% 1o 0.5% of total thoracic
impedance). Tt was found in a theorctical model developed by Wang and Patlerson
(1995) (Gotshall, R. W. et al 1989), that blood wvecssel structural changes only

contributed 4% to thoracic impedance.

1.11.2, Non-physioflow bio-unpcdance devices

Both the Kubicek, and the Sramek & Bernstein (Yakimets, J. et al 1995) methods ol
analysing bio—impedance derived cardiac output relies on sitting a set ol two electrodes
on the neck and two on the lower thorax, to injcct and sense current, and four electrodes

to sense an ECQG.

These equations have been tested against each other and against invasive measurements
on many occasions. In some diseases both thcse equations have performed adequately

against thermodilutional mcasurements (Jensen, L. et al 1995).

Gotshall et al (1989) (Jenscn, L. et al 1995) also compared the equations, using different
equipment, against critically ill patients, (with additional thermodilutional
measurements) and in normal subjects. They found in critical care patients there was no

sipgnificant difference Dbetween cither the equations or the thermodilutional
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measurements. TTowever the values in normals where found to be divergent. The
Smarek-Bernstein equation was found to have higher values than the Kubriek equation,
the latter being more compatible with previously published values of cardiac output in
supine normal patients at rest. An cxlensive roview by Jensen et al (1995) (Bernstein, D.
P. 1986; Jensen, T.. et al 1995; Kubicek, W. G. et al 1966; Penney, B. C. 1986, Sramek,
B. B et al 1983), found that the Kubricck method when compared to the direet Fick
method, had correlation values of between 0.63 - 093 and the modified Sramek-
Bernstein equation method had corrclation values ranging from 0.41 to 0.99 (Charloux,
A. et al 2000; Jensen, L. et al 1995), when compared with thermodilutional methods.
Analysis of AZ may also be problematic in subjects who are fluid overloaded, as this
reduces baseline impedance to 2000 or less (Warburton, D. E. et al 1999b). This
suggests the value obtained for cardiac oulput may vary depending on the cquation used

and the equipment as well as the type of subject the measurements are taken on.

1.11.3. Physioflow Cardiac Qutput Monitoring Device: Theory

The physioflow (Physioflow, Type PFOSL1, Manatec, France) bio-impedance cardiac
wonitoring device was developed after technical improvements occurred in the
available hardware (a new generation of analog technology allows the Physio Flow to
improve signal filtering and stability and provide better data processing), and the basic
equation has been adjusted. The equation has been modified in order to overcome the
difficulties in evaluating blood resistivity (p), the distance between recording clectrodes

(L) and Z used in the Kubicek and Srumek-Bernstein equations.

Previously getling a precise measurement of Zg, the distance between electrodes and a

measurement of left ventricular ejections time was needed for measuring cardiac output
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by thoracic impedance {Charloux, A, et al 2000; Hsu, A. et al 2006), but the physioflow
avoids the need to know these values. The Physioflow equation was developed by the
analysis of an extensive database. impedance cardiography is based on the analysis of
signal waveform and its variations. The database was collected on patients with a
variety of cardiovascular conditions ranging from severe heart failure fo
hyperthyroidism, and taken at rest and exercise using the physioflow prototype. The

haemodynamic status was assessed using cchocardiography and angiography.

This equation has allfowed the discarding of Zy, thorax height, distance between sensing

electrodes and blood resistivity in the calculation of SV (Charloux, A. et al 2000).

Tt uses the following formula;

Q. =fcxSVix BSA
where Qc is cardiac output (V/min)y f. is the heart rate (beats/min};, [based on R-R
interval measurement, determined on ECG first derivative, dECG/dt, (providing a more
stable signal)], BSA (m?) is body surface area, calculated according to Havcocks
formula (RSA = 0.24265 x BM®¥7® x H**** where BM is body mass in kg and H is

height in cm), and SViis SV index (SV divided by BSA).

An evaluation of SVi is derived from SVig which can be calculated by the following

equation:

S\”ic;.[ = 1{ X [(dZ/dtluux)/(zlnax“zlnin)] X W(TFI’I‘Q;.'), \«Vhere W(TFITcal) iS the Welghted

thoracic flow inversion time. The explanation for the production of this equation is
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given in Charloux et al (2000) (Charloux, A. et al 2000)SViy represents the baseline
reference. During the data acquisition phase, the variations of the parameters described

above are analysed and compared to those obtained during the calibration phase.

SVi = SVieg x 3VCTL/ CTLaax TFITen / TFI'T ., where CTI is dZ/dt, or the

contractility index

Charloux ¢t al {Charloux, T.onsdorfer-Wolf et al. 2000) suggested that the physioffow
thoracic impedance cardiac output device had several apparent advantages over other
“methods of non-invasive thoracic impedance cardiac output devices are, which were:
1. Multiple electrodes are not needed (only 4 impedance electrodes and two ECG
electrodes) to obtain good quality signals
2. The SV results may have better reproducibility even under non-optimal
conditions (different electrode positions, types or perspiration)
3. A greater range of applications (e.g. cyclo — ergometer)
4. No need to measure thorax morphology
5. Increased reliability of the whole acquisition procedure bv introducing 2

calibration phase.

1.11.4. Physioflow Cardiac Output Monitoring Device: Validation & Reproducibility

There have only been a few studies examining the accuracy and reproducibility of the
physiofiow (Physioflow, Type PF0O5L1, Manatec, France) device. The reproducibility of
the test was performed as part of a thesis submitted to the University Hospital in .

Angers, France by Dr R Trouve in his thesis (Trouve, R. 1997).
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Two tests of reproducibility were performed. The first involved 25 haemcedialysis
paticnts, over 3 scssions providing 75 mecasurcimcnts of stroke volume, The results were

a reproducibility correlation of, r = 0.98 p < 0.0001.

Similar results were obtained during another test of 7 patients, supine at rest, using 3
separate operators and with 3 consecuttve measurements being made by each operator.
The purpose was to evaluate reproducibility of stroke volume measurements under
various measurement conditions and operators. 'I'he resuits were inter and intra-operator
reproducibility of 1 > 0.96, p<0.0001. These results also demonstrated a remarkable
reproducibility during cyclo-ergometer exercise, and under non-optimal measurement

conditions (important modificalions of electrode positions).

Hsu et al (Hsu, A. R. et al 2006) quoted unpublished results from their own laboratories,
that in 20 young men (age 27 + 4 years) the coefficient for variation for SV and Q at
peak exercise using the Physio Flow during repeat exercise ergometer tests, spaced

morc than 2 days apart were 3.6% and 3.4% respectively.

There have only been three published studies comparing cardiac output results using the
physioflow (Physioflow, Type PFO5SL1, Manatec, France) with invasive methods.
Charloux et al (2000) (Charloux, A. et al 2000}evaluated the reliability and accuracy of
the Physio Flow, at rest and during a mild constant effort performed in the supine
position on 40 patients with erther sleep apnoea syndrome or chronic obstruclive
pulmonary discase. The cardiac outpui was compared with results obtained by
sumultancous dircet Fick cardiac output measurements. Thirly-iwo paticnis were able to

perlorm exercise, ranging from 10 to 50 watts. 72 cardiac outputs measurements were
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taken at rest and during exercise, and ranged from 4.34 to 14.84 L/min for Physio Flow
and from 3.60 to 15.03 L/min for "direct” Fick. Under linear regression analysts, a
correlation coefficient of 0.89 (p<0.001) was obtained for resting values and of 0.85

(p<0.001) for cxcreising values of physioflow versus Fick cardiac output.

Comparison of the two techniques with the Bland and Altman method was also

. performed. At rest, the mean difference (QFick -QPF) was 0.07 L/min (95%

confidence interval: -0.23, +0.27 L/min), which represents 0.29% of the mean resting
cardiac output. The (Q Fick - Q PF) difference did not vary significantly with the mean
of (-Q Fick, Q PF). The limits of agreement were (-1.18, -+1.32 L/min) at rest. Thus, in
95% of paired measurements, the difference between Q Fick and Q PF was within a (-
19%, +19%) interval. During a mild effort, the mean of the (Q Fick -QPF} difference
was 0.26 L/mun (2.44% of mean exercising cardiac output) with a (-0.17, +0.69 L/min)

95% confidence interval. The limits of agreement during exercise were -2.16 and +2.63

L/min (-21%, +26% of cardiac output).

In the second study, Richard et al. (2001)(Richard, R. et al 2001) performed a study
during which a 1-minute step incremental exercise test was performed from rest to
maximal peak effort by a group of 12 subjects. Each subject performed two comparabie
tests while their Q was measured by impedance cardiography using the new device (Q
Impt, Qlmp2). In a subgroup of seven subjects Q was also determined by the direct
Fick method ( Q Fick) during the second test. The mean difference between the values

obtained by impedance (i.e. QImpi-QImpZ) was -0.009 Lmin" (95% contfidence
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interval: -4.2 L.min?, 4.2 Lmin™), and Q ranged from 3.55 Lmin™ to 26.75 Lmin™ (n—
146). When expressed as a percentage, the difference (Q Impl-Q Imp2) did not vary
with increasing cardiac output. The mean diffcrence between the results obtained using
direct Fick and the impedance method was not signilicant at rest (0.07 L-min’, i.c.. 1%)

and during steady state exercise [0.26 L-min™

,1.e., 2.78% (95% confidence interval: -
27.44%, 21.78%]}. In addition, they also reported that the direct Fick method was highly
correlated with the impedance method during steady state exercise (1* = 0.79, P < 0.05,

N =40 and during incremental testing (r = 0.94, P <0.01, N = 50).

In a third study, Bougault et al (2006) examined whether the Physio Flow would stili be
reliable measuring cardiac output at maximal exercise in patienis with COPD when
compared to the direct Fick method. The difference found between Physioflow and
direct Fick measurements were found to be 3.2 L/min + 2.9 L/min (31 *+ 21%) for
maximal incremental exercise and 2.5 + 2.1 L/min (25 + 20%) for the strenuous

intermittent work exercise test measurements, when analysed by the Bland Aliman

method (Bland, JM. et al 1986a)

Mourea et al (2001) presented data at an international meeting which analysed the
results of measurements by the thermodilutional method and taken by the physioflow on
107 ITU patient. They found that the results had a linear regression factor of 1= 0.88
(p<0,001), with an equation of Q physioflow =0.75 ® Q rErys +1.33. The Bland

Altman analysis found a bias of —0.014 L/min.
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1.11.5. Caxrdiac Output Conelusion

In essence, the most reliable method for measuring cardiac output in human subjects is
the invasive method of Direct Fick cardiac output. The Fick method s more reliable at
rest then exercise. It requires a steady state of exercise and 15 quite invasive and
intensive. Thermodilutional cardiac output measurements are less iniensive, but under
several circumstances may be inaccurate when compared to the Fick method.

Non- invasive tests also have problems. Doppler echocardiography is hard to perform

during exercise and the reliability of the Indirect Fick method 1s questionabie.

Thoracic Bioimpedance may be an easy alternative non-invasive method of measuring
cardiac output at both rest and exercise. It however requires several assumptions to
made about the physiology of the thorax. The accuracy and reproducibility of the results
obtained seem to depend on the equation and types of device used as well as any other
pathological conditions the patient may have, and each impedance device has to be

validated under varying physiological and pathological conditions.

The physiofiow device has been validated under a few pathophysiological conditions.
Under sub-maximal exercise it seemns o perform well, but in certain patient groups may
not be accurate. I has not yet been validated in patients with pulmonary hypertension at
gither rest or exercise but results in other patient groups suggest that it may be a useful

device for the measuring of cardiac output, non-invasively.
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1.12. Aims

The work relayed to this thesis was undertaken as a review of the literature found that
pulmonary hypertensive subjects have important changes In their pressure- flow
relationships when exposed to vaiious pharmacological agents or physiological

manoeuvres, which are not demonstrated at rest (as per PVR).

Performing exercise may be difficull in patienis with respiratory conditions, hcnee
dobutamine is routinely nsed as a substitute for exercise in order to increase cardiac
output in patients with cardiac disease. There have been no investigations as to whether
in the diseased pulmonary vasculature, the response of the pulmonary circulation to
dobutamine follows a sumilar pattern to exercise and whether dobulamine could be a

reasonable substitute for exercise.

The main aim of this thesis was, by using a combination of high fidelity
micromanometer tipped catheters to measure pulmonary artery pressures (PAP), and
non-invasive cardiac output (CO) derived from impedance plethsmography in subjects

with pulmonary hypertension (PHT), to investigate the pulmonary circulation,

There has been a paucity of information relating to the pulmonary circulation under
dynamic stress, in humans, This research would demonstrate the importance of
investigating the pulmonary circulation under dynamic conditions and also the
advantages of simultaneously measuring PAP and CO. Tt would also open further
avenues of research, into whether subjects with different pressure-flow responses had

differing prognoses and response to treatments.




106

This project aimed to;

1.

Validate the use of the Physioftow 1 for measuring cardiac output in
subjects with pulmonary hypertension.

Examine the viability of the production of pressure~[iow plots by this
method, for general clinical practice

Examine if in the subjccts studicd, whether there was any difference
in pressure flow plots with respect to disease type or vasodilatory
response

Examine if with cardiopulmonary exercise testing, we can discover a
non-invasive surrogate of pressure-flow plots

Examine dobutamine as an alternative to exercise for pressure flow

plots
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Chapter 2

Methods
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2. METHODS

2.1. Ambulatory Pulmonary Artery Pressure Monitoring

2.1.1. Equipment

The catheter was a 7 F micromanometer tipped catheter supplied by Gaeltec Ltd
(Dunvegan, Isle of Skye) (Figure 2.1). This catheter is designed for multiple use and
was gas sterilised in ethylene oxide. The data was recorded by a portable battery
powered recorder, (Type MPR/2, Gaeltec Ltd, Dunvegan, Isle of Skye), (Figure 2.2.),
before being downloaded into a Toshiba satellite 21 OCS laptop. Patients were supplied

with a diary.

Figure 2.1: Gaeltec Pulmonary Artery 7F Figure 2.2. Gaeltec MPR/?2
catheter Portable  Battery  powered
recorder
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2.1.2. The Software
The ambulatory pulmonary artery pressure moniforing programme was supplicd by
Gacltec Ltd (Dunvegan, Isle of Skye), and required a computer running a DOS and

windows 3.1 operating systems

2.1.3. Making a Prolonged Pulmonary Artery Pressure Recording

The portable recording box had new batteries for every recording and catheters was seni
to TSSU for ethylene glycol gas sterilisation a minimum of [0 days before the planned
date of catheterisation. On the morning of the catheterisation, the patient had a 8G

French sheath inserted tn the right internal jugular vein in the cardiac pacing room.

The computer, catheter and recording box were taken to the catheterisation laboratory.
Following completion of the routine right heart catheterisation on the subject, the
ambulatory Gaeltec catheter was removed from its sterile packaging, coiled, and placed
in sterile saline for a minimum of two minutes. 0.4mls of air was injected into the pori
using an insulin syringe with the needle removed and end of the catheter was observed
under the sterile saline to check that there was no air leakage. The catheter was kept
under the saline for a minimum of 2 minutes as the coating absorbed some fluid. The
catheter was then connected 1o the recorder box that was then switched on and the
programme started. On the monitor, the set up menu was entered and the Jegend

“calibrate pressure transducers” selected.

This offered a positive or negative pressure calibration. A “negative” pressure
calibration was always be used. When this was sclected, the menu required the recorder

to be stopped. At this stage the non-sterile rubber tubing, stored with the computer, was
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connected to the port on the catheter and via a 3-way tap, to the port on the rear of the
recording box. The 3-way tap was opened to air and refurn pressed. The system was
then opened to air before the pressure calibration was continued. Refien was then
pressured again and 0 mmHg was established. The programme required a negative
pressure calibration to be performed in which the 20 ml syringe is connected to the 3-
way tap in communication with the recording box and the catheter, and the syringe was
gently sucked until the programme read “calibration complete” and the recording box

likewise, At this stage the catheler was ready for insertion into the patient.

2.1.4. Cardiac Cathetetisation using the Ambulatory Gaeltec Catheter

This was placed in the usual way in the proximal pulmonary artery. Care was taken not
to advance the tip too far into the pulmonary circulation as wedging led to loss of trace
as well as to complications. The tip of the ambulatory was placed no further distal than

the transverse processes, preferably on the right,

Once the catheter was satistactorily in place it was re-connected to the recording box
then on the computer screen the “record” menu was selected and “start new real time
recording” option selected. This showed a real time pressure tracing. There was no need
to record at this stage. 0.4 mis of alr was again injecied into the port in the catheter to
see if the preset 0 was satisfactory. So long as the value lay between plus or minus 32

the error was suitable to be corrected later,

The catheter was now in a satisfactory position making an adequate recording, and the
sheath was pulled back over the catheter to its end and left in position. This tended to

displace the catheter further into the pulmonary circulation, therefore the catheter
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position was screened again before finally being secured with a suture at the point of’

insettion.

2.1.5, Starting a New Recording

The computer and recording box was required in order to start a new recording, The
computer and the recording box were taken to the subject and were connected to the
catheter. From the computer programme, “start real time recording” was selected from
the “record” menu 1o check that the catheter continued to record satisfactorily. The
recorder battery voltage was checked again at this stage using the selection from the
same menu and if this was adequate, a new recording was started. The 4 megabyte
RAM card was inserted in slot in the base of the recording box and « start recorder”
selected from the record menu. Thas cleared the memory card for a new recording and
gave the time on the liquid crystal display that the new recording was started, At this
point, this recording was being recorded both on the memory card and on the hard disc

of the computer.

It was possiblc to view the actual trace at any time during this on screen using the “start
new real time” record option in the record display and during the early period of the

trace this was done on a number of occasions to check that O calibrations are adequate.

2.1.6. Troubleshooting

When 0 calibrations were not accurate i.e. injection of 0.4 mls of air resuits in the trace
reading a figure different from 0, an “in vivo™ calibration was performed. To carry this
out, under the ‘record’ menu, the recorder was stopped, the balloon on the catheter was

inflated and kept inflated with 0.4 mls of air. The “enter terminal mode™ selection was
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then made {rom the record menu. At C prompt the instruction PZERO in continuous
upper case was entered and return pressed. The programme instructed the user when the
new O had becn inseried into the catheter and at this stage the ambulatory PAP
programme was re-entered. “Start new real time recording” was selected from the
record menu and 0 rechecked viewing the screen trace. If this procedure was successful,
the O calibration resulted in an adequate trace which records close to the actual 0 line

when calibrated.

If the tracing was still not satisfactory, the above procedure was repcated (several times

if necessary).

0 calibration was performed several times at beginning and end of the tracc and

intermittently throughout the recording.

The liquid Crystal display on the recording box indicated the time and the percentage of

memory that had been used.

2.1.7. Event button
It the patient was put through a series of experiments, standing etc., the “event” button

on the recording box was pressed at the beginning and end of these manoeuvres.

2.1.8. Completing a Trace
At the end of a ambulatory recording from the record mienu the “stop recordexr” option was
selecied and this selection confirmed using the mouse as requested by the program.

The 4 megabyte RAM card was then removed from the recording box and inscried in the
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card reader device which was connected to the computer via the printer port.

On the "record" menu the "read data from PC card slot" was then selected and the patient
file was transferred from the RAM card to the hard dis¢ of the PC. This was then
saved 1o the hard drive and patient details entered as appropriate. Under "comments”,
the catheter used was recorded as subsequent problems that could have occurred
during recordings, and which may have been specific to individual catheters,

could have been identificd.

At no time during transfer of data from the PC card to the haid disc of the computer was the
bottom option on the menu entitled "Inttialise Card in PC slot" selected, as this would have

wiped the data from the RAM card. This data was backed up on floppy disc.

A section of the visible recorded tracing was highlighted on the screen, on the time scale
covering a few hours. The program was then told to save the data first as a beat file, then as

an average file and then finally the average file was saved as a comma delimited asc text file.

Windows 3.1 was starled by Lyping in WIN and using cxcel the asc text filc was
imported as a delimited file. The comma delimits were selected when importing the

file, and then the file was resaved as an excel file.



114

2.1.9. Ending the Catheterisation

The ambulatory catheter was removed and hand washed in warm soapy water. The balloon
was re-checked by it being placed under water again, 0.4 ml of air was injected into
the catheter port and the balloon at the end of the catheter was checked for the
escape of any air bubbles. The catheter was then be dried and re-connected to the

recording box and a "new real time recording” was started under the Record menu.

The end of the catheter was then placed in the grey top pressure chamber, the plastic
tubing connected to the end of this chamber and, via a 3-way tap, to the
sphygmomanometer. A syringe was then connected to the 3-way tap and a pressure
(measured by the sphygmomanometer) was applied to the pressure chamber and hence
the catheter. This pressure appeared on screen as & square wave trace with a given value
at the side of the screen for the pressure being measured by the catheter, Thus for an
applied pressure of 50 mmHyg ideally the pressurc wave on screen also recorded 50

min.

2.1.10. Analyzing a Trace

The original pressure trace was viewed on screen, This was accomplished by eatering
the Amb.PAP. program and the "review" option was selected.

“Review" menu - "list load recordings”, "list load from Disc C" commands were
entered in sequence, and the patient trace selected and loaded. At this point the

trace required to be corrected for any O drifl.

Using the "Select page" option at the foot of the screen, the cursor was dragged to the

beginning of the {race and the time corrcsponding with that was noted as the start time
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of the manoeyvre,

At this point, the trace was opened out to 1.03 min per page and using the page up/page
down facilities the first of the 0 calibrations was brought onto the screen. The cursor was
then placed on the middle of the 0 calibration and the value to the right of the screen was
read, the actual measurement which was made at that time, At this stage, if there was
any error inherent in the catheters calibration, revealed against the true pressure

applied in the pressure chamber with the sphygmomanometer, then this was corrected.

2.1.10.1. T axis change

The CTRL F9 keys were pressed simultaneously and a window appeared on screeis,
showing "Channel normalizing procedure”. The carriage return was then pressed, and
when “"Enter value at cursor” appeared, 0 was entered. Return was then pressed and
the computer would request, "Enter the output observed output observed for a
thousand unit step". The error noted against the measured pressure of 50 was calculated
for a unit step of 1000 (e.z. a reading of 40 mm against a measured pressure of 50
would rcquirc 800 to be entcred). Carriage return was then pressed and the
"continue” option on the boltom line selected and the channel normalized. The trace

was then re~checked at the first and last O points to check that these were on the 0 line.
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OmmHg

Raw data Adjusted (zeroed) data

Figure 2.3: Example of Zero calibration points, on raw data
and after adiustment

If this was not the case, then in addition to the correction being inserted, the trace
was also required to be levelled. The cursor should once again be placed on the first
0 calibration, and the F9 key pressed. The box on screen indicated that the channel
leveling procedure was being used and that the cursor indicated the first point to be
included. Carriage return was then pressed and the cursor moved to the next O point,

F9 was pressed again and so on until the end of the trace. Once the last 0 had been
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sclected using O, Shift F9 was pressed and the entire trace was levelled. At this stage

the trace had been corrected and levelled and was ready for further analysis.

2.1.11. Further Analysis

The "analyse" option was selected and from the review menu make "beat by beal" file
selected. ‘I'he programme analysed the entire trace beat by beat removing any
arlefacts, At the end of this procedure the beat file had been created and this was stored

on the hard drive using the patient's name followed by the suffix BT.

Once the beat-by-beat file had been created, the next option "Start new average file" was
selected and the procedure was repeated. The programme selected every 16 beats of
information and created a new average file. This again was stored on the hard disc
with the patient's nathe and sulfix AV. To analyse the trace [urther the "use average

data file" option was selected.

2.1.11.1. Creating an ASCH File

The "use average data" file was selected and the average data appearad on screen. The
trace was opened out to, 1.4 minutes per page and using the select page option the cursor
dragged to the beginning of the trace. Using the mouse the trace was then marked as
close to the beginning as possible. The screen then read that the trace has been marked
tor analysis and a 2nd point was selected. Using the select page option the cursor was
dragged to the end of the file and the 2nd point marked at the end of the trace. Under the
"analyse" option Create ASCII file appeared and was selected. The programme created
an ASCII file for the entire average trace and this was stored again to the hard drive

with the patient's name and suffix ASC.
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Tor statistical analysis the ASCII files were imported into an Exccel filc, as a delimited
file, and comma’s selected as the delimiter.

On Bxcel, The first column was time (1.0= 24hours), 2*° DPAP, 3™ MPAP, 4™ SPAP,
5% Heart rate, 6% Sa0,, 7% HR from SaQ; monitor, and the 8" was an ECG and 9™
EVENTS.

Timge was converted to hrs min secs by changing cell format on excel.

Each set of data was a 16 sec average. The time was as a decimal fraction of a day but
was converted to hours, minutes and seconds by changing the format of the cell to

00:00:00.

2.1.11.2. Backup
This data was backed up using the Windows 3.1.
Windows 3.1 was started by typing in WIN. A back up of the excel, ASCII and the

raw data files was made. The raw data was found in the subdircctorics in the

directory PAPECGO
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2.2. Physioflow

2.2.1. Physioflow Set-up and Use

The following is a very brief summary of the manual and details from correspondence
with the designer of the physioflow 1, with regards to the calibration phase, assessing
adequacy of signal acquisition and trouble shooting to improve results.

Device: Physio Flow PF-05 Labl, Manatec, France
Software: software version PF-1.05 for Windows 95/98/Me/XP/2000 (32-bits)

Laptop: Sony HEP R600P Pentium IV 850MHz

Figure 2.4a & b: (a) Physioflow device, connected to computer and leads
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The Physio Flow 1 is a non-invasive cardiac output measurement device that can be

used in patients at rest or under exercise.

The wuser manual is available to download form the World Wide Web at

http://www.physioflow.com/download/free/enman104.zip.

2.2.2. Connections, Device & Subject
The subject was connected, using pre-gelled ECG electrodes. The ambu Blue sensor SP

(Ambu, Copenhagen, Denmark), was an Ag/Al wet gel electrode, ideal for medium term

stress testing.

The electrodes were placed on the thorax in the shown figure 2.5. Two electrodes are
used to monitor ECG in order to measure the heart rate. Four electrodes were used to

monitor the impedance signal.

GREEN @
BLACK ORANGE

(neutral)

Figure 2.5: Electrode positions for Physioflow 1
device


http://www.physioflow.com/download/free/enmanlG4.zip

12]

The exact position of the impedance electrodes was not supposed to be critical provided
that. one pair 1s on neck base, and one on thorax base. Adjustments, as mentioned later,

were often found to be useful.

During bicycle exercise, V1 ECG electrode was positioned on the manubrium sterna,
the upper impedance electrodes were not placed on the sternocleidomastoid muscle
{neck basis), and the lower electrodes were not placed over the over abdominal muscle.

Cable wires were fixed on patient’s skin with adhesive tape.

2.2.3. Pre calibration requirements

Pre calibration 1s described in detail in the manuval.

2.2.4. Calibration I’hase

Instructions appeared on the Calibration Wizard screen, which were followed.
Calibration was particularly important as reliability and reproducibility depended on it.
After the best signal stability possible was achicved, it was performed on 60 cycles (the
standard profile is 30 cycles). The subject was requested to remain still and 1o breath

vormally. A simultaneous blood pressure reading was taken for basal reference values.
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[Cavtuation W

Figure 2.6: Calibration Phase

ECG and impedance metric signals were displayed on the screen from the start of this
phase and it was important to ensure that they are reproducible, stable, and without

artefacts or interference (figure 2.6).

[t was also vitally important that the heart rate results were accurate, by reviewing the
cycle beat by beat on the dE/dt signal (light blue digits corresponding to heart rate and a
dark blue signal waveform). Similarly, it was important that verification that the
characteristic points of the dZ/dt (green) signal were correctly detected, represented by
the presence of red and yellow squares on the signal, the red at the maximal peak and
the yellow a little time after the maximal trough in the waveform. The yellow square in
dZ/dt was also checked to ensure that it did not appear at the end of the heart cycle.

If signal was satisfactory, then “ Calibration ”* was clicked in order to proceed
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When calibration was completed (60 heartbeats), systolic and diastolic blood pressurc
was entered. Once the calibration results were verified, they were accepted and

monitoring was started.

If the calibration looked wrong (bad quality of signal, aberrant values), calibration was

restarted by entering (« Retry »).

In order to improve calibration and signal, other adjustments were possible. It was
possible to increase the calibration cycle to include a larger mumber of cycles, by
entering the profile meny, and entering calibration window. By using this menu, it was
also possible to adjust the acquisition signal from a default of 20 cycles before
acquisition of data, to 1 cycle (which was required for the pressure-flow experiments),

When necessary, enlering the analysis menu and enlering the signal setup submenu
allowed the increase or decrease of sensitivity of both the analysis of the ECG and the

tinpedance (Z) signals.
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2.2.5. Monitoring/Recording Phase

Figure 2.7: An example of the '‘Monitoring Screen’, with the current values for heart
rate (HR, bpm), stroke volume (SV, ml), cardiac output (CO, L/min) and cardiac
index (Cl, L/min/m’), as well as graphical representations of these values on the y
axis against time on the x axis. Also on this monitoring screen is dE/dt (differential

of the ECG signal versus time) and dZ/dt (differential of impedance signal versus

Lime)

The default monitoring screen (HR = Heart Rate, SV = Stroke Volume, CO ClI
Cardiac Output/Index (cardiac index is cardiac output divided by body surface area),
SAP, MAP, DAP (systolic/mean/diastolic arterial blood pressure)) was left for the
studies as in figure 2.7.

During the monitoring, events were marked by pressing SPACEBAR. A window

appeared in which details of commencement or discontinuation of an experimental




protocol were noted. Pressing “enter” validated this event and a vertical line appears on

the screen. The recording was completed by clicking on “ End of acquisition

The colour squares on the dZ/dt signal (red to yellow) were checked to see if one could

draw a curve oriented downwards (during systolic phase), as shown in figures 2.8 a, b &

Fieure 2.8a Fieure 2.8b

Fieure 2.8b

Figures 2.8 a, b &c: Examples of acceptable signal for physioflow cardiac
output measurements, showing dE/dt (differential of the ECG signal versus

time) and dZ/dt (differential of impedance signal versus time).




126

2.2.7. Poor Signal & Possible solutions

Despite the measures taken, often the acquisition signals were of poor quality. The
following are examples, with the solutions used.

In figure 2.9a, there was no systolic curve during dZ/dt and the colour squares were not
regularly plotted. The possible solutions were to clean and shave the skin again, replace
impedance electrodes, and reposition impedance electrodes (on the same horizontal

level).

Figure 2.9a:Poor quality signal received by physioflow device

In figure 2.9b, there was an artefact on dZ/dt curve occurring during QRS. The possible
solution to this was to clean and shave the skin again was to replace impedance

electrodes, and reposition impedance electrodes (on the same horizontal level).
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Figure2.9b: Another example of a poor quality signal received by the physioflow device

Figure 2.9¢c demonstrated a trace which had electrical interference with static electricity
on the ECG.

The solution to this was if possible turn off source of static electricity. In addition, it
was important to check that no physioflow wires were crossing other wires (e.g. the

micromanometer catheter).

In figure 2.9d, the majority of QRS were no properly detected and heart rate was wrong. This
problem could often occurs in case of bundle branch block or pacemaker patients (QRS large
and of low dynamic, and in this case the solution was to increase ECG sensitivity as

previously mentioned. An alternate solution would have been to reverse the ECG leads
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Figure 2.9c: third example of poor quality signal from physioflow device

Figure 2.9d: Final example of poor quality signal
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Other tips and signal ways of improving sighal quality

During the studies, one came across other problems and solutions

i,

1t was found that the use of Q & SP blue sensor electrodes or other short &
medium term electrodes, were inadequate for the study. We switched to using
long term sitver oxide gel electrodes.

Avoiding pressing down on gel pait of clectrode during placement

When the ECG downward peak was HIGH the ECG electrodes were inverted
When ECG recognised too many points, the threshold was DECREASED, & if
too few it was INCREASED.

The most important points was to review waveform were the red and yellow
boxes on the dZ /dt. These should have been in systole ie after QRS ( as shown
in figurc 7) with the curves of the dZ/dt falling after the red box, before going up
to the yellow box.

To improve signal occasionally electrode placement on the back of the neck was
tried (lcss skin folds).

Occasionally the electrodes were placed onto the lower rib cage {esp during
exercise as less muscle inferferance).

The blood pressure measured during calibration was as accurate as possible, as
any error here would have been square rooted for cardiac output. (ie ertor blood
pressure error 5%, cardiac output error will be 10% error {1.05 x 1.05) in cardiac
output.

Entering the analysis menu and entering the signal setup submenu allows the
increased or decreased of sensitivity of both the analysis of the ECG and the

impedance (Z) signals.



10. We improved initial calibration by calibrating over more cycles, as mentioned
previously (60 compared to 30).

11. And finally if due to time constraints it was not possible to adjust analysis for
reliable analysis (red and yellow box placements), but the dE/dt & dZ/dt signals

were reliable, it was possible to run the physioflow simulator as described later

and an adjust analysis parameters at a later time.

Foint of start ofsystole,
corresponding to downward
inflection of dESfdt curve
(blue line)

Figure 2.10:Point of start of systole of dZ/dt signal, corresponding to the maxinum point of the
¢ ) ) ) 8 : 4 )

negative inflection of dE/dt signal

Also note if right ventricular hyperterophy, this may lead to changes in the Z curve with

the systolic wave being smaller then the diastolic wave (figure 2.11)
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\4/\

Small systole high diastole

Figure 2.11: Change in Z curve seen with right ventricuiar hypertrophy, with small sysiole and large
diastole peaks.

2.2.9 Reviewing acquisition

Instructions are as per the manual available on

hitp://'www. physioflow.com/dovwnload/frec/cnmani04. zip.

2.2.10. Physioflow Simulator Operation

If the 1inpedance wave analysis had been sub optimal due to difficulties in adjusting the
wave form analysis parameters during the experiment the entire recording could have be
reanalysed under different settings by using two computers, one playing the recorded
information and the other analysing it. However there were two problems with this, the
computers would analyse this as a continuing loop and the initial calibration data was
not recorded, so calibration had to be performed on the actual previously recorded data
and thus making it difficult fo ascertain what time periods in the new analysis
correspond to the old analysis. This process was not undertaken duning this study.
Instructions on how to perform this were obtained at the time this additional software

was obtained.


http://www.physioflow.com/download/free/enmanl04.zip
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2.3. Pressure-Flow Experiments
The experiment was explained to the patient. As previously described the APAID
catheter was inserted into the right (or left if not possible) pulmonary artery via a main

central vein.

The ambulatory catheter was attached to the ambulatory box and this to the laptop
computer. The computer is APAP programme was switched to real time mode, in which
the pulmonary artery wave forin can be monitored. Several zero calibration manoeuvres
were performed (as described previously). The physioflow cleclrodes were then
attached and the machine underwent a calibration period (as described previously). The
machine’s parameters were adjusted to save data for each cardiac cycle and were

adjusted in order to optimise the impedance waveform

‘Then several readings of the time on the physioflow computer, the laptop for APAP and
the APAP box were taken in order to later match the data from the APAP and

physioflow devices.

The subject was placed the gas inhalation mouthpiece in their mouth. The gas delivery
system was as described in chapter 2.5. The subject was given time to become
comfortable with the device, whilst on air. Once comfortable, the experiment began,
with the patient inhaling a gas whilst at rest, either air, Oxygen at 151/min or a

combination of NO at 40ppm and oxygen at 1 5l/min.

After 5 minutes of acclimatization, the patient was asked to starl raising their legs

alternately, at a rate of 1 leg rise per second, and for a total of 3 minutes or until they
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tired out. Then prior to the next exercise test, the subject rested whilst inhaling air or
oxygen as desired for 3 minutes, before repeating the entire procedure again, until all
three sets of gases were given. The order in which the gases were given was selected at

random prior to the experiment.

The data was then analysed as described in chapter 2.7.

Blood pressure

Subject monitor
NOxBOx

Physioflow 1

MPR/3 pulmonary
artery catheter

Figure 2.12:Pressure-Flow experiments. Patient inhaling experimental gas, whilst
attached to the physioflow cardiac output monitor, a blood pressure monitor and the

micromanometer tipped pulmonary artery catheter and recorder.
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2.4. Gas Delivery System

2.4.1. Materials

Magill-Mapelson A 1.6m with 2L reservoir bag (Intersugical Ltd, Berkshire, UK).
Assorted Male to female connectors of 22 & 30 sizes, with T junctions and adaptors
from Nitric oxide monitoring kit (Intersugical Ltd, Berkshire, UK).

Flextube (Elephant tubing) 22mm (Intersugical Ltd, Berkshire, UK).

Oxygen bubble tubing (UN 881) 3mm, (UHS, Enfield, UK)

NoxBOx II (Bedfont Scientific, Kent, UK).

Nitric oxide gas cylinder (LindeGas, UK Ltd)

Air gas cylinder (LindeGas, UK Ltd)

Oxygen via piped hospital oxygen supply, (BAC Ltd)

Oxygen
supply

Figure 2.13a: Gas delivery system, used to deliver nitric oxide & air. Or air
alone, or when attached to hospital oxygen supply, oxygen or nitric oxide and
oxygen
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Figure2.13b: Gas delivery system. The entire supply piping

. Figure 2.13c: Gas delivery system. The supply piping

Magill-Mapelson A 1 6m with 2L reservoit bag

e A e—,

Standard 24F
) Elephant tubing APL
i) = Sampling ¥ alve
Nittic Oxide tubing to
supply tubing

i B

Gas supply to
subj ects mouth
(via mouth piece)

2L reservoir bag
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The gas delivery system, was the same system used clinically at the Scottish Pulmonary
Vascular Unif between 2001 & 2004, and was made up of a basic Magtll-Mapelson A
1.6m with 2L reservoir bag system, attached to a further 22mm flextube, via a nitric
oxide adaptor kit (Figure 2.14 a-¢). Air or oxygen was supplied at the tail end of the
system, at 15 L min™. Nitric oxide was also supplied here. The mixture of gases was
thoroughly mixed when it reaches the middie section, with the 21 reservoir bag. The
concentration of NO is sampled here. A further 1.6m downstream, the subject inhaled
the mixture. They also exhaled through the system, and the gas escaped through the
escape port of the APL 60cm” relief valve. The valve was set at mid pressure in order to
cause some back flow through the system, and imixing of gases at the reservoir bag

point.

The sampled gas was tested by the NoxBOx 11, and after a few minutes of calibration
time, the flow of NO was adjusted by the adjustable flow valve, in order to obtain the
desired NO concentration (figure 2.14a-c). The Patient inhaled the gases, via a rubber
reusable mouthpiece (sterilised by Milton sterulisation solution). This mouthpicce fitted
tightly in the mouth, between the teeth and the lips, to form a secure seal, whilst nasal
breathing was prevented by the use of standard nasal prongs. Between the mouth piece

and the main delivery system was a standard microbial filter.




2.5 Matching APAY and Physioflow data

During an experiment, on at least three occasions the corresponding time points for the
APAP machine and the physiollow machines were noted.

Using this information of equivalent time points noted down during the experiment, the
difference between the times were calculated, and the average of this was then used to

allow convcision of APAP timces to physioflow timcs.

For instance if 09:33:22 (Hours:minutes:seconds) was the APAP time, and 00:01;02
was the physioflow time, the difference would have been 09:33:22 - 00:01:02 giving
09:32:20. This would then be used 1o convert all other APAP times to physioflow times
(ie APAP = 09:33:38 the equivalent physioftow time would be = 09:33:38- 09:32:20

giving 00:01:18.

Then the time periods corresponding 10 the APAP data was marked on the physioflow
data, and the averages from this time period until the next time period were calculated
for the physioflow data (as previously mentioned the APAP data time period correspond
to the average data over the preceding 16 scconds). For instance data over the time

period 00:01:02 to 00:01:18 would be averaged.

This data would be then added to the corresponding APAP data and would allow further

analysis to be undertaken.
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2.6 Study groups, Recruitment and Data gathering
Subjects were recruited from all patients attending the Scoitish Pulmonary Vascular
Unit, (Western Infirmary, Glasgow, UK), between October 2001 and July 2003, all of
which were due to undergo invasive investigations for suspected pulmonary
hypertension. Bioimepedance data (n=30, for chapters 3-9) and those with combined
| bivimpedance data and micromanometer tipped data (n=24, from 2001-2003, for
chapters 4-8). Figures 2.14a & b demonstrate the recruitment pool for the studies, and
the other studics paticnts were being recruited for simultancously.
The inclusion and exclusion criteria were as follows.
Inclusion criteria
[} Primary or secondary pulmonary hypertension at echocardiography
and/or right heart catheterisation
2) Listed for right heart cathetetrisation for purposes other than this study
3) Age 18 - 80

4) Informed consent

Exclusion criteria

1) Exercise capacity limited by disease other than pulmonary
hypertension
{e.g. musculoskeletal disorder)

2) Prostacychn infusion via Hickman line.

3) Lefi-sided heart disease including significant aortic or mitral valve
disease, cardiomyopathy, left ventricular failure or coronary artery
disease limiting exercise tolerance,

4) Nursing or preghant women.
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The ‘normal’ patients recruited, were all symptomatic, and initial investigations at
referring hospitals were suggestive of pulmonary hypertension but atter investigating at

the unit, they were found to have no obvious disease pathology.

All studies, as well as routine clinical tests werc performed over a peiiod of a week, as
demonstrated in figure 2.15. Spirometry, CT scanning, echocardiography and 6-minute
walk test were all performed by the regular NHS staff. The right heart catheterisation
and routine haemodynamic measurements were performed either by Dr R. Syvyed,
Professor A.J. Peacock or Dr I1. Mortimer. The simultancous thoracic biotmpedance
and thermodilutional cardiac output data were noted by either, Dr R. Syyed, Dr H.
Mottimer or Sister A, Crozier. The thoracic bioimpedance device setup and the insertion
of the ambulatory pulmonary artery catheter were performed by Dr R Syyed. The
thoracic bioimpedance device was left to run during the routine hacmodynamic tests. I
Dr Syyed was performing the routine haemodynamic investigations, and the thoracic
bio-impedance signal was lost, it was not possiblc to re-sct this deviee. All other
experiments were performed by Dr R. Syyed. All data processing and analysis was

performed by Dr R. Syyed.
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Pressure-Flow
Study/
Dobutamine
pressure-flow
study/ other
studies*
Overnight
ambulatory
catheter study

MONDAY TUESDAY WEDNESDAY | THURSDAY | FRIDAY
AM Admission from Blood tests Further discussion Insertion of Pressure-Flow
any part of Pulmonary of research +/- catheter sheath Study/
Scotland function tests consent into right internal Dobutamine
6-minute walk MRI scan Jugular pressure-flow
test Genetic blood tests study/ other
T'est set up of studies*
cardiac output (Removal of
measurements catheter)
Commencement
of treatment
PM Clerk in // first HR-CT & CT-PA | Echocardiography Routine (Cardiopulmonary
discussion of Further haemodynamic Exercise Test)/
research discussion of measurements & erect pressure-
research +/- vasodilator study flow study
consent Non-invasive (removal of
cardiac output catheter)
measurements HOME
Discussion of
results with
patient

Figure 2.15: Timetable of procedures for subjects during their |
week admission. Routine clinical tests are labelled in black, and
research in red

2.7 Data analysis

Data are expressed as mean + S.D. The tests used varied between experiments. The
student t-test was used for chapter 3. using SPSS-Vs 14.0, Bland Altman analysis
(Bland, JM. et al 1986b) for Chapter 4. Multivariate analysis was performed in chapter
3, but due to heterogeneity and small number of subjects recruited, and the interrelated

variables like pressure variables, the analysis may not be statistically robust.

For chapters 5-8, the Poon test to combine data was used (Poon, C. S. 1988) and this

data was further analysed by general linear regression analysis (SPSS vs 14.0). Linear
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regression analysis was used to produce histograms and normality plots, as well as the
values and confidence mtervals of the slopes and intercepts of the lines obtained. Initial
assessment of the probability of the lincarity of the plots was done by visually
reviewing the scattergrams of the plots and the histogram and normality plots of the
restduals. Further assessment of the whether the likelihood of the linearity of the plots
of paired data was by the ANOVA test of linearity where possible. A test of the
usefulness of the plots was attempted by performing the ANCOVA test, a test of
likelihood of parallelism, on the data, comparing air with nitric oxide / oxygen

combination, air with oxygen and oxygen with the nitric oxide / oxygen combination.

2.8 Lthics

Ethical approval was provided by the West Ethics committee, North Glasgow NHS
University Trust. All subjects gave informed consent for thoracic bioimpedance cardiac
output mcasurcments as part of their clinical evaluation for suspected pulmonary

hypertension.
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Chapter 3

A Comparison of Cardiac Ouotput Measured by Thermodilutional Methods & by

the Physioflow I Thoracic Bioimpedance Device in subjects being investigated for

Pulmonary Hypertension
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3.1 Introduction
For years, the clinical gold standard test for measuring cardiac output has been by the
thermodilutional method. This has been widely validated against gold standard

experimental methods.

With regards to the use of the thermodilutional method in subjects with pulmonary
hypertension, its accuracy has been questioned, but it is now in routine use. In a number
of studies, it has becn shown to overestimate cardiac output as compared to Fick and
dye dilutional methods, the experimental gold standards (Branthwaite, M. A. et al 1968;
Hsia, C. C. et al 1995; Mackenzie, J. D. et al 1986; Russell, A. E. et al 1990; van,

Grondelle A. et al 1983) at rest and during exercise.

Since 1966, (Kubicek, W. (. et al 1966) cardiac output has been monitored
experimentally by measuring the electrical impedance changes across the thorax, There
have been several equations and devices developed over the past 30 years to measure
this, with varying but tmproving accuracy {Berustein, D. P. 1986; Sramek, B. B et al
1983). The accuracy, reliability and reproducibility of these devices in clinical practice,
however have not been good enough to contemplate their use either as a replacement or

an adjunct to current clinical gold standard methods (Warburton, D. E. et al 1999).

Recently a new device, the Physioflow 1 (Physioflow, Tvpe PFO5L1, Manatec, France)
bioimpedance device, was developed after technical improvements occurred in the
hardware (a new generation of analog technology allows the Physio Flow to improve
signal filiering and stability and provide better data processing), and the basic equation

has been adjusted. The equation has been modificd in order to overcome the ditficultics
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in evaluating blood resistivity (p), the distance between recording electrodes (1.) and
baseline impedance (Zgy) used 1n the Kubicek and Sramek-Bernstein equations. There
have been several studies investigating the accuracy and reproducibility of the
physioflow in clinical practice. Chartoux ¢t al (2000), investigated a number of subjects
with respiratory coaditions (COPD, n=26, slcep apnoca, n=14) at rest and during
exercise, and found that a strong correlation was obtained between the physioflow
determined cardiac output and the Fick derived cardiac output values, of 0.89 (p<0.001}
al rest and of 0.85 (p<0.001) during exercise. Similar results have been found by both
Bougault et al (2005) and Richards et al (2001). The physioflow seems to be more
accurate in a clinical practice when used in a number of clinical conditions and

situations compared to older devices.

This device has not been validated for use in subjects with pulmonary hypertension, and

a study to investigate 1ts usefulness in this was undertaken.
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3.2 Methods

3.2.1. Data Subjects

All the subjects were patients at the Scottish Pulmonary Vascular Unit between October
2001 and July 2003, who had been admitted for routine investigations, which included
measurement of thermodilutional cardiac output, of their suspected pulmonary
hypertension. There were 30 subjects examined on 33 occasions, and with 32 sets of 3
cardiac oufput measurements undertaken whilst breathing air, (table 3.1, n—33), 7 whilst
breathing oxygen, 12 breathing a nitric oxide and oxygen combination (NO/O;) and 7
whilst exercising (table 3.2). There were 13 males & 17 females. The mean (£S.1D.) age

was 58.2 (+ 13.8) years. The general demographics are secn in table 3.1 & 3.4.

4 subjects were normals without pulmonary hypertension and the other 26 had
pulmonary hypericusion duc to the following causes, 3 with COPD, 6 with Connective
tissue disease (CTD), 1 due to portopulmonary (portopulm.) hypertension, 7 duc to
idiopathic pulmonary arterial hypertension (IPAH), 6 due to chronic thrombocmbeolic
pulmonary hypertension (CTEPH) and in one subject, at the time of the study  the exact
cause of pulmonary hypertension was still to be established. The demographics for the

disease groups, and for the activity undertaken are given in tables, 3.1 and 3.4a & b.

Pulmonary and right heart haemodynamic data obtained via the right heart
catheterisation, was available for all the subjects (tablc 3.4a), and spirometry data

available in 14 patients (table 3.4b)
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Table 3.1
Subject Initials |  Age Sex Cardiac Quiput on Air | Cardiac Output on Air | Diagnosis
Number Thermodilutional Bicimpedance
(Lomin) | (Lemin®)

i M,C 55 F 8.1 7.6 pormal
2 LC 40 F 3.7 5 normal
3 BR 37 ¥ 56 58 normal
4 LG 52 T 5.8 6.5 norimal
5 G.C 49 M 55 10.2 [PAH

5 GC 50 M 4.6 4.9 [PAH

5 G,C 50 M 42 5.1 PAH

6 W,F 67 M 3.3 3.8 [PAH

7 E.M 73 ¥ 3.7 8.7 [PAH

9 S,8 45 F 4.5 8.1 [PAH
10 D.H 64 I3 33 3.3 PATT
11 H,C 37 E 43 4.6 PATT
12 MY 37 F 34 4.3 PALI
13 R,C 54 E 3.6 3.0 CTD

15 Lp 46 F 4.4 5.1 CTD

16 J,p 59 M 24 3.8 CTD
17 K,S 62 I 3.9 4.1 CTD

18 IR 74 F 2.6 4.4 CTD

19 EK 73 3 2.6 2.7 CTD
20 ILF 1 71 M 37 5.1 CTEPH
2] S0 | 74 M 5 9.1 CTEPH
22 AC 62 M 48 4.4 CTEPH
23 AT 35 F 53 6.25 CTEPH
24 C,A 46 M 4.4 55 CTEPH
25 ER 67 F 3.6 43 CTEPH
28 W.F 71 M 2.6 4.1 [LD
29 DB 72 M 5.1 6.4 LD
31 R.MeD 60 M 2.2 5.1 COrp
32 MT 81 F 4.1 52 COPD
33 H,J 77 M 2.6 4.4 COPD
34 S,C 48 F 10.7 5.1 portopulin
35 M,E 76 ¥ 3.6 2.7 unknown

Mean 58.2 4.3 5.3
SD. 13.8 1.7 1.8

Table 3.1: Details of subjects studied concurrently with both the thoracic impedance

cardiac ouiput Physioflow 1 (Mantanec, France) device and a standard swan-gantz

thermodilutional pulmonary artery catheter (n=30). All subjects for the thesis have

been allocated an individual number, 1 to 37. Details of age, sex and underlying cause

of pulmonary hypertension, as well as cardiac oulput measurements (Lanin’) for both

methods measurements of subjects af rest, supine inhaling air are listed




Table 3.2
Cardiac Output on Cardiac Output on Cardiac Output on
Exercise
Oxygen Nitric Oxide (L min™"
(L min™) (L min"
Thermo- Bio- Thermo- Bio- Thermo- Bio-
Number | dilutional jimpedance| dilutionat |impedance | difutional |impedance
1 9 9.9
3 L 11.3 11.6
4 10.8 11
6 45 ' 45
7 4.1 8.1
9 4.8 8.9
10 3.2 3.3
IE) 28 2
15 4.8 6.8
17 ) s3 | a3 a4 45
19 27 3
20 3.6 48 | 34 | 48 R R
21 7.5 16.4
22 4.5 4.6
23 5.7 7.1 6.7 7.6
24 4.6 5.7 4.5 55
28 3.1 4.1
29 4.7 6 5.1 8.5
32 3.7 3.8
33 3.1 5.3
Mean 4.72 474 4.16 5.56 7.54 9.47
SD. | oves 1.00 0.90 1.69 3.12 4.23

149

Table 3.2: Details of cardiac output measurements (Lamin™) studied concurrently whilst

inhaling oxygen, nitric oxide and during exercise, from both the thoracic impedance
cardiac output Physioflow [ (Mantanec, France) device and a standard swan-gantz

thermodilutional pulmonary artery catheter. All subjects were supine. Subject numbers

corresponds with subjects in fable 3. 1.
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Table 3.3a

Change in Cardiac Output from Baseline
{Baseline is Cardiac Qutput on air)
(L-min-Y
Oxygen Nitric Oxide Exercise
Thermo-: DBio- (Themmo-| Bio- [Thermo-{ Bio-
Number | Inidals jdilutionalimpedance|difutionalimpedanceldilutionallimpedance

1 M,C 0.9 2.3
3 B,R 5.7 5.8
4 L.G 5 4.5
7 | EM 0.4 -0.6
9 8,9 0.3 0.8
10 | DH | .01 -0.2
15 LP 0.4 1.7
16 J.P 0 03
17 K,S -0.6 0.2 0.1 0.4
19 LK 0.1 0.3
20 LF -0.2 0.3 -0.3 0.3
21 S,0 2.5 7.3
55 AC N "03 02 ______
23 AT 0.4 0.85 1.4 1.35
24 C.A 0.2 0.2 0.1 0
28 W,TF 0.5 0
29 1 bB | 04 -0.4 0 0.1
32 M,T -0.4 -1.4

Mean 0.14 | -0.14 | 022 023 229 | 332

$.D. 038 | 070 | 040 | 043 © 224 | 258
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Tuble 3.3D
Percentage change in Cardiac Output from Baseline
{Baseline is Cardiac Output on air)
%)
Oxypgen Nitric Oxide Exercise
TFhermo- Bio- Thermo- Bio-~ Thermo- Bio-~
Number | Tnitials | Silutional |irapedance| dilutional |impedancei dilutional [impedance
1 M,C 11 30.3
3 ]%,R 101.7 100
4 L,G 87 69.2
6 W.F 33.7 4.5
7 E:M [ S . | I 9'9 -6'9
9 8,5 6.7 8.9
10 | DH | 48 | .57 -
3 ch ...... 0 x .
15 LP 99 ) 333
16 JP 0 { 79
17 K8 -15.5 4.9 2.9 9.7
19 EK 2.3 11.1
20 JF 6.1 -5.9 -8.1 4.8
21 5,0 51 80.2
22 AC 4.9 4.6
23 AT ' 6.3 7.1 25 216
24 CA 4.5 3.6 3 0
28 W.F 17.3 (
29 D.B -8.4 -6.3 0.7 1.6
32 M,T 9.8 -26.9
33 H,J 19.2 20.5
Mean -2.99 -2.26 6.07 4.43 41.12 4G 38
S.D. 11.50 14.44 10.99 5.09 39.83 33.57

Table 3.3a & b: Details of change (@) and percentage change (b) in cardiac oulput
measurements studied concurrenily whilst inhaling oxygen, nitrvic oxide and during
exercise, from hoth the thoracic impedance cardiac outpul Physioflow 1 (Mantanec,
France) device und a standard swan-gantz thermodilutional pulmonary artery catheter
as compared to baseline values at rest, supine, breathing room air. Actual cardiac
values are listed in tables 3.1 and 3.2. Subject numbers corvesponds with subjects in
table 3.1,



Table 3.4a
Number | Initials | MPAP SPAP DPAP PAPP | RAP | PVR [PAWP
(mmHg) | (mmHg) | (mmHg) | (mmHg) | (mmHg) [(wmHg L minY)mmHg)
1 M,C 17 . .28 B B DO 47 2
2 B.R 15 . 24 3 21 9 0.5 12
3 L.G 14 26 3 23 5 1 7
4 IC 8 14 p 12 14 0 1
5 - GC 57 i 91 37 54 6 9 7
6 W.F 79, 137 | 48 | 8a | 11 20 14
7 E.M 53 115 23 92 14 13 15
9 5,8 60 103 80 43 10 13 3
10 D,H 46 80 23 57 5 11 9
11 BC 33 | .55 A7 438 2 7
12 MY 48 79 33 46 o .14 |1
13 R,C 49 77 27 50 8 12 5
15 LP 36 62 17 45 5 7 G
16 P 99 130 82 43 4 37 9
17 X,8 36 61 22 29 2 4
18 IR 42 70 25 45 11 15
19 EK 48 86 26 80 6 18 2
20 LF 63 100 36 64 20 12 20
21 S,0 46 79 27 52 8 11
22 AC 55 90 40 50 20 3
23 AT 60 103 36 67 8 9
24 CA 25 40 19 21 15 3 15
25 ER | 40 66 21 A5 4 9
28 W.F 39 54 28 26 18 5 12
29 D.3 33 50 20 30 1 5 7
31 R, McD 43 74 26 48 11 16 8
32 M,T 30 50 10 40 4 4 13
33 HJ 49 90 30 60 19 18 22
34 5,C 19 [...31 L9 22 15 G4 10
35 ME 36 65 17 48 2 9 o
_ Mean 43.8 72.5 26.4 46.0 8.9 9.95 94
S.D. 19.4 30.4 16.8 18.6 6.0 7.55 58
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Tuble 3.4b
% %
FEV,; [{predicted| FVC |predicted |FEV1/FVC %
(L) FEV, (L) FVC Ratio KCO |Predicted
KCO
Number Initials (%)
b M,C 2.87 119 3.25 123 103
2 B,R
3 LG
4 LC | I
3 G,C 3.57 99 4.98 112 72 1.21 81
6 W.E
7 EM
9 S,8
10 D.H
11 I,C 3.57 99 4.98 112 72 1,21 81
12 MY | 284 | 00 | 324 | 90 | 8 18 | 101
13 RC | 802 | 119 | 407 | 137 | 74 025 15
15 LP
16 P
17 K5
18 IR
19 EXK
20 LF 3.41 113 4.53 116 75 1.03 51
21 5.0
S Ac
23 AT 3.57 97 4.1 97 87 1.26 74
24 C.A 3.24 89 4.54 102 0.91 80
25 ER
28 W.F 2.29 89 261 78 88 20
29 nn
31 R.McD | 216 64 3.9 92 55 0.34 24
32 M,T 1.16 75 2.19 116 53 0.5 36
33 H,J 1.34 50 2.48 69 73 0.32 26
34 5,C
35 ME )
Mean 2.74 92.7 104.3 76.4 0.88 0.88 54.5
SD. 84 21.2 0.97 19.0 14.8 0.52 30.8

Tables 3.4a & 3.4b: Table 3.4a is giving haemodynamic values of the individual

subjects in the study. The values are obtained through a standard swan-ganz fluid filled
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pulmonary artery catheter. Table 3.4b spirometic values available for individual

subjects. Subject numbers corresponds with subjects in tuble 3. 1.

3.2.2. Procedure

The physioflow 1, cardiac output bio-impedance device, was set up and calibrated
before the patient conunenced right heart catheterisation. Blood pressure was initially
inputted at this time, Thercafiet, a designate operator for the  physioflow-1 cardiac
output bio-impedance device was only then allocated, if staffing levels permitted.
Further adjustments to the device, and further blood pressure adjustments were only
made in 10 subjects. During the clinical procedure three sets of thermodilutional cardiac
output measurements (COpuprm) were taken when felt to be clinically relevant, and bio-
impedance cardiac output data was noted at the same time (COpr). The bio-impedance
device was set to give measurements over a 15 second interval. Several sets of
thermodilutional cardiac output data were made until three values matched within 10%
or 0.5L/min of cach other. This was then averaged to obtain a single value. Only the
binimpedance measurements taken at the same fime as the selected thermaodilutional

measurements were noted and averaged.

During the right heart catheterisation, pulmonary artery pressures (Diastolic, mean and
systolic pulmonary artery pressure, DPAP, MPAP, SPAP), right atrial pressure, (RAP),

and pulmonary artery wedge pressure, (PAWP) were measured.

Spirometry results (forced expiratory voluine in 1 second, FEV), Forced vital capacity

FVC, & diffusion coefficient, KCQ) wese obtained by a vitalograph, in 14 patients.




3.2.3 Ethics

Ethical approval was provided by the West Fthics committee, North Glasgow NHS
University Trust. All subjects gave informed consent for thoracic bioimpedance cardiac
output measurements as part of their clinical evaluation for suspected pulmonary

hypertension.

3.2.3. Statistics

Population data was analysed to give values +/- standard deviations. Comparisons
between the measurements obtained by both methods was initially performed by linear
regression, and then analysed by the Bland Altman method. This was done for all the
results, and sub-analysed for the results whilst receiving air, oxygen, nitric oxide, or

during exercise, and also for the subjects with IPAH, CTD, & CTPEH individually.

The actual change, as well percentage change, from baseline (on air) to receiving
oxygen, nitric oxide, or with exercise were compared between thermodilutional results

and bio-impedance results.

These actval and percentage differences between the thermodilutional results and bio-
impedance resulis were compared with spirometry and right heart catheterisation data
for the subjects in order to ascertain whether there was any underlying reason for the

differences in cardiac output data obtained,
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3.3. Resunlts

The correlation coefficient squared of the two techniques was r* = 0.463 (p < 0.001)
when all the data was analyzed, and gave a regression equation of COpg = 1.924 +
COrprrm @ 0.844 (Lemin™), for all 57 sets of measurements, as shown in figure 3.1a. &
3.1c. A comparison (by the Bland-Altman methoed) of the two techniques was made for
all 57 measurements, as shown in figures 3.1b & 3.1d, and the total mean difference
(COpp -COppirm) ( standard deviation) was found to be 1.21 (x 1.85) L-omin'l, (giving
95% conlidence intervals of between -2.44 and 4.86 Lemin™). The total mean
difference (COpr -COmpmram) ( standard deviation) as expressed as a percentage of

mean of COpr and COTpnig was found to be 23.35 (£ 35.9) %.

Tf, to avoid overrepresentation of individuals, only the first result of subject § was taken
as well as only measurements taken on air at rest, the correlation coefficient squared of
the two techniques was 1 = 0.152 (p < 0.019) when all the data was analyzed, and gave
a regression equation of COpr = 3.38 + COrurrm @ 0,451 (Lemin'l), for the 33 sets of
measurements. A comparison (by the Bland-Altman method) of the two techniques was
made for the 35 measurements, and the total mean difference (COpi -COpnn)
standard deviation) was found to be 1.03 (+ 1.93) Lemin”, (giving 95% confidence
intervals of between -2.83 and 4.89 Lomin'l). The total mean difference (COpp -~
COmmria) (£ standard deviation) as expressed as a percentage of mean of COypy and

COrgrryv was found to be 21.5 (+ 40.2) %.
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Figure 3.1a: Comparison of cardiac output (CO) obtained using the impedance method (COpy) during all
the physiological situations compared with that of the cardiac output obtained by the thermodilutional
method (COpyprg in the 30 individuals (n=357 the line of identity given by the continuous black line, and
the regression line for the combined paired data, by the broken purple line. Individual diseases shown in
a, with the paired data of normal subjects represented by an inverse purple triangle, Idiopathic
pulmonary arterial hypertension (IPAH) by a red hexagon, Connective tissue disorders (CTD) by a green
square, Chronic obstructive pulmonary disease (COPD) by a dark blue circle, interstitial lung disease

shown with a tanned upright triangle, Chronic thromboembolic pulmonary hypertension by a light blue

Line of
identity
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star, Portopulmonary hypertension by an orange hour glass and the unknown subject by a green cross.



158

Fieure 3.1h
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Figure 3.1b: Comparison of cardiac output (CO) obtained using the impedance method (COpr) during all
the physiological situations compared with that of the cardiac output obtained by the thermodilutional
method (COpypryy) in the 30 individuals (n=57) as a graphical representations of the differences between
the two measurements (COpp- COqypyg vS. the mean of the two measurements [(COpr+ COrpprag/2] for
each measure, according to the Bland and Altman method. The continuous thick horizontal line
represents the line of origin of the x-axis, the thin continuous line indicate the means difference or bias
and the broken lines, the limits of agreement (defined as mean + 25.D.). The paired data of a normal
subjects by an inverse purple triangle, Idiopathic pulmonary arterial hypertension (IPAH) by a red
hexagon, Connective tissue disorders (C1D) by a green square, Chronic obstructive pulmonary disease
(COPD) by a dark blue circle, interstitial lung disease shown with a tanned upright triangle, Chronic
thromboembolic pulmonary hypertension by a light blue star, Portopulmonary hypertension by an orange

hour glass and the unknown subject by a green cross.
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Figure 3.1¢

168 -
(o)
16~
14
2 Lme of
R =046 identity
- T P-0.001
« 10 O 0 - <
= - 7 e
=y ”
g a0 -
(@] 0 (e}
& o A -
ko)
. o
o O o
A
4 89
- 7 J o
2=y
0 T T T T T T
0 2 4 6 8 10 12
. R
(OTBm (L*mm ")

Figure 3.1c: Comparison of cardiac output (CO) obtained using the impedance method (COpy) during all
the physiological situations compared with that of the cardiac output obtained by the thermodilutional
method (COrypryy) in the 30 individuals (n=57) the line of identity given by the continuous black line,
and the regression lines for the combined paired data, by the broken purple line. . The paired data for the
individual physiological circumstances are shown, with inhalation by air shown by a dark blue circle,
oxygen by a green square, nitric oxide by a red upright triangle, and during exercise with a purple

hexagon.



160

Figure 3.1d
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Figure 3. 1d: Comparison of cardiac output (CO) obtained using the impedance method (COrp) diring all
the physiological sithations compared with that of the cardiac output obiained by the thermodilutional
method (COmygryy) in the 30 individuals (n=57) as a graphical representations of the differences between
the two measurements (COpp - COypppae V8. the mean of the two measurements [(COpp + COppgrag/2] for
each measure, according to the Bland and Almman method. The continuous thick horizontal line
represents the line of origin of the x axis, the thin continuous line indicate the means difference or bias
and the broken lines, the limits of agreememt (defined as mean £ 285.1.). The puaired duta for the
individial physiotogical circumsiances are shown, with inhalation by air shown by a dark biue circle,
oxygen by a green square, nitric oxide by a red upright triangle, and during exercise with a purple

hexagon.

When analyzed the individual subgroups ol the paired data on air, oxygen, nitric

oxide/oxygen combination and during exercise, the following results were obtained.
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The correlation coefficient squared of the two techniques whilst inbaling air was r* =
0.179 (p = 0.085) when all the data was analyzed, and gave a regression equation of
COpp = 3.385 + COrpprm ¢ 0.447 (Lamin’]), for all 32 sets of measurements, as shown
in figure 3.1c. A comparison (by the Bland-Altman method) of the two techniques was
made for the 32 measurements aungd the total mean difference (COpr -COtperm) (&
standard deviation) was found to be 1.02 (+ 1.87) Lemin™, (giving 95% confidence
intervals of between —2.66 and 4.69 Lemin’'). The fotal mean difference (COpy -
COrmrry) ( standard deviation) as expressed as a percentage of mean of COpy and

COTI—IERM was found to be 22,89 (:t 39, 1)%

The correlation coefficient squared of the two techniques whilst inhaling oxygen was ©*
= 0.479 (p — 0.085) when all the data was analyzed, and gave a regression equation of
COp =092 + COmrimrv @ 1.032 (Lomin'l), for ail 7 sets of measurements, as shown in
figure 3.1c. A comparison (by the Bland-Altman method) of the two techniques was
made for the 7 measurements and the total mean difference (COpr -COryrrm) (F
standard deviation) was found to be 1.04 ( 0.72) Lamin™, (giving 95% confidence
intervals of between —0.38 and 2.45 Lemin™). The total mean difference (COpy -
COmmrm) (4 standard deviation) as expressed as a percentage of mean of COpr and

CO'I‘I—EI{]\J was found to be 24 .45 {i 1 709) %.

The correlation coefficient squared of the two technigunes whilst inhaling nitric oxide
was ¥ = 0.347 (p = 0.044) when all the data was analyzed, and gave a regression
equation of COpr = 0,969 + COppprm © 1.105 (Lomin'1), for all 12 sets of

measurements, as shown in figure 3.1c. A comparison (by the Biand-Altman method)
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of the two techniques was made for the 12 measurements and the total mean difference
(COpp ~COmprn) (% standard deviation) was found to be 1.41 (+ 1.37) Lemin™, (giving
95% confidence intervals of between —1.27 and 4.08 Lemin™). The total mean
difference (COpy -COympry) (£ standard deviation) as expressed as a percentage of

mean of COpp and COrigmys was found to be 29.08 (+ 28.16) Y.

The correlation coefficient squared of the two techniques during straight leg raising
exercise was I* = 0.463 (p = 0.09.) when all the data was analyzed, and gave a
regression equation of COpp = 2.553 + COrgprn © 0.919 (Lomin'l), for all 5 sets of
measurements, as shown in figure 3.1c. A comparison (by the Bland-Altman method)
of the two techniques was made for the 5 measurements and the total mean difference
(COpp ~COrurrv) ( standard deviation) was found to be 1.95 (£ 3.11) Temin™, (giving
95% confidence intervals of between —4.16 and 8.04 Lemin'). The total mean
difference (COpr -COmaurm) (+ standard deviation) as expressed as a percentage of

mean of COp and COyyraa was found to be 29.01 (£ 28.16)%.

Several of the individual disease subgroups were sub-analysed, 1PAH, CLEPH,

normals, CTD and TI.ID,

The correiation coefficient squared of the two techniques in the four subjects without
pulionary hypertension, was 1° = 0.96 (p < 0.001) when all the data was analyzed, and
gave a regression equation of COpg = 1.165 -+ COpyerng * 0.909 (Lomin"), [or all 7 sets
of measurements, as shown in figure 3.2a. A comparison (by thc Bland-Altman

method, figure 3.2b) of the two techniques was made for the 7 measurements and the
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total mean difference (COpp ~-COppprm) (b standard deviation) was found to be 0.45 (4
0.58) Lemin, (giving 95% confidence intervals of between —0.69 and 1.60 Lemin™).
The total mcan difference (COpy ~-CO ) (£ standard deviation) as expressed as a

percentage of mean of COpr and COmerv was found to be 5.68 (£ 7.34) %.

If, to avoid overrgpresentation of individuals, only the measurements taken on air at rest
were analysed the correlation coefficient squared of the two techniques, was 1> = 0.95 (p
= 0.02) when all the data was analyzed, and gave a regression equation of COyp = 2.76
+ COrppirng @ 0.60 (L-min’l), for the 4 sets of measurements, as shown in figure 3.2a. A
comparison {(by the Bland-Altman method), of the two techniques was made for the 4
mcaswrements and the total mean difference (COpr ~COryernv) (£ standard deviation)
was found to be 0.42 (£ 0.76) Lemin™, (giving 95% confidence intervals of between —
1.1 and 1.95 Lomin‘l). The total mean difference (COpr -COrmriv) (£ standard
deviation) as expressed as a percentage of mean of COpr and COrgrriv was found to be

7.06 (£ 12.70) %.



164

Figure 3.2a
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Figure 3.2a: Comparison of cardiac output (CO) obtained using the impedance method (COpr) during all
the physiological situations compared with that of the cardiac output obtained by the thermodilutional
method (COpypryy) for individuals with no pulmonary hypertension (normals)(n=7) are shown in a, with
the paired data of a normal subjects by purple inverse triangle, the line of identity given by the

continuous black line, and the regression lines for the combined ordinate, by the broken purple line.
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Figwure 3.2h
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Figure 3.20: Comparison of cardiac output (CO) obtained using the impedance methad (COpg) during all
the physiological sitwations compared with that of the cardiac ontpur oblained by the thermodilutional
method (COppmg for individuals with no pulmonary hyperiension (rormals)(n=7) are shown in «, with
the paired dota of subjects by a purple inverse triangle in figure 3.2b  as a graphical representations of
the differences between the two measurements (COpp - COuqpps VS. the mean of the two pieasurentents
[(COpp ' COpypm)/2] for each wmeasure, according to the Bland and Altman method, The continnous
thick horizontal line represents the line of origin of the x-axis, the thin continuons line indicate the means

difference or bices and the broken lines, the limits of agreement (defined as mean +28.D.),
The correlation coefficient squared of the two techniques in the 7 subjects with IPAH
was 1° = 0.453 (p = 0.12) when all the data was analysed, and gave a regression

equation of COpr = -3.273 + COyupry * 2.269 (l._.omin.'l), for all 13 sets of

measurements, as shown in figure 3.3a. A comparison (by the Bland-Altman method,
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figure 3.3b) of the two techniques was made for the 13 measurcmenis and the total
mean difference (COpr ~COypppng) (£ standard deviation) was found to be 1.19 (+ 2.00)
Lemin™, (giving 95% confidence intcrvals of between -2.00 and 5.83 Lemin™). The
total mean difference (COpp -COpgerv) (= standard deviation) as expressed as a

percentage of mean of COpy and COpyprv was found to be 37.8 (£ 39.7) %.

If, to avoid overrepresentation of individuals, only the measurements taken on air at rest
the correlation coefficient squared of the two techniques in the 7 subjects with IPAH
was ¥ = 0.60 (p = 0.041) when all the data was analysed, and gave a regression
equation of CCpz = -4.201 + COruprm ® 2.594 (Lemin™), for the 7 sets of
measurements, A comparison (by the Biand-Altman method) of the two techniques was
made for the 7 measurements and the total mean difference (COpp -COprrm) (&
standard deviation) was found to be 2.17 (+ 2.17) Lemin’, (giving 95% confidence
intervals of between —2.17 and 6.51 Lemin™). The total mean difference (COpr -
COrueriv) (= standard deviation) as expiessed as a percentage of mean of COpr and

COturryv was found to be 42.7(£ 42.7) %.
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Figure 3.3a
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Figure 3.3a: Comparison of cardiac output (CO) obtained using the impedance method (COpg) during all
the physiological situations compared with that of the cardiac output obtained by the thermodilutional
method (COrygryy) in seven individuals with idiopathic pulmonary hypertension (IPAH)(n=9), the paired
data of a shown by a red hexagon and in six individuals with chronic thromboembolic pulmonary
hypertension (n=14), the paired data shown by blue stars. The line of identity given is by the continuous
black line. The regression lines for the combined paired data, of IPAH and CTEPH, are given by the thin
black line, and the broken black line respectively.
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Figure 3.3b
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Figure 3.3b: Comparison of cardiac output (CO) obtained using the impedance method (COpg) by the
Bland and Altman method during all the physiological situations compared with that of the cardiac
output obtained by the thermodilutional method (COpypry) in seven individuals with idiopathic
pulmonary hypertension (IPAH)(n=13), are shown), the paired data of which are shown by a red
hexagon. The differences between the two measurements (COpp - COrypray vs. the mean of the two
measurements [(COpp + COqyery)/2] for each measure, are represented graphically. The continuous
thick horizontal line represents the line of origin of the x-axis, the thin continuous line indicate the means

difference or bias and the broken lines, the limits of agreement (defined as mean +28.D.).
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Figure 3.3¢
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Figure 3.3c: Comparison of cardiac output (CO) obtained using the impedance method (COpy) by the
Bland and Altman method during all the physiological situations compared with that of the cardiac
output obtained by the thermodilutional method (COmypry) in six individuals with chronic
thromboembolic pulmonary hypertension (n=14), the paired data shown by bilue stars. The differences
between the two measurements (COpp - COmyppyy vs. the mean of the two measurements [(COpp +
COmerag/2] for each measure, are represented graphically. The continuous thick horizontal line
represents the line of origin of the x-axis, the thin continuous line indicate the means difference or bias

and the broken lines, the limits of agreement (defined as mean +2S.D.).
The correlation coefficient squared of the two techniques in the 6 subjects with CTEPH
was 1° = 0.665 (p <0.001) when all the data was analyzed, and gave a regression

equation of COpy = -3.789 + COquyprm ® 2.446 (Lomin"), for all 14 sets of

measurements, as shown in figure 3.3a. A comparison (by the Bland-Altman method,
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figure 3.3¢) of the two techniques was made for the 13 measurements and the total mean
difference (COpr -COprusrm) (£ standard deviation) was found to be 3.95 (+ 2.01)
Lemin™, (giving 95% confidence intervals of between —2.76 and 6.19 Lemin™). The
totul mean difference (COpr -COmygry) ( standard deviation) as expressed as a

percentage of mean of COpr and COmmrv was found to be 30.3 (+ 40.8) %.

The correlation coefficient squared of the two techniques in the 6 subjects with CTD
was r = 0,522 (p = 0.008) when all the data was analyzed, and gave a regression
equation of COpr = 1.122 + COpgrwm @ 0.917 (Lemin™), for all 12 sets of
measurements, as shown in figure 3.4a. A comparison (by the Bland-Altman method,
figurc 3.4b) of the two techniques was made for the 12 measurements and the total
mean difference (COpr ~COqyprag) (& standard deviation) was found to be 0.84 (£ 0.72)
Lemin™, (giving 95% confidence intervals of between —0.58 and 2.26 Lemin). The
total mean difference (COpr -COrmrra) (= standard deviation) as cxpressed as a

pereentage of mean of COpg and COmymra was found to be 22.3 (£ 19.2) %.

If, to avoid overrcpresentation of individuals, only the measurements taken on air at rest
the corrclation coefficient squared of the two techniques in the & subjects with CTD was
r* =0.338 (p = 0.226) when all the data was analyzed, and gave a regression equation of
COpr = 2.10 + COqpmras ® 0.57(Lamin™), for the 6 sets of measurements. A comparison
(by the Bland-Altman method), of the two techniques was made for the 6 mcasurements
and the total mean difference (COpr ~-COpprMm) (F standard deviation) was found to be

0.70 (+ 0.75) Temin™, (giving 95% confidence intervals of between —0.80 and 2.20

Lemin™). The total mean difference (COp: -COmmry) (= standard deviation) as
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expressed as a percentage of mean of COpr and COryrrim Was found to be 19.4 (+ 20.8)

%.
Figure 3.4a
7- ,
a e
/_a( ¥
64 2_ = /- : ’,z’
R'=0973 -3 o Line of
= P =001 3 / e L identity
".‘E o /,’
. 5" ’/' /’H
=) 2
- I
o) b Gl L - )
9 0 o ‘/ Vel E
4 - /¢ Mo
- §uiiTe
.7 . R*=0474
/’,I’ P= 0
347 a
2 T T T
2 4 . 5
CO rurrm (L+*min" )

Figure 3.4a: Comparison of cardiac output (CO) obtained using the impedance method (COpg) during all
the physiological situations compared with that of the cardiac output obtained by the thermodilutional
method (COryiryg) in six individuals with connective tissue disease (CTD)(n—12) are shown in a, with the
paired data of a shown by a square and in the two individuals with interstitial lung disease (ILD)(n=35),
the paired data shown by brown triangles. The line of identity given is by the continuous black line. The
regression lines for the combined paired data, of CTD and ILD are given by the broken black line
respectively and the broken black line differing line and space lengths respectively.
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Figure 3.4b
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Figure 3.4b: Comparison of cardiac output (CO) oblained using the impedance method (COpg) by the
Bland and Altmean method during all the physiological situations compared with that of the cardiac
output obtained by the thermodilutional method (COrgerg in the two individuals with inferstitial g
disease (ILD)(n=5), the paired data shown by brown triangles. The differences between the two
measurements (COpp~ COqggpy vS. the mean of the two measurements [(COpp + COmypmd?2] for each
measure, ave represepted graphically. The continnous thick horizonial line represents the fine of origin of
the x-axis, the thin continuous lne indicaie the means difference or bias and the broken tines, the limits of
agreement (defined as mean £ 28.D.).
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Figure 3.4¢
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Figure 3.4c: Comparison of cardiac output (CO) obtained using the impedance method (COpy) by the
Bland and Altman method during all the physiological situations compared with that of the cardiac
output obtained by the thermodilutional method (COryzryy) in six individuals with connective tissue
disease (CTD)(n=12), are shown), the paired data of which are shown by a square. The differences
between the two measurements (COpr - COqyrryy vs. the mean of the two measurements [(COpy +
COmprpag)/2] for each measure, are represented graphically. The continuous thick horizontal line
represents the line of origin of the x-axis, the thin continuous line indicate the means difference or bias

and the broken lines, the limits of agreement (defined as mean + 2S.D.).

The correlation coefficient squared of the two techniques in the 2 subjects with ILD was
r’ = 0.98 (p = 0.001) when all the data was analyzed, and gave a regression equation of

COpr = 1.203 + COrprry @ 1.024 (Lemin™), for all 5 sets of measurements, as shown in
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figure 3.4a. A comparison (by the Bland-Altman method, figure 3.4b) of the two
techniques was made tor the 5 measurements and the total mean difference

(COpr ~COrpmrv) ( standard deviation) was found to be 1.30 (+0.17) Lomin'l, (giving
95% confidence intervals of between 0.95 and 1.64 Lemin™). The total mean difference
(COpr -COmmry) (+ standard deviation) as expressed as a percentage of mean of COpy

and COTITI’{RM was found to he 22.4 (i 30)%

An analysis was also undertaken reviewing the change occurring in the subjects, when
taking the baseline to be supine subjects at rest, and comparing with the difference to
values fnhaling oxygen, nitric oxide/oxygen combined or during exercise. These
differences were expressed in L min™', change of physioflow derived cardiac output
from baseline, ACOp:Baseline, and change from baseline of thermodilutional derived
cardiac output, ACOpavBaseling). The correlation coefficient squared of the two
techniques in the 21 subjects, 26 paired data, r = 0.71 (p < 0.001) when all the data was
analyzed, and gave a regression equation of ACOprBaseline = 0.22 |
ACOrymrivBaseline » 1,1 (L min” ), for all 26 sets of measurements, as shown in figure
3.5a. A comparison (by the Bland-Altman method, figure 3.5b) of the two techniques
was made for the 26 measurements and the total mean difference (ACOppBaseline -
ACOsrmBaseline) (£ standard deviation) was found to be 0.29 (& 1.05) 1 min‘l,
(giving 95% confidence intervals of between —0.79 and 1.97 L. min™). The total mean
difference (ACOppBaseline -ACOrppryBaseline) (& standard deviation) as expressed as
a percentage of mean of ACOppBaseline and ACO yirvBascline was found to be 35 (%

131)%.
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If, to avoid overrcprescntation of individuals, ounly the mecasurements takcn under

individual physiological circumstances, we get the following resulis.

The correlation coefficient squared of the two techniques in the 7 subjects, receiving
oxygen at rest, * = 0.40 (p = 0.13) when all the data was analyzed, and gave a
regression equation of  ACOppBaseline = 0.024 + ACOpmrvBaseline e 1.71 (L min’l),
for the 7 sets of measurements. A comparison (by the Bland-Altman method) of the
two techniques was made for the 7 measurements and the total mean difference
{ACOprBaseline -ACOqmrviBaseling) (£ standard deviation) was found to be 0.00 (&
0.55) L min™, (giving 95% confidence intervals of between - -1.10 and 1.10 L min™).
The total mean difference (ACOprBaseline -ACOrmrvBaseline) (& standard deviation)
as expressed as a percentage of mean of ACOpzBaseline and ACOrupriBaseline was

found to be 0 (+ 385)%.

The correlation coefficient squared of the two techniques in the 14 subjects, receiving
nitric oxide at rest, ' = 0.24 (p ~ 0.14) when all the data was analyzed, and gave a
regression equation of  ACOypeBaseline = 0,15 + ACOrmBaseline o 0.40 (L min'l),
for the 14 sets of measurements. A comparison (by the Bland-Altman mcthod) of the
two techniques was made for the 14 measurements and the total mean difference
(ACOpyBaseline ~-ACOyrvBaseline) (£ standard deviation) was found to be 6.02 (%
0.47) L min™', (giving 95% confidence intervals of between —0.92 and 0.96 L min™).
The total mean difference (ACOp.Baseline ~ACOpriBaseline) (+ standard deviation)
as expressed as a percentage of mean of ACOprBaseline and ACOryugrvBaseline was

found to be 9 (+ 207)%.
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The correlation coefficient squared of the two techniques in the 9 subjects, exercising, 1
= 0.53 (p = 0.06) when all the data was analyzed, and gave a regression equation of
ACOp:Baseline = 1.14 - ACOqgmrmBaseline » 0.84 (L min™), for the 9 sets of
measurements. A comparison (l_}y the Bland-Altman method}) of the two techniques was
made for the 9 measurements and the total mcan diffcrence (ACOp:Bascline -
ACOrurrvBaseline) (= standard deviation) was found to be 1.04 (& 1.80) L min™,
(giving 95% confidence intervals of between —2.56 and 4.63 L min™). The total mean
difference (ACOppBaseline ~ACOmErvBaseline) (4 standard deviation) as expressed as
a percentage of mean of ACOpBaseline and ACOmrvBaseline was found to be 37 (&

64)%.
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Figure 3.5a
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Figure 3.5a: Comparison change of physiofiow derived cardiac output from baseline, ACOppBaseline (L
min), during all the physivlogical situations compared with thar of the change from baseline of
therinodilutional derived cardiac output, ACOmgryBaseline (L min''}, in the 24 individualy (n=26). lhe
individual diseases with the paired data of normal subjects shown by an inverse purple triangle,
fefiopathic pulmonary arterial hypertension (IPAH) by a red hexagon, Connective tissue disorders (CTD)
by a green square, Chronic obstructive pulmonary disease (COPD} by a dark blue circle, interstitial funs
disease shown with a ionned upright triangle end Chronic thromboembolic pulmonary hyperiension by &
light blue star. The Hne of idemtity given by the broken black line, and the regression line for the

combined patred data sets, by the continnous black line,
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Figure 3.5b
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Figure 3.5b: Camparison change of physioffow derived cardiac owtpui from baseline, ACOrppRaseline (L
min™), during all the physiological sitwations compared with that of the change from baseline of
thermodilutionod devived cardiac outpui, ACOwpmsBoseline (L mfn"r), in the 21 individualy (n=26) by the
Bland and Aliman method. The individual diseases with the paired data of a normal subjects shown by
an inverse purple triangle, Idiopathic puimonary avterial fypertension (IPAH) by a red hexagom,
Connective tissue disorders (CTD} by a green square, Chronic obsiructive pulmonary discase (COPD) by
a dark blue circle, interstitial lhung disease shown with a tanned upright teiangle and Chyonic
thromboembolic pulmonary hypertension hy a light blue stor. The differences between the wo
measurememts (COgp - COqymrag ¥S. the mean of the two measurements [(COui + CO4ypgng)/2) for ecch
measure, are represented graphically. The continuous thick hovizontal line represents the line of origin of
the x-axis, the thin continmons line indicate the means differcace or bias and the broken lines, the limits of

agreement (defined as mean £ 25.0.).
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Figure 3.5¢
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Figure 3.5c: Comparison change of physioflow derived cardiac output from baseline, ACOppBaseline (L
min”), during all the physiological situations compared with that of the change from baseline of
thermodilutional derived cardiac output, ACOqepyBaseline (L min '), in the 21 individuals (n=26). The
paired data for the individual physiological circumstances are shown, with inhalation by air shown by a
dark blue circle, oxygen by a green triangle, nitric oxide by a red upright triangle, and during exercise
with a purple hexagon. The line of identity given by the continuous black line, and the regression line for

the combined paired data sets, by the broken black line.



180

Figure 3.5d
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Figure 3.5d: Comparison change of physioflow derived cardiac output from baseline, ACOprBaseline (I.
min”), during all the physiological situations compared with that of the change from baseline of
thermodilutional derived cardiac output, ACOqyppyBaseline (L min’), in the 21 individuals (n—26) by the
Bland and Altman method. The paired data for the individual physiological circumstances are shown,
with inhalation by air shown by a dark blue circle, oxygen by a green triangle, nitric oxide by a red
upright triangle, and during exercise with a purple hexagon. The differences between the two
measurements (COpp - COpypryy vs. the mean of the two measurements [(COpp + COryrrig)/2] for each
measure, are represented graphically. The continuous thick horizontal line represents the line of origin of
the x-axis, the thin continuous line indicate the means difference or bias and the broken lines, the limits of

agreement (defined as mean +28.D.).
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An analysis was also undcrtaken roviewing the change in cardiac output which
occuired in the subjects, from baseline, (the baseline taken to be the cardiac output of
the subject, at rest, inhaling air), and comparing with the difference to values inhaling
oxygen, nitric oxide/oxygen combined or during exercise. These differences werc
expressed as a pereentage of the value at baseline (percentage change of physioflow
derived cardiac output from baseline, %ACOprBaseline, and percentage change from
baseline of thermodilutional derived cardiac output, %ACOeriBaseline). The
correlation coefficient squared of the two techniques in the 21 subjects, 26 paired data,
1* = 0.81 (p < 0.001) when all the data was analyzed, and gave a regression equation of
%ACOprBaseline = 3.16 + %ACOmnmrvBaseline o 0.916 (%), for all 26 sets of
measurements, as shown in figure 3.6a. A comparison (by the Bland-Altman method,
figure 3.6b) of the two techniques was made for the 26 measurements and the total
mean difference (%ACOgzpBaseline -%ACOupryBaseline) (£ standard deviation) was
found to be 2.08 % (£ 12.5), (giving 95% conlidence inlervals of between —23.0 and
27.1 %). The total mean difference (Y6ACOp:Bascline ~%ACOy nemBascline) (%
standard deviation) as expressed as a percentage of mean of %ACQprBaseline and

%ACOarrivBaseline was found to be 14.7% (£ 90.7).

If, to avoid overrepresentation of individuals, only the measurements taken under

Individual physiological circumstances, we get the following results.

The correlation coefficient squared of the two techniques in the 7 subjects, receiving
oxygen at rest, was 1> = 0.43 (p = 0.101) when all the data was analyzed, and gave a

regression equation of %ACOu:Baseline = 0.25 - %ACOyervBaseline » 0,84 (%), for
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the 7 sets of measurements. A comparison (by the Rland-Altman methad) of the two
techniques was made for the 7 mecasurements and the total mean difference
(YACOprBaseline ~-%ACOpprvBaseline) (£ standard deviation) was found to be 0.728
% (£ 10.89), (giving 95% confidence intervals of between —22.1 and 22.5%). The total
mean dilference (%ACOppBaseline -%ACOmErBaseline) (+ standard deviation) as
expressed as a percentage of mean of %ACOp:Baseline and %ACOmErvBaseline was

found to be -27.8% (+ 415.0).

The correlation coefficient squared of the two techniques in the 12 subjects, receiving
nitric oxide/oxygen at rest, was 2 = 0.02 (p = 0.63) when all the data was analyzed, and
gave a regression equation of %ACOpeBascline = 4.87 + %ACOmmrvBaseline » -0.07
{%), for the 12 sets of measurements. A comparison (by the Bland-Altman method) of
the two techniques was made for the 12 measurements and the total mean difference
(%ACOzpBaseline -%ACOmmrvBaseline) (& standard deviation) was found to be -1.6
% (+ 12.8), {(giving 95% confidence intcrvals of belween -27.3 and 24.0%). The {otal
mecan difference (%ACOpBaseline -%ACOurnBaseline) (& standard deviation) as
expressed as a percentage of mean of %ACQOprBaseline and YACOmyrrBaseline was

found to be -31.1% (+ 244.0).

The correlation coefficient squared of the two techniques in the 9 subjects, whilst
exercising, was 1 = 0.82 (p = 0.005) when all the data was analyzed, and gave a
regression equation of %ACOpBaseline = 17.89 + %ACOmrrBaseline o 0.766(%),
for the 12 sets of measurements. A comparison (by the Bland-Altman method) of the

two techniques was made for the 12 measurements and the total mean difference
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(%ACOppBascline -%ACOyervBaseling) (£ standard deviation) was found to be 8.26
% (4 16.8) , (giving 95% conlidence intervals of between --25.5 and 42.0%). The total
mean difference (%ACQOprBaseline ~6ACOrryBaseline) ( standard deviation) as
expressed as a percentage of mean of %ACOpeRaseline and %ACOsrBaseling was

found to be 18.2% (1 37.2).
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Figure 3.6a
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Figure 3.6a: Comparison change of physioflow derived cardiac output from baseline, %ACOppBaseline,
during all the physiological situations compared with that of the change from baseline of
thermodilutional derived cardiac output, %ACOryppyBaseline in the 21 individuals (n=26). The
individual diseases with the paired data of a normal subjects shown by an inverse purple triangle,
Idiopathic pulmonary arterial hypertension (IPAH) by a red hexagon, Connective tissue disorders (CTD)
by a green square, Chronic obstructive pulmonary disease (COPD) by a dark blue circle, interstitial lung
disease shown with a tanned upright triangle and Chronic thromboembolic pulmonary hypertension by a
light blue star. The line of identity given by the continuous black line, and the regression line for the

combined ordinate, by the broken black line.
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Figure 3.0b
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Figure 3.6b: Comparison change of physicflow derived cardiac owtput from baseline, %5ACQOppBaseline,
during all the physiological sitwations compored. with that of ithe change from baseline of
thermodilutional devived cardiac owtput, %ACOmrnBaseline, in the 21 individuals (n=26) by the Bland
and Altman method. The individual diseases with the paired data of a normal subjects shown by an
inverse purple triangle, Idiopathic pulimonary arterial hypertension (IPAH) by a red hexagon, Conneciive
tissue disorders (C1D) by a green square, Chronic obstructive pulimonary disease (COPD) by a darl blue
circle, imerstitioc] lung disease shown with a temmed upright wiangle and Chronic thromboembolic
idmoncey hypertension by a light dlue star. The differences beiween the two measurements (COpp -
COrprpve V8. the mean of the nwo measurements {(COpp+ COyupimpgd/2] for each measure, are represenied
graphically. The continvous thick horizontal line represents the line of origin of the x-axis, the thin
contimious fine indicote the means difference or bias and the broken lines, the limits of agreement
(defined as mean +28.1),).
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Figure 3.6¢
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Figure 3.6¢c: Comparison change of physioflow derived cardiac output from baseline, %ACOpBaseline,
during all the physiological situations compared with that of the change from baseline of
thermodilutional derived cardiac output, %ACO i Baseline, in the 21 individuals (n=26). The paired
data for the individual physiological circumstances are shown, with inhalation by air shown by a dark
blue circle, oxygen by a green triangle, nitric oxide by a red upright triangle, and during exercise with a
purple hexagon. The line of identity given by the continuous black line, and the regression line for the

combined ordinate, by the broken black line.
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Figure 3.6d
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Figure 3.6d: Comparison change of physioflow derived cardiac output from baseline, %ACOppBaseline,
during all the physiological situations compared with that of the change from baseline of
thermodilutional derived cardiac output, %ACOqyzpyBaseline, in the 21 individuals (n=26) by the Bland
and Altman method. The paired data for the individual physiological circumstances are shown, with
inhalation by oxygen by a green triangle, nitric oxide by a red upright triangle, and during exercise with
a purple hexagon. The differences between the two measurements (COp - COrppyzryy V. the mean of the
two measurements [(COpp+ COryrrrg)/2] for each measure, are represented graphically. The continuous
thick horizontal line represents the line of origin of the x-axis, the thin continuous line indicate the means

difference or bias and the broken lines, the limits of agreement (defined as mean +2S.D.).

Stepwise regression analysis was performed on the mean difference of the two methods
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(COpr -COpprn) to investigate whether other haemodynamic or lung function
parameters may have been responsible for the difference in results between the two
methods. This was only performed where the results were available, on 25 subjects with
regards to medan pulmonary arterial pressure, (MPAP), systolic pulmonary arterial
pressure (SPAP), diastolic pulmonary arterial pressure (DPAP), pulmonary arterial
pulse pressure (SPAP-DPAP, PAPP), pulmonary artery wedge pressure (PAWD), Right
atrial pressure (RAP) and pulmonary vascular resistance, (PVR), and on 13 subjects
with respect to forced expiratory volume in 1 second, (FEV;), forced vital capacity
(FVC), percent of predicted FEV,, and FVC, ratio of FEV,/FVC, carbon dioxide

transfer coefficient, (KCO ) and percent predicted KCO. No correlations were found.

The small number of subjects, the large number of covariates and the inter-correlation
of some of the covariates, the stepwise regression analysis should have been biased
towards positive results. The resulis of this analysis, being negative, suggests that none
of these variables were related 1o the mean difference of the two methods (COpy -
COmnmrm). In order to munimise errors, the stepwise regression analysis was igpeated,
with only MPAP, PAWP, RAP and PVR for 25 subjects and no correlation was still

tound.
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3.4. Discussion

The results of this study found that the physioftow biotmpedance (Physioflow, Type
PFOST.1, Manatec, France) device overestimates cardiac output when compared to
thermodilutional results. When all the results were analysed, the overestimation was
estimate to be on average 1.21 (& 1.85) Lemin™, and the total mean difference (COpp -
COrppry) (& standard deviation), expressed as a percentage of mean of COpp and
COmumre was found to be 23.35 (& 35.9) %. This latter result (s similar to results
obtained when evaluating other methods of now validated clinical cardiac output
devices in the statistical variation, except with a positive bias (Bein, B. et al 2004,
Durkin, R. I. et al 1994; Tloeper, M. M, ei al 1999). Positive and negative errors in
measurement are often be seen under certain clinical conditions, in routinely used
clinical devices, for instance the positive bias often seen with thermodilutional methods
in the people with low output states (Kohanna, F. H. et al 1977; Nishikawa, 'I'. et al

1993) or negative bias in valvular heart disease (Cigarroa, R. GG. et al 1989).

There arc several arcas of introducible crrors in the measurement of cardiac output by
thoracic bioimpedance in this study, which may explain the overestimate. These may
include operator error and procedural differences, and that the other studies compared
the bioimpedance cardiac output obtained against results obtained by Fick's method or
by echocardiography rather than thermodilutional dertved cardiac output. With regards
to operator error, all results obtained during the early period of the learning curve have
been included. Furiher error may have been introduced in those subjects where the
device was lefl unadjusied during the right heart catheterisation, cven when signal

difficulties may have developed. A further issue was that in those subjects in whom the
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physioflow (Physioflow, Type PFO5L1, Manatec, France) device was left unattended,
further blood pressure measurements, just prior to the thermodilutional measurements,

were not inputted.

During the straight leg raising, the cardiac output derived by the thermodilutional
method, measures cardiac output over on average 30 seconds. It repeated 3 times for
accuracy, the cardiac output obtained would be an average over i-2 minutes. This
would be satisfactory, if cardiac output was constant, but in a clinical context, with ill
subjects, the work load achieved, and thus the cardiac output would also vary. The
physioflow (Physioflow, T'vpe PFO51.1, Manatec, France), however took measurements
over [5 seconds, and so may be checking a different cardiac output timescale (value) as
opposed to the thermodilutional cardiac output timescale. Furthermore, the accuracy of
the results obtained by the thermodilutional method, when festing subjects with
tricuspid regurgitation and thus pulmonary hypertension, has been questioned after a

number of studies (Hoeper, M. M. et al 1999},

When sub-analysed by underlying discasc coudition, we {ound that the correlations for
normals was better than previous studies, with a correlation coefficient squared of the
two techniques of r* = 0.96 (p < 0.001) and measurcments and the total mean difference
(COpr ~COrmErv) (£ standard deviation) was found to be 0.45 (+ 0.58) Lemin™.
However in all the pulmonary hypertensive subgroups analyzed, the total mean
difference between the methods had a positive bias, {IPAIL 1.19 (+ 2.00) Lemin”,
CTEPH 3.95 (+ 2.01) Lemin™, CTD 0.84 (£ 0.72) Lemin™, ILD 1.30 (+ 0.17) Lemin L.

Unfortunately, the numbers of individual subjects in each group were small, and it may
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be that one or two individuals in each group may have biased the result.

With regards to the initial correlation of the combined data, COpp = 1.924 + COrppri ¢
0.844 (Lemin™), the strong correlation is largely driven by the good correlation found in
the normal subjects COpy = 1.165 + COrprm * 0.909 {Lemin™"), as in most of the

pulmonary hypertensive patients, the correlation was weaker,

The resting data whilst inhaling air was used in an attempt to comparing both
techniques, without the pooling of variable amounts of data from individuals, leading to
bias. This demonstrated that the correlation in the various subgroups of patients, was
similar, but usually weaker, than when all the data was combined [in TPAH subjects,
(COpy ~COqmriv) (* standard deviation) was found to be 1.19 (£ 2.00) Lemin! when all
the data is used and 2.17 (+ 2.17) Lemin''] as compared to only using measurements at
rest on air. When analysing percentage change in cardiac output data for either oxygen,
nitric oxide/oxygen inhalations and exercising, the correlation was found to be
particular poor in the pulmonary hypertensive disease subgroup dafa of inhaling nitric
oxide and oxygen. The poor correlation may have been as a result of the data from 4
individuals having the difference in percentage changes in cardiac output between the

physioflow and thermodilutional methods being greater than 10%.

Critchley & Critchley (1998) found that in subjecets with large lung fiuid content,
cardiac output measured by a thoracic impedance device underestimated CO. This is
consistent with the results of subject 34 who had portopulimonary hypertension. This

was feit to be secondary to the differential of the aorta’s change in impedance with
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respect to time (dZ/dt) being minored by the pulmonary’s dZ/dt (the lung resistance 1s
usually higher, and conductivity lower, than mediastinal tissues, but this i1s reversed if
there is a large fluid content in the lungs). Bougault et al (2005) found that in subjects
with COPD during maximal exercise, the results obtained by thoracic impedance,
undercstimated cardiac output, and speculated that for the opposite reasons in COPD,
the values obtained by thoracic bioimpedance methods may overestimate the fevels in
their COPD subjects. In subjects with pulmonary hypertension due to arterial disease or
emboli, it is likely that the lung water volume would be reduced, especially compared to
normals during exercise, and that the lung impedance would increase as compared to
aortic, so we can speculate that the findings are consistent with those found in other

studies.

Bougault el al found in their study in 2005, that in subjccts with mild to modcrate
COPD, during upright exercise, the physioflow overestimated SV and thus cardiac
output when compared with Fick derived measurements. However, the trend of change

in cardiac output followed changes in cardiac output trends.

The percentage changes from baseline seen with the physioflow (Physioflow, Type
PFOSL1, Manatee, France) deviee were better correlated then actual values and this may
suggest that the physioflow 1 derived cardiac ouiput may be adequale o observe
changes in CO within individual subjects. The correlation coefficient squared of the two
techniques in the 21 subjects, 26 paired data, 1 = 0,81 (p < 0.001) and gave a regression
equation of %ACOp:Baseline = 3.16 + %ACOmrvBaseline ¢ 0.916 (%), (figure 3.4a.)

The Bland-Altman comparison {figure 3.4b) of the two techniques (%ACOpBaseline -
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%ACOuervBaseline) (% standard deviation) was found to be 2.08 (+ 12.5) %, (giving
95% confidence intcrvals of between —23.0 and 27.1 %). The total mean difference
(YACOppBaseline ~%ACOTyprvBaseline) (+ standard deviation) as expressed as a
percentage of mean of %ACOppBascline and %ACOmgrrviBaseline was found to be 14.7
(+ 90.7) %. Unfortunately, unlike Bougault et al (2005), we do not have data on
stepwise exercise, demonstrating the physioflow | (Physioflow, Typc PFOSLI,
Manatec, France) follows the cardiac output changes seen by the Fick method, in

subjects with pulmonary hypertension,

Ouwr stady demonstrates that the physioflow (Physioflow, Type PFO5SL1, Manatec,
France) gave slightly more positive values as compared to thermodilutional values,
Assuming that the thermodilutional methods are accurate, the Physioflow (Physioflow,
Type PFOSL1, Manatec, France) could not be recommended fiom this study as a
method of getting accurate results for absolute CQ in clinical situations. However, the
thermodilutional method of cardiac ouiput measuremeni has been rcported to
underestimate the cardiac output in comparison the lick method, when subjects have
tricuspid regurgitation (Hoeper, M. M. et al 1999). The results of this study, however,
demonstrate that the physioflow device is probably accurate in measuring changes in
trends in cardiac output within an individual. The degree of accuracy, under various
physiological, pathological and pharmacological states may vary, This will allow the
physioflow (Physiotlow, Type PFOSL1, Manatee, France) to be a useful device in

measuring CO changes during exercise or pharmacological interventions.
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Chapter 4

Viability of Pulmonary Pressure Klow Plots During Rontine Clinical Investigations

of Subjects with Possible Pulmonary Hyperiension
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4.1 Iniroduction

Pulmonary hypertension is defined as a condition in which mean pulmonary arterial
pressure at rest is elevated above 25mHg or 30mmHg. Tn its purest form, idiopathic
pulmonary arterial hypertension, is a condition with a historically poor prognosis, but
which more recently & number of new therapeutic options have been developed (British

Cardiac Society Guidelines 2001),

Tradifionally, haemodynamic assessment has been made whilst the subject 1s at rest and
supine, with a change in 'pulmonary vascular resistance’ (PVR) being one of the most
important parameters measured. However, it has been shown that changes in PVR can
be misleading as the pulmonary arterial pressure, although lincarly related to cardiac
output (CO) in the physiological range usually has a positive extrapolated intercept
(McGregor, M. et al 1985; Sniderman, A. D. et al 1988). This means that if there is a
passive increase in CO, there will be a corresponding increase in pulmonary arterial
pressure, without any change in the underlying pulmonary vascular state. Therefore, the
calculated PVR would secem to fall, without any real change in the resistance,

compliance or dilatation of the blood vessels.

This can be resolved this by plotting pressure flow curves, created from paired data of
mean pulmonary arterial pressure aad cardiac output (McGregor, M. et al 1985;
Sniderman, A. D. et al 1988). The change in cardiac outpul can he generated via
excreise, or diverting blood through one lung (Naeije, R. 1996). This has been
performed experimentally in animals, and in a few luiman studies, but only in very few
subjects with pulmonary hypertension (Fvans, P. et al 1971, Janicki, J. S. et al 1985;

Leeman, M. et al 1990; McGregor, M., et al 1985; Naeije, R. et al 1994), and has not
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been used clinically. Changes in the slope of the plot, or the intercept reflect changes

the resistance of the pulmonary vasculature.

The object of this study was to assess the feasibility of praducing pressure flow plots via
exercise in a chinical context, and whether clinical effects pharmacologically on the true

pulmonary vasculature could bhe detected clinically on an individual basis.
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4.2 Mcthods

4.2.1. Patient group & Ethics

The study was approved by the ethics coimmittee of the West Glasgow's NHS trust, and
informed consent was obiained from all the patients. Thirty consecutive patients
consented, but only twenty-four were successfully studied (11 males and 13 females)
(Table 4.1). In six subjects, the study was unsuccessful, due to equipment faifure, 2 due
to the micromometer tipped pulmonary artery catheter and 4 due o problems with the
thoracic bioimpedance device. The mean (£8.D.) age of the studied subjects was 56.6
years (+ 13.5), but ranged from 33 to 81. 'Three turned out to be normal subjects, five
had idiopathic pulmonary arterial hypertension (1PAH), five pulmonary hypertension
secondary (o connective tissue disorder (CTD), four had chronic thromboembolic
pulmonary hypertension (CTEPH), two pulmonary hypertension due to interstitial lung
disease (ILD), two due to chronic obstructive pulmonary discase (COPD), onc found to
have portopulmonary hypertension and two as a consequence of left sided heart disease
(PVH). Ten had more than a 20% drop in pulmonary vascular resistance (PVR) to
nitric oxide (NO, a pulmonary vasodilator) nine did not, and 4 were not studied. Mean
pulmonary artery pressure (MPAP) ranged from 15 mmblg to 99 mmHg, with a mean
(£S.1D.) of 48.9 (£ 19.5) mmHg, right atrial pressure, 0 to 47 minHg, mean 11.0 (+ 9.4)
mintlg, pulmonary artery wedge pressure 1 to 28 mmlg with a mean of 10.8 (= 7.5)

mmHg and PVR ranging from 0.5 to 37mmHg ¢ L min , with a mean of 11.1 (%

8.6)mmHg « L™ min . In total 86 studies were performed, 30 each whilst inhaling air or

a nitric oxide/ oxygen combination, and 26 whilst inhaling oxygen.
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ﬁﬂ?ﬁiﬁ T\Isut:lﬁii:r MPAP SPAPiDPAP |R.AP PAWD | CO
Initials :
: {mmHg) @i’y

4 1 MC | 17 | 23 | 11 |47 8.1
2 2 LC | 8 |14 |2 |1 ]| 14 | 37
3 3 [ BRi| 15| 24 121 o 5.6
5 4 GC | 57|91 37 & 55
5 5 | GC|35619 325} 8 | 46
5 6 GC ' 55 B3 | 34 | 11 10 4.2
8 7 |WF | 79113704 |u]| 14| 33
7 8 EM | 63 | 115 23 | 14 15 37
8 o |WOH| 51 |8 |28 |4] 2 | 30
g 10 |WOH| 51 | 82 | 28 2 3.0
8 41 |W,O'H| 51 82 | 28 | 4 2 3.0
9 12 | 8 160|103 60 [10] 3 45
13 13 | RC | 40 | 77 | 27 | 81 § 3.6
14 14 |Y.McB| 48 { 79 | 33 | 0 | 1 2.6
15 15 P (36 | 62| 17|6]| 5 44
16 16 Lp 99 | 130 | 82 | 9 4 24
17 97 K8 13661 | 222 3.0
17 18 | KS |37 |62]23]3 3.0
17 19 KS 38 |63 | 24| 4 39
20 20 JF {63 J100]| 36 |20 20 | 3.7
21 21 | S0 | 46| 79} 27 | 8 5
26 92 | GS | 66 [ 107 40 (14| 23 | 41
27 on | GW | 56|98 |3 ]9 7 33
28 24 | WEF ! 39| 54| 28 [18|] 12 | 26
30 25 B,Ra | 57 | 81 44 | 3 4 20
31 26 |RMcDf 43 ¢ 74 | 26 | 11 8 2.2
39 o7 I MT {3050 | 10| 4] 13! 41
34 sg ( SC | 19 31| @ f10] 15 | 107
36 29 FB | 43 | 60 | 26 | 9 22 4.9

| 37 | 30 | 4B |52 |8 |32 19! 28 | 54 .

4.2.2. Bquipment and Experiments

PVR

(inmHg /

L.in™)
: .2
00
0.5
9
10.4
10.7
20
13
163
163
16.3

12

14

7.3
371

10.6
14.9

26.1
16
4

0.4
42

4.2

Age | Sex| Dingnosis | i
Response

551 F |normal N/A
40 1 ¥ |normal

37 | F Inormal NA
49 | M |IPAH N
50 | M jIPAH N
50 | M [pAH N
67 | M [ipan Y
31 F [IPAH Y
61 | M |IPAFT Y
6! | M IIPAH ¥
61 | M [IPAH Y
45 | F lipAl N
54 | F lctp Y
48 | F lcTD Y
4 | ¢ |cTD Y
" 59 | M CTD M
62 | ;i loTp N
63 | g lotn N
64| F CTD N
71 | M |cTEPH N
74 | M |CTEPH NIA
' 50 | M lcTEPH N
37 ¢ M |CTEPH N
74 | M LD Y
3| F o b
60 | M ‘COPD N
81 | ¢ icopp i
48 | F |portopulm | VA
65 | p [Py N
73 | M [pvE Y

Initial haemodynamic evaluation was performed with the patient supine and breathing

room air, according to our standard protocol as described in chapter 2.3. The inhaled gas

was delivered to the patient, as described in chapter 2.5.1, and shown in Figures 2.14 a-
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¢ and Tigure 4.1. The right heart catheter (Gaeltec, Dunvegan, Isle of Skye), its insertion
storage and processing are described in chapter 2.1, Cardiac output was measured non-
invasively by thoracic electrical bioimpedance (PhysioFlow 1, Manatce, France) as
described in chapter 2.2 and the pulmonary pressure and cardiac output data combined
as in chapter 2.5. Between 4-18 sets, [mean (+ S.D.) of 14 (£ 3.2), on air mean (& 5.D.)
12.1 {(x 3.7), with oxygen 14.6 (£ 2.5), and with the nitric oxide oxygen combination,
14.9 (£ 2.6)] of paired of data were collected at rest and cxcrcise respectively on each
subject. 'The cxercise consisted of a2 maximum of 3 minutes, or less if the subjects could
notl manage it, of aliernate straight leg raising. All subjects had almost a full resting
haemodynamics performed within 24 hours of the exercise test during routine right
heart catheterization with a swan-gantz catheter, when MPAP, Svo2, PWCP and CO
were initially measured.

The nitric oxide was supplicd by a pure NO source cylinder (BOC, UK) and delivered
via a mouth piece (figure 4.1). The mixture of O2/NO was sampled by a NO sampling

device (NOXBOX 11, Bedford scientific Ltd, Kent, England).
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Figure 4.1:Inhalation gas delivery system
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4.2.3. Analysis

Analysis of the data obtained was performed using the SPSS 13.0 package as described

in chapter 2.7.
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4.3. Results

All the sets of paired data for all the studies underwent regression analysis with
confidence intervals for slope and intercept (tables 4.2, and table 4.3). Scattergrams
were reviewed for predicted- actual MPAP versus actual MPAP, and were all found to
be reasonable. An anova test of non-linearity (table 4.3), the visual assessment of
histograms of frequency of standardized residuals and normal probability plots of
standardized residuals were reviewed, to assess the linearity or suitability for linear
regression of the produced lines. An ancova test of parallelism (table 4.4) as well as
comparing the confidence intervals of the slope and intercept were undertaken to assess

if the slopes (or intercepts) were statistically different.

Figure 4.2a
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Figure 4.2b
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Figures 4.2a & b: Examples of regression plots produced from individual subjects, using data derived
during a 3 minute straight leg raising exercise test, and from a micromanometer tipped pulmonary artery

catheter and thoracic bio-impedance (a) example of poor quality plots (b) example of good quality plots.

Examples of the variable quality of plots produced are shown in figures 4.2a & b.

The combined number of subjects was 24, and they underwent sets 30 studies,
producing 86 linear regression lines (a single line for each exercise test). Of these lines,
only forty two were able to be tested for non-linearity and 3 were statistically found to

be non-linear. The histograms of frequency of residuals and the normal probability plot
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of residuals, in more than 50% of the lines, were also visually poor, with either a poor
normal distribution or deviation from Lhe line of identity, The combination of these
three tests despite all the scattergrams being reasonable, suggest that about a third of the

plots could produce lines which were satisfactorily straight.

The analysis of ditferences in slope, performed by the ancova test of parallelism,
{covariance) found only a significant difference in only 26 pairing of slopes, out of 86.

The confidence intervals for slopes did not overlap in only 9 pairs of slopes.

The intercept bad a standard error that was on average 51% of intercept, (+ 109%) but
with a median of 26.52% and range of 5.38%- 966.67%. Seven of the 86 intercepts had
a standard error of greater than 100% of baseline, and if these were excluded the mean
standard error would have been 30.1% of intercept, (& 21.0%) but with a median of
25.7% and range of 5.38% to 99.07%. Only 32 of the 86 lincs had a standard crror of
less than 20% of baseline. The slope had a standard error that was on average 105% of
baseline, (£ 359%) but with a median of 15.1% and range of 1.4 to 2767%. Ten of the
86 slopes had a standard error of greater than 100% of baseline, and if these were
excluded the mean standard error would have been 20.0% of baseline slope, (- 20.7%)
but with a median of 14.27% and range of 1.4% to 98.6%. Only 49 of the 85 lines had a
standard error of the slope less than 20% of baseline. In addition, only 65 of the of the

linear regression analysis were significant (Lable 4.3).
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95% Confidence
Interval for
constant

Lower | Upper
Intercept | -8.57 | 0.215 {-17.394| 4.255
Slope 5.74 1<0.001] 3.635 | 7.854

Intercept | -12.62 | 0.003 [-20.071] -5.176
Slope 6.05 {<0.001| 4645 | 7.456

NO & |Intercept| -2.86 | 0.326 | -8.964 ! 3.139

OXYGEN| Slope 3.64 |<0.001| 2.546 | 4.742
Intercept | -0.35 | 0.801 |-3.233 | 2.541
Stope 1.62 [<0.001] 1.196 | 2.035
Intercept | 4.21 | 0.001 | 2.019 | 6.599
Siope 1.80 [=<0.001]| 1.441 | 2.150

NO & |Intercepl| 7.74 |<0.001| 4,540 | 10.935

OXYGEN| Slope | 1.48 {<0.001| 0.940 | 2.025
Intercept | 18.07 |<0.001[13.921] 22.226
Slope 1.96 | 0.001 | 0.968 | 2.950
Intercept | -2.51 | 0.738 {-18.215| 13.192
3 |OXYGEN Slopep 7.33 | 0,002 | 3.120 { 11.538
NO & | intercept | 12.68 [<0.001| 9.126 | 16.255

OXYGEN: Siope | 2.82 |<0.001| 1.820 | 3.817
Intercept t 60.32 { 0.001 | 33.07¢{ 87.559
Slope | 3.45 | 0.237 | -2.856 | 9.7561
Intercept { 45.72 1 <0.001}38.899| 52.540
Slope | 7.95 {<0.001] 6.244 | 9.648
NO & |Intercept | 64.80 |<0.001|56.045| 73.547

OXYGEN Slope | 2.80 | 0.018 | 0.552 | £.039
Intercept | 39.55 {<0.001|34.120| 44.981
Slope | 7.56 [<Q.001| 6.234 | 8.877
Intercept | 52.96 | <0.001[47.238: 58.686

> ;OXYGEN Slope | 4.57 |<0.001| 3,080 | 6.063
NO & | Intercept [ 44.85 | <0.001|42.121{ 47.584

OXYGEN| Slope | 6.69 [<0.001] 5925 | 7.453
Intercept | 28.86 | 0.002 |12.715| 45.002
7 | Slope |10.89 |<0.001| 6.727 | 15.067
:Intercept | 41.47 | <0.001(28.443 | 54.494

6 |OXYGEN Slopep 7.38 |<0.001} 3.929 | 10.839
NG & | Intercept | 45.87 | <0.001|33.915| 57.818
'OXYGEN| Slope | 596 | 0.002 | 2.483 | 9.437
: Intercept | 72.72 | <0.001148.842 | 96.595
Slope | 3.38 | 0.548 [ -8.891 ] 15.657

- intercept | 52.46 | <0.001|52.838 | 72.082
7 |OXveEN Slope | 6.85 | 0.011 | 1.826 | 11.874 |
NO & | Intercept | 53.90 [<0.001{49.632} 58.156

OXYGEN! Sjope | 5.08 | 0.002 [ 2.267 | 7.846

STUDY GAS constant  Sig.

AIR

1 CXYGEN

AR

2 OXYGEN

AIR

AR

4 OXYGEN

AIR

AIR

AlR

Table 4.2a: The valuc of the consiant for the Skope, intercept with the y-axis of the linear regression equation
Jor each study, as well as the significance and the 93% confidence interval for each value, for studies 1-7
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95% Confidence
Interval for

STUDY GAS constant]  8ig. constant

Lower | Upper
Bound | Bound

Intercept | 23.03 | 0.238 |-18.575| 64.635
| siope | 7.8 | 0059 | -0.390 | 16.348

Infercept | 99.24 | 0.002 | 48.332 | 150.151
8 | OXYGEN mé'i&;iép'" 855 | 0419 [-19.772' 2.669
NO & | Intercept | 31.13 | 0.085 | -0.731 | 82,989
OXYGEN | slope | 5.92 | 0.072 | -0.613 | 12.457
intercept | 46.26 | <0.001 } 40.079 | 52.433
Slope | 9.44 |<0.001| 7.432 | 11.445
Intercept | 15.46 | 0.008 | 4.771 | 26.153
Siope | 17.00 | <0.001 | 13.187 | 20.803
. NO& | [Intercept 2328 | 0.011 | 6.349 | 40.213
 OXYGEN | glope . 11.98 | 0.001 | 6.126 | 17.838

Intercept | 20.31 | 0.034 | 2.088 | 38.539

AIR

AIR

g OXYGEN

AIR Slope | 15.44 | 0.001 | 8.882 | 21.093

10 NO & | Intercept | -9.83 | 0.541 |43.472| 23817
OXYGEN | glope | 22.87 | 0.001 | 10.973 | 34.776

""""" intercept | 40.43 | 0.010 | 13.182 | 67677

“ AIR Slope | 16.07 | 0.006 | 5.846 | 24.296
NO & | Intercept | 1612 | 0117 | -4.282 | 34.520
OXYGEN Slope | 16.07 | <0.001 | 9.236 | 22.909

. wr | Intercept [ 40.42 | 0.049 | 0.239 | 80601
Slope | 855 | 0.078 | -1.290 | 18,381

12 OXYGEN Intercept | 39.84 | 0.038 | 2.773 | 76.907

Slope | 7.88 | 0.108 | -2.153 | 17.922
" NO& | Intercept | 36.60 | 0.026 | 5506 | 67.702
OXYGEN |  slope 6.25 | 0.100 | -1.503 | 14.012
| Intercept | 65.20 | <0.001 | 48.536 | 81.866
Slope | 3.40 | 0.176 | -1.841 | 8.636
intercept | 43.28 | <0.001 | 33.411 ) 53.154
Slope | 826 |<0.001| 5200 | 11.829
No& | Intercept | 3067 | <0.001 | 20.582 | 40.761 |
OXYGEN | sjope 9.54 | <0.001 | 6.081 | 13.001
Infercept | 37.31 | 0.003 | 17.174 | 57.455
Stope | 649 | 0.017 | 1.535 | 11.444
| Intercept | 44.70 | 0.001 |23.592 | 65.81a
Slope | 434 | 0.127 | -1.470 | 10.141
NO & | Intercept | 49.18 | <0.001 | 41.161 | 57.207
OXYGEN [ glope | 2.53 @ 0.028 : 0.335 | 4.720

AIR

13 OXYGEN

AlR

14 OXYGEN

Table 4.2b: The value of the constant for the Slope, intercept with the y-axis of the lincar regression cyuation
Jfor each study, as well as the significance and the 95% confidence interval for each value, for studies 8-14
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95% Confidence
Interval for
STUDY| GAS | CONSTANT] Sig. Constant

l.ower | Upper
Bound | Bound
AR Intercept 2366 <0._t_)01 14.951 | 32.366
Slope 566 [<0.001} 3.447 | 7.873
Intercept |  28.80 <(3.001 [ 25,193 | 34.609
15 | OXYGEN Slopep 414 | <0.001. 2.875 | 5.408 |
NO & Intercept 27.22 <0.001 | 23.638 { 30.795
OXYGEN| slape 3.89 | <0.001| 2.880 | 4.888
Intercept | 94.79 | <0.001 | 94.860 | 97.721
AlR Slope 218 |<0.001| 1.327 | 2.934
_ Intercept | 80,00 | <0.001]74.136 | 85.868

16 OXYGEN
Slope 592 1<0.001| 4.206 | 7.638
NO & | Intercept 59.46 |<0.001|54.200| 64.702
OXYGEN | slope 9.67 [<0.001| 7.885 | 11.448
AIR Intercept 35.69 0.001 |22.712 48655
. Slope 435 0.087 | -0.424 | 9.116
NO&  Intercept| 41.37  {<0.001]36.052 | 46.680
OXYGEN  giope 1.42 0.132 {-0.516 | 3.350
ag  Imtercept| 47.50 [<0.001 39.922 | 56.249
" ‘ Slope 1.09 0.367 | ~1.542 | 3,725
NO &  Intercept 43.82 <0.001{ 39.956 | 47.685
OXYGEN  glope 1.23 0.081 | -0.068 | 2.523
Intercept | 41.59 :<0.001 | 33.839 | 49.345
AR Slope 1.48 0.199 |-0.990 | 3.949
Intercept | 40.01 | <0.001 [ 35.912 | 44.109

19 | OXYGEN
Slope 1.74 0.021 { 0.343 | 3.146
NO g |Intercepl| 43.80 |[<0.00%|41.804 ; 45787
OXYGEN . slope -0.03 | 0912 |-0.703 | 0636
ar  |tercept] 1397 [ 0.415 |-21.841| 49.781
Slope 1543 | 0.018 | 3.067 | 27.786
20 OXYGEN Intercept 17.53 0.113 | ~4.734 | 38.801
Slope 15.09 | 0.001 | 6.970 | 23.214
NO &  Intercept| 80.58 |<0.001]24.397 | 36.769
OXYGEN  siope 9.37 | <0.001 7.044 | 11.687
AR intercept -6.71 0.067 |-13.970| 0.541
Slope 1247 |<0.001| 9.916 | 14.414
| Intercept 0.60 0.919 |-11.658| 12.867

21 |OXYGEN"
~ Slopa 9.89 [<0.001{ 6.026 | 13.751
NOg | Intercept| 239 | 0749 |-12.886| 17.668
OXYGEN: slope 7.40 | 0,008 | 2.100 | 12.706

Table 4.2c: The value of the constant_for the Stope, intercept with the y-axis of the linear regression equation
for each study, as well ar the significance and the 95% canfidence interval for ecach value, jor studies 15-21




95% Confidence
Interval for
STUDY| GAS CONSTANT| Sig. constant
Lower | Upper
Bound | Bound
AR Intercept 86.98 <0.001 | 75.044 | 98.925
Slope 4.18 0.002 | 1.783 } 6,575
Intercept §| 97.79 | <0.001|94.513 | 101.087
2 _Q_WGEN Siope 175  {<0.001} 1.124 | 2.366
NO & | Intercept | 104,09 |<0.001|97.757|110.423
OXYGEN| slope 0.46 0.401 |-0.684 | 1.603
AR Intercept | 38.54 | <0.001|21.748 | 55.325
Slope 0.83 0.005 | 3.636 | 15.829
Intercept 45.31 <0.001 | 41.848 | 48.765
23 | OXYGEN
Stope 5.56 <0.001 | 4.231 | 6.895
NO & | Intercept 52,32 <0.001 | 47.124 | 57.514
OXYGEN | giope 3.19 0.004 | 1.262 | 5.116
AR | Ptercept| 3571 | <0.001|27.835| 43.577
Slope 4.20 0,021 | 0.860 | 7.538
s |oxyeen Intercept | 45.23 | <0.001{ 38.362 | 52.102
Slope 0.49 | 0.710 |-2.461 | 3.448
NO & Intercept 22,69 0.014 | 5,093 | 39,191
OXYGEN| Sslope 7.87 0.030 | 0.985 | 14.745
AIR Intercept | 21.26 | 0.088 |-3.948 | 46,462
Slope 17.59 | 0.002 | 8.650 | 26.534
Intercept | 43.64 | <0.001{20.876 | 57.397
25 | OXYGEN
Slope 5.13 0.074 | -0.593 | 10.847
NO & |Intercept| 27.14 |=0.001|18.600| 35.675
OXYGEN | slope 10.57 [<0.001{ 6892 | 14.451
AR Intercept [  60.68 |[<0.001|43.662 | 77.692
Slope «3.38 0.258 | -9.661 | 2.901
Intercept | 42.71 0.003 | 17.696 | 67.727
26 | OXYGEN
Slops 4.30 0.335 | -5.088 | 13.681
NO & | Intercept 37.44 0.001 | 19.922 | 54.955
OXYGEN |  slope 5.96 0.058 | -0.241 | 12.163
AR Intercept 0.98 0.888 |-14.131. 16.089
Slope 9.22 |<0.001| 5565 ; 12.882
int t| -0.31 0972 [-19.005| 18.382
27 |OXYGEN | o ooP
Slope 9,82 0.003 | 4,155 | 15.483
NO & | Intercept 4.32 0.244 | -3.293 | 11.940
OXYGEN | siope 7.78  |[<0.001} 6,588 | 9.978
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table 4.2d: The value of the constant for the Slope, intercept with the y-axis of the linear regression equation
Jor each study, as well as the significance and the 95% confidence imerval for each value, for studies 22-27
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95% Confidence
Interval for

Study | gas CONSTANT| Sig. constant
Lower | Upper
Bound | Bound

Intercept |  21.68 | <0.001{16.351 | 27.034
Slope 0.33 0.520 | -0.758 | 1.414
Intercept -4.22 0.656 (-24.007] 15.675
Slope 1015 | 0.011 | 2,707 | 17.593
NO & | Intercept| 24.30 | 0.001 | 11.743| 36.857
OXYGEN | slope -0,80 0.667 | -4.657 | 3.065
Intercept | 28.88 | <0.001)15.559 | 42.198

AlR

28 | OXYGEN

AIR
Slope 5.42 0.002 | 2.263 | 8.580 .
Intercept | 31.94 | <0.001]22.395] 41.495 i
29 | OXYGEN :
| slope 4,19 0.001 | 1.918 | 6.458
NO & | Intercepl| 43.13 | <0.001|35.710 | 50.554
OXYGEN | gjope 116  0.205 | -0.688 | 3.017
AlR intercept 23.58 0.102 | -8.590 | 55.717
. Slope 12.84 | 0.039 | 1.260 | 24.428
Intercept 1.10 0,948 |-35.344| 37.554
30 | OXYGEN :

Slope 19.71 0.004 | 7.224 . 32.203
NO & | Intercept [ 35.74 | <0.001 [ 26.887 | 44.584
OXYCEN |  siope 465 | 0001 | 2.393 | 6.914

lable 4,2¢: The value of the constant for the Slope. fntercept with the y-axis of the linear regression equation
Jor each study, as well as the significance and the 95% confidence interval for cach value, for siudies 258-30

N N TR PP

N



Linear regrassion test of deviation
istics ineari
Study gas statisti from tinearity
F Sig. R? F Sig.
AIR 3368 | <0.001 | 0692 1 16.78 | 0.19
] OXYGEN| 85.34 | <0.001 | 0859 | 1.28 | 061
NO & .
OXYGEN 50.07 =0.001 0,769 8.03 0.27
AlR 68.23 | <0.001 | 0.830
2 OXYGEN | 117.87 | <0.001 0.894 0.99 0.55
NO &
O__X_YGEN 34.38 | <0.001 0.711 5.28 0.33
AR | 1775 | o001 | 0542 181 | 030
3 OXYGEN| 13.78 | 0,002 | 0479 | 4.40 | 020
NO &
oxyaen| 2818 | <0.001 | 0.707 § 4.49 | 0.20
AIR 167 0237 | 0193 1 1.51 0.55
p OXYGEN| 100.30 | <0.001 | 0.878
NO &
OXYGEN 7.14 0.018 0.338 { 1717 | 0.02
AIR 15031} <0.001 | 0815 | 588 | 0.29
5 OXYGEN]| 41.82 | <0.001 | 0.714
NO &
oxvern | 34802 | <0.001 | 0.859
AIR 201 | .199(a) | 0682 | 075 | 066
a OXYGEN| 8.24 | .021(a) | 0.600
NO &
OXYGEN 0.01 912(a) 0,481 | 10.11 0.02
AIR 4.52 0.078 | 0.041 | 2.01 0.49
- OXYGENT 3.28 0.108 | 0.400
NO &
OoxXYGEN] 346 0.100 | 0.519
AlR 31.468 | <0.001 { 0.377
8 OXYGENGE 21.01 <0.001 0.248
NO &
OXYGEN 13.52 0.002 0.245
AIR 0.39 0.548 | 0.926
g OXYGEN| 868 0.011 0.858 | 12.85 | 0.21
NO &
oxyeen| 1311 0,002 | 0.579
AlR 483 | .059(a) | 0816 | 1.88 | 0.39
10 NO &
OXYGEN 2.97 .119(a) 0.548
AIR 3.90 072(a) 0.681 1.26 0.61
11 NO &
oxyaen| 11321 <0.001 | 0.626
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Table 4.3a: Lincar regression statistics, and test of linearity statistics, for studies 1-11
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Linear regression test of deviation
Stady gas statistics from linearity
F Sig. R? F Sig.
AR 90.50 | <0.001 | 0430 | 167 | 0.55
1o |OXYGEN] 19.26 | 0.001 0.291
NC &
oxyeen| 310t | 0.001 0.302
AR 16.89 | 0.001 0.193
43 |OXYGEN} 1482 | 0006 | 0.723
NO &
oxycEn] 2511 | <0.001 | 0714
AlR 2.15 0.i76 | 0.578
14 |OXYGEN| 33.04 § <0.001 [ 0.217
NO &
oxyceN| 3498 | <0.001 | 0.430
AIR 9.50 | .017(8) | 0.721
45 JOXYGEN| 277 | 127(a) | 0.825
NO &
oxyaen| 680 | 028() | 0.882 | 016 | 0.96
AIR 31.08 | <0.001 | 0.900
15 |OXYGEN| 51.80 | <0.001 | 0.825 | 20.32 | 0.17
NO & .
oxycen| 7509 | <0.001 | 0.806 | 20.04 | 0.03
AIR 3505 | <0.001 | 0.453
17 NO &
oxyaen| 5854 | <0.001 | 0.234
AIR 135.58 | <0.001 | 0.102
18 NO &
OXYGEN 497 | .087(a) | 0.244
AIR 2.75 | 132(a) | 0.223 | 1.72 | 0.42
19 |OXYGEN] 001 | 367() | 0.507 { 0.09 | 0.99
NO & )
oxyeen| #19 | 081 | 0002 | 289 | 0.28
AR 7.27 | .018(a) | 0.359
op  |OXYGEN| 6.12 | 0.001 0553 | 485 | 0.34
NO & ; !
OXYGEN ?4.865, <0.001 | 0.842 | 1.95 | 0.51
AIR 131,45?, <0.001 | 0.891 | 2.01 0.51
oq |OXYGEN| 28.93 <0.001 | 0616 | 0.52 | 0.81
NO & :
oxyoen| 838 . 008@) | 0276 | 487 | 0.18
AlR 14,29 | .002(a) | 0.524 | 191.9¢| 0.06
0y |OXYGEN| 36.82 | <0.001 | 0.739 [1220.92) 0.02
NO &
OXYGEN} 075 | 401(a) | 0.085 | 21,30 | 0.17

Tuble 4.3b: Linear regression statistics,

aad fest of linearity statistics, for studies 12-22
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Linear regression test of deviation
statistics from linearity
study gas
F Sig. R? F Sig.
AR {1281 | .005() | 0.562
03 |OXYGEN} 80.21 | <0.001 | 0.851
NO &
oxveen| 1801 | 004 | 0.520
AIR 8.84 | .021(a) | 0.558
g |OXYGEN} 015 | .710() | 0.018 | 17.22 | 018
NO &
oxyeen| 695 | 030@ | 0485
AIR | 2058 | .002(a) | 0.720
b5 |oXYGEN| 390 | o7a(e) | 0285 !
NO &
axvyeen | 316 | <6001 | o709 | 6.83 | 0.28
AIR 1.44 | .258(a) | 0.126
ss |{OXYGEN| 1.02 | .335(a) | 0.085
NO &
oxveen| 459 | 0%8@ | 0314 [ 038 | 086
AR | 3143 ] <0001 0789 | |
07 JOXYGEN| 1427 | .003(a) | 0.543
NO & .
oxvoen| 5786 | <0.001 | 0.805
AIR 0.44 | 520(a) | 0.039 | 146.07 | 0.06
0g |OXYGEN| 845 | 011(@) | 0360 [ 5.01 | 034
NO &
oxyeen| 019 | 667 | 0013 | 568 | 0.32
AR | 12.82 | .002(a) | 0.391
0o |OXYGEN] 1472 | 0001 | 0412 | 128 | 053
NO &
oxyaen| 172 | 2058 | c.o7e | 021 | 0.8
AR | 12.43 | .039(a) | 0.806
50 |OXYGEN| 1146 | 004(a) | 0450 | 423 | 037
NO &
oxvaen| 1949 | 0001 | os82 | 078 | 0.70

Table 4.3c: Linear regression statistics, and test of linearity statistics, for studies 23-30
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study F (gg vs | 8ig.(airvs | F (Airvs |Sig. (airvs| F (O2 vs |Sig. (02 vs
) 02) NO) NQ) NO) NQ)

1 0.062 0.805 3.855 0.059 8,148 0.008
2 0.495 0.488 0.168 0.685 1.031 0.319
3 8..0.62 A 0.008”- | 138? ] 0.2438 6.785 0.014
4 3.981 0.059 0.068 0.797 16.633 «0,001
5 10.079 0.003 1.380 0.248 6.472 0.016
6 1.689 0.204 3.808 0.061 0.354 0.556
7 0.424 0.522 0.133 0.719 0.432 0.453
8 7.280 0,015 0.145 0.707 5.565 0.028
9 14.847 0.001 0.876 0.359 2.455 0.128
. : ‘ — e 0035 '-'0;8'53 R ]
12 0.011 0.916 0.178 0.680 0.089 0.7G9
13 2.955 0.100 4.769 0.039 0.344 0.562
14 0.379 0.546 -2.409 0..‘14.(;'1 | 0251 0.622
15” 1770 0.196 2111 0.160 0.099 0.757
16 18.198 <0.001 66.598 <00;]‘I 10705 | 000_3_
17 . . 1.322 0.268
18 . . 0.009 0.925
19 0.039 0.846“_ 2574 f..l‘129 a 7087 0.017
20 0.002 0.961 “_.1”.-2.’..E.).'I_m | 0264 I 2263_51;_
21 1.187 0.284 3.251 0.079 0.597 0.444
22 6.088 0.021 9,946 0.004 4.552 0.042

| 23 | 3324 0.081 6.799 0.016 4.804 0.038
24 | 2602 | 0128 17.749 0.001 0.218 0.646
25 6.164 0.023 3.413 0.078 2.326 0.140
26 2.320 0.143 5.661 0.029 0.110 0.743
27 0.028 0.868 0.541 0.469 0.616 0.440
28 6.662 0.0116 0.304 0.586 7.856 0.009
29 0.449 0.607 6.207 0.017 4.632 0.037
30 0.558 0.465 1.294 0.271 6.751 0.015

Table 4.4.: F values and significance for comparison of slopes of equations produced by
linear regression analysis for individual studies whilst inhaling air, oxygen of nitric
oxide and oxygen.
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4.4. Discussion

The results of the study showed some variability. Of the 62 subjects asked to participate
in the study, only 30 agreed. Of this cohort, due to equipment failure, only 24
underwent successful studies (80%), 4 failed due to complete fatlure of the impedance
cardiac output monitor (13% of thosc siudicd) and 2 (7%) due o a fatlure of the
micromanometer tipped catheter to measure or record accurately the pulmonary artery

pressures.

86 sets of paired data were successfully performed, whilst supine at rest and exercising,
as part of 30 experiments. From the 86 sets of paired data, only 42 could be tested
statistically for linearity and 3 failed the test of linearity, leaving anly 45 % successful.
Furthermore, the confidence intervals for the slope & the intercept were so wide, that
only 32 of 86 obtained had slopes that had 95% confidence intervals that were within
20% of the base levels, and 65 with intercepts that had 95% confidence intervals that

were within 20% of the base levels.

These results indicate that at least on an individual basis, reliable Pressure-Flow (P-Q)
plots generated by a combination of a micromanometer tipped catheter, thoracic
bioimpedance, and supine straight leg ratsing exercise 1s not feasible i clinical practice

in subjects investigated for pulmonary hypertension.

Expetimentally, however, cumulative cffeets in individual palicnt groups may stiil be
detectable, if the results from several individuals were pooled. This method may stiil be
useful in the investigation of effects of diseases and pharmaceuticals in human

experiments.
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The thoracic bioimpedance Cardiac index seemed to be the less reliable of the two
devices. If the cardiac index and the pulmonary aiterial pressure values obtained during
each cpisode of exercise were plolted against time, the measured mean pulmonary
arlery pressures followed more closely the exercise periods, with less variability than
the increase in cardiac output measurcments. If may be that another method of
measurement for continuous cardiac output, like pulse contour continuous cardiac
output (PiICCO) or continuous lithium dilutional cardiac output (LiDCO) (Warburton,
D. E. et al 1999), or another excrcise mechanism, like a supine cycle ergometer, may
give better results. It is however worth noting that the LiDCO and PiCCO devices have
not been vahdated for use during exercise. Simminou et al (2002), used a supine cycle
ergometer to produce the exercise, and states that in all seven subjects the plots
produced were recto-linear, but the slatistical cvidence to back up this statement was not

produced.

It is also worth noting that although we aimed to collect a total of 15-17 sets of paired
data, 4 during rest and 11/12 during 3 minutes exercise, a large percentage of subjects
could not maintain this cxcecisc regime. In only 46 out of 86 studies, were 15 or more
sets of paired data collected, and of these only 9 out of 30 of the studies completed the
full regime whilst inhaling air, during exercise. 'The fraction of incomplete studies, in
which the full term of exercise was not completed, when divided into disease categories,
was as [ollows, 6 of 26 studies in [PAH subjects, 8 out of 12 studies in subjects with
CTEPH, 12 out of 19 studies in subjects with CTD, and 9 out of 10 studies in subjects
with COPD or ILD. The average time exercising achieved in those who did not

complete the exercise was 110 sces {100 seconds in the 19 air inhalation studies, and
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120 seconds in the 25 incomplete studies inhaling O, or NO/C;).

The lincar regression analysis of sets of paired data include 4 takcn jusi prior to
exercise, as it was assumed that the anticipation of exercise, would lead to a slight
increase in cardiac output. This was not always seen. The importance of this is that the
resting values may be too contiguous, and alter the weighting of the linear regression
equation. Furthermore, with the large numbers of incomplete exercise studies, the

influence would be even greater.

Possible methods of incrcasing the number of sets of paired data would be to do
repeated exercise tests or to continue monitoring pressure flow data after exercise, The
probiem with the former method is the fact that we were dealing with sick individuals.
If an individual study is performed, without any problems, and with the pressure and
flow values returning to baseline within the six-minute rest period, excluding set up
time, the study lasted a minimuwm of 1/2 hr, In practice, the study would last at Icast an
hour or more, from start to finish, and the individuals in whom repeated valucs are most
required, were those who were unable to exercise for the full 3 minutes as they were
fairly exhausted. Repeating the tests on the same day in such cases is clearly not feasible
and other factors may change 1f the study was to be repeated on another occasion. With
the latter possiblc mcthod, Lo continue monitoring pressure flow data afier exercise, the
subjects in our study were detached from the gas delivery apparatus immediately post
exercise, often at their own request, especially when inhaling air, and so the
experimental conditions were altered. Furthermore, even if this had not been the case,

the fact that the subject was not exercising, may also have altered the conditions.
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The importance of attempts to continue to develop a method of producing pressure flow
plots clinically, can be demonstrated by the paper by Simminou et al (2002) , as well as
chapters 1.6, Simminou ¢t al (2002) demonstrate that there are clear differences in
subjects at baselinc and at 3 months after prostacyclin treatment, without a significant
difference in traditional haemodynamic outcomes, which may be the reason for
improved exercise tolerance. IFuture research might demonstrate differences in response

to treatments or prognosis.

Finally, a study investigating the use of dobutamine as a method of producing pressure

flow plots clinically would be useful (Naeije, R. et al 1994)..
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Chapter §

Analysis of the Pulmonary Pressure-Flow Response in Man during Exercise whilst

inhaling Pharmacological Agents, & a Sub-analysis of the Response within Disease
Subsets
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5.1 Introduction

As previously mentioned, the term and calculation of pulmonary vascular resistance,
(PVR), which is the calculation in common usage in both the literature, and medical
practice, is misleading. It is only correct where the pulmonary arterial wedge pressure
(PAWP), which is a surrogatc marker for left atrial pressure, is also the critical closing
pressure. The critical closing pressure is the pressure at which blood fiow ceases, and
this may be at a higher pulmonary arterial pressure than left atrial pressure (McGregor,
M. et al 1985). This may be duc o alveolar pressure (on pulmonary capillaries (West, J.
B. et al 1965)) or other factors external to the blood vessels, or due to elastic recoil of
the blood vessel wall (Buiton, A, C. 1951), Hlowever, by ignoring the critical pressure,
an error is iniroduced in the analysis of any change in ‘resistance’, in that the
‘resistance’ as taken by PVR, may seem to decrease as cardiac output increases, without
any change in the vasomotor, compliance, elasticity or any other physical propertics of

the pulinonary vasculature {Chapter 1.6) (McGregor, M. et al 1985).

Several authors have now published data, demonstrating that pressure-flow plots, which
demonstrate more accurately the state of the pulmonary vasculature, could be produccd
in both animals and humans, by various mechanisms (Evans, P. et al 1971; McGregor,

M. et al 1985; Naeije, R. et al 1994; Nacije, R. 1996, Reeves, J. T. et al 1988),

In our previous studies, (Chapter 4), we have shown that it is possible to produce such
pressure-flow plots, in humans, using a combination of a micromanometer tipped
pulmenary arterial catheter, and a non-invasive, thoracic bioinpedance cardiac outpul,

during straight leg raising exercise, under clinical conditions in *diseased’ humans, with
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a varying degree of success. An analysis of the pooled data of all the studied subjects, to
review the response to the pressure-flow plots to receiving air, oxygen (O;) or & nitric
oxide/oxygen combination (NO/Q;), and a further sub-analysis of the data, was

undertaken, to review whether differing disease subgroups responded in different ways.
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5.2 Methods

5.2.1. Patient group & Ethics

Recruitment and Ethics are described in Chapter 2, In total, twenly four were
successfully siudied (Tuble 4.1), The data was pooled for all the studies, and where
there were sufficient numbers of subjects, in a patient disease group, and then further
analyzed. For the subgroup analysis, only the normal subject group (n—3), the idiopathic
pulmonary arterial hypertension (PAH) group (n=3), thc pulmonary hypertension
secondary to connective tissue disorder (CTD} group (n=5), and thc chronic
thromboembolic pulmonary hypertension (CTEPH) (n—4) (Table 5.1) were there
sufficient subjects. In the 3 normal subjects, all 3 were females, the mean (£ S.D.} age
was 44 (+ 9) years. The idiopathic pulimonary arterial hyperlension (IPAH) group,
consisted of 3 males and 2 females, 3 of which were vasodilator responders, and whose
mean (+ S.D.) age was 59 (£ 11) years, The five pulmonary hypertension secondary to
connective tissue disorder (CTD) group consisted of 4 females and 1 male, 4 vasodilator
responders and 1 non respender, with an mean age of 54 + 7 years. The four subjects in
the chronic thromboembolic pulmonary hypertension (CTEPIT) group, were all males, 3
were vasodilator non-responders, and their mean (£ S.D.) age was 58 (t 18) years. The

details are shown in table 5.1
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S U PR

Subject | Study _ _ . . |Vasodilator
Nutber INumber e MPAP |SPAP|DPAP|RAP|PAWT| CO  PVR | Age [Sex|Diagnosis Response
{(mmlIlg) (L.min") m::%f
1 1 IMC] 17 3| ss 2 | 55 |F normal | NA
2 2 I,C 8 | 4|2 | 14 40 00 [ 40 | F normal
3 3 BRi| 15 24 1 3 j12| 9 37 05 |37 {F :'normal N/A
5 4 G,C 57 a1 | 37 | 6 7 49 9 |49 \/iIPAH N
6 7 |WF| 79 | 13748 | 11| 14 | g7 20 | 67 |M[PAH Y
7 | 8 E,M 63 1151 23 [ 14 15 7 13 | 73 | F [IPAH Y
8 9 |W,0H| 51 82 | 28 | 4| 2 61 163 | 61 [ MI{PAH Y
9 12 5,5 6O 1103 ] 60 | 10| 3 45 13 | 45 | T |[IPAL] N
i3 13 | RC | 49 | 77|27 | 8| 5 s4 12 |54 | F|CTD Y
Y. Mc
48 7 | 33 |0 1 48 14 | 48 | ¥ [CTD Y
14 14 B
15 15 LP 36 62 | 17 | 6 5 46 73 (46 | F |CID Y
16 16 JP 99 1130 82 | 9 4 sg  37.11 59  MI|CTD Y
17 277 (KS | 36 |61 222 L en 4 |62 | FICID N
20 20 ILF 63 [ 100 36 [ 20| 20 | o4 12 ¢+ 71 | M [CTEPH N
21 21 5,0 46 79 | 27 | 8 74 11 | 74 [MI|CTTPH | ™A
26 22 | GS 66 | 107 | 40 | 14| 23 50 106 | 50 | M [CTEPH N
27 23 |GW | 56 |98 | 33 |9 - 37 149 | 37 | MI|CTEPH N
MEAN 54.9 |89.7|34.4 |89 | 88 | 555 13.0 |55.5
S.D. 210 [32.319.010.7 69 | 121 8.7 {12.1 :

Table 5.1: List of subjects and studies used to pool data for assessment of indivicual

disease subgroups,

5.2.2 Equipment and Tixperiments

Initial haemodynamic evaluation was pertormed with the patient supine and breathing
room air, according to our standard protocol as described in chapter 2.3. The inhaled gas
was delivered to the patient, as described in chapter 2.5.1, and shown in Figures 2.14 a-

¢ and Figure 4.1, The right heart catheter (Gaeltec, Dunvegan, lsle of Skye), its insertion
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storage and processing are described in chapter 2.1, Cardiac outpui was measured non-
mvasively by thoracic electrical bioimpedance (PhysioFlow 1, Manatec, France) as
described in chapter 2.2 and the pulmonary pressure and cardiac output data combined
as in chapter 2.5. Between 4-18 sets, [combined mean (£ S.D.) of 14 (£ 3.2), on air
mean (= SD.} 12,1 (* 3.7), with oxygen 14.6 (£ 2.5), and with the nitric oxide/oxygen
combination 14.9 (£ 2.6)} of paired of data were collected at rest and ¢xcreise on each
subject. All subjects had almost a full resting haemodynamics performed within 24
hours of the exercise test during routine right heart catheterization with a swan-gantz

catheter, when MPAP, PWCP and CO were initially measurcd.

The nitric oxide was supplied as previously described (chapter 4.2, figure 4.1).

5.2.3. Analysis

Analysis of the data obtained was performed using the SPSS 13.0 package as described

in chapter 2.7.

o } . e o D
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5.3 Results
The combined data of all 24 subjects produced 308 sets of paired sets of data for

inhaling oxygen, 357 for inhaling oxygen and 372 for inhaling the nitric oxide/oxygen
combination. The data, the slope was significantly different for between all three
inhaled gas groups, (p<0.001, p=0.001, p<0.001, for air compared to oxygen, air
compared to nitric oxide/oxygen, and oxygen compared to nitric oxide and oxygen

combined, respectively) (Tables 5.4, Figure 5.1).

100+

80

60

40+

20"

Mean Pulmonary Artery Pressure (MPAP, mmHg)

0 T T ¥ T T
-5 0 5 10 15

Cardiac Index (CT. L* min'*m’ )

Figures 5.1: Shows the linear regression plot of the data of cardiac index (CI, L min” m”) and mean
pulmonary artery pressure (MPAP, mmHg) produced during exercise, of the entire pooled data set.
A blue circle indicates the air plots, a green triangle for the oxygen (O) plots and a red square for
the nitric oxide and oxygen inhalation plots (NO/O,). The continuous line is the line of regression for
the air plots, the evenly broken dashed line for the oxygen plots and the unevenly dashed line for the

nitric oxide and oxygen plots.
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The linear regression equations for the combined exercise data of the all the subjects,
for inhalation of air, oxvgen (0O;) and the nilric oxide/oxygen combination (NG/Os),
were respectively [MPAP = 7.1 «CI + 30.2] mmHg, (R* = 0.98, p <0.001), [MPAP =7.5
o CI + 28.0] mmHyg, (R* = 0.98, p <0.001), [MPAP = 6.6 ¢ CI + 28.0 ] mmHlg, (R* =

0.99, p <0.001) (Tables 5.2 & 5.3).

In the normal group, subjects (-3, the data, the slope was significantly different for
between all three inhaled gas groups, (p<0.001, p=0.004, p<0.001, for air compared to
oxygen, air compared to nitric oxide/oxygen, and oxygen compared to nitric oxide and

oxygen combined, respectively) (Tables 5.4, Figure 5.2).
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disease: normal

Mean Pulmonary Artery Pressure (MPAP, mmHg)

I |
- 5 6 7 8

Cardiac Index (CT, L min'*m’)

1 I 1
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=l
w -

Figures 5.2: Shows the linear regression plot of the paired data of cardiac index (CI, L min" m~)
and mean pulmonary artery pressure (MPAP, mmHg) produced during exercise, of the pool data
of the study disease subgroup of normals. A blue circle indicates the air plots, a green triangle for
the oxygen (0,) plots and a red square for the nitric oxide and oxygen inhalation plots (NO/O,).
The continuous line is the line of regression for the air plots, the evenly broken dashed line for the

oxygen plots and the unevenly dashed line for the nitric oxide and oxygen plots.
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The linear regression equations for the combined exercise data of the three normal
subjects, for inhalation of air, oxygen (O;) and the nitric oxide/oxygen combination
(NO/O,), were respectively [IMPAP = 3.1 oCI + 2.9] mmHg, (R* = 0.95, p <0.001),
[MPAP =4.0 « CI 0.8] mmHg, (R* = 0.92, p <0.001), [MPAP = 2.6 « CI + 56 ]

mmHg, (R* =0.90, p <0.001) (Tables 5.2 & 5.3).

The slope of the NO/Q; group, was the shallowest (slope = 2.6 nunHg »min » m’s L),
indicating that in this group, true resistance increased the least with exercise in this

group (tablc 5.4).
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Figures 5.3: Shows the linear regression plots of the paired data of cardiac index (CI, L. min"' m
’) and mean pulmonary artery pressure (MPAP, mmHg) produced during exercise, of the pool
data of the study disease subgroup of Idiopathic pulmonary arterial hypertension (IPAH). A
blue circle indicates the air plots, a green triangle for the oxygen (O) plots and a red square for
the nitric oxide and oxygen inhalation plots (NO/O). The continuous line is the line of
regression for the air plots, the evenly broken dashed line for the oxygen plots and the unevenly

dashed line for the nitric oxide and oxygen plots.

The linear regression equations for the combined exercise data of the five IPAH
subjects during the inhalation of air, oxygen (O,) and the nitric oxide/oxygen

combination (NO/O,), were respectively [MPAP = 8.6 ¢CI + 47 ] mmHg, (R* = 0.94, p
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<0.001), [MPAP = 9.6 » CI + 42 | mmHg, (R* = 0.96, p <0.001), and [MPAP = 9.0 o

Cl+ 38 1 mmHg, (R* = 0.95, p <0.001) (Tables 5.2 & 5.3, Figure 5.3).

In the TPATT group, the data, the slope was significantly different for between only the

air and the oxygen subgroup, (p= 0.01) (Fable 5.4).

The linear regression equations for the combined exercise data of the five CTD subjects
during the inhalation of air, oxygen (O;) and the nitric oxide/oxygen combination
(NO/O,), were respectively [MPAP = 6.2 «CI + 44] mmHg smin » m’e L}, (R* =0.99,
p <0.001), [MPAP = 6.5 « CI+ 42 | mmHg, (R* = 0.99, p <0.001), and [MPAP =64

Cl- 38 | mmlig, (R*—0.97, p <0.001) (Tables 5.2 & 5.3, Figure 5.4).

[n the CTD group, the data, the stope was significantly different for between only the air

and the oxygen subgroup, (p = 0.003) (Table 5.4).
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Figures 5.4: Shows the linear regression plot of the paired data of cardiac index (CI, L min” m~)
and mean pulmonary artery pressure (MPAP, mmHg) produced during exercise, of the pool data
of the study disease subgroup of pulmonary arterial hypertension secondary to connective tissue
disease (CTD). A blue circle indicates the air plots, a green triangle for the oxygen (0,) plots
and a red square for the nitric oxide and oxygen inhalation plots (NO/O;). The continuous line is
the line of regression for the air plots, the evenly broken dashed line for the oxygen plots and the

unevenly dashed line for the nitric oxide and oxygen plots.

The linear regression equations for the combined exercise data of the four CTEPH

subjects during the inhalation of air, oxygen (O,) and the nitric oxide/oxygen

combination (NO/O,), were respectively [MPAP = 10.3 «CI + 12] mmHg, (R2 =098, p
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<0.001), [MPAP = 11.7 ¢ CI + 8.2 ] mmHg, (R>=0.97, p <0.001), and [MPAP = 7.5 o

CI+ 18 ] mmHg, (R2 =0.96, p<0.001) (Table 5.2 & 5.3, Figure 5.5).

disease: CTEPH

Mean Pulmonary Artery Pressure (MPAP, mmHg)
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Figures 5.5: Shows the linear regression plot of the paired data of cardiac index (CI, L

"m?) and mean pulmonary artery pressure (MPAP, mmHg) produced during

min
exercise, of the pool data of the study disease subgroup of Chronic thrombo-embolic
pulmonary hypertension (CTEPH). A blue circle indicates the air plots, a green
triangle for the oxygen (O) plots and a red square for the nitric oxide and oxygen
inhalation plots (NO/Q). The continuous line is the line of regression for the air plots,
the evenly broken dashed line for the oxygen plots and the unevenly dashed line for the

nitric oxide and oxygen plots.

In the CTEPH group, the data, the slope was significantly different for between all three

inhaled gas groups, (p = 0.001, p < 0.001, p < 0.001, for air compared to oxygen, air
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compared to nitric oxide/oxygen, and oxygen compared to nitric oxide and oxygen

combined, respectively) (Table 5.4).

The slope of the NO/Q, group, was the shallowest ( slope = 7.5 mmHg smin» m’s L),

indicating that in this group, true resistance increased the least with exercise in this

group (Table 5.4).
Test of
deviation from
Lingar regrassiaon linearity
study gas F Sig. R Square F Sig.
AIR 4,037 <0.001 0.972 0.339 | 0.977
All Oxygen 5,011 <0001 | 0.975 | 26.197 | 0.001
NO+0Q2 | 8622 | <0001 | 0.985 | 2.579 | 0.114
AIR 955 <0001 { 0852 | 3622 | 0.398
nermal  loxygen 563 <0.001 | 0,923 | 1.804 | 0.566
NO + Q2 443 . <0.001 | 0.02
AIR 965 | <0.001 | 0.944
|iPAH '

Oxygen | 1,770 | <0.001 | 0.6
No+02 | 1,573 : <0.001 | 0.953
AIR 5705 | <0001 | 0.991
CTD Oxygen | 4,980 | <0.001 | o.088

NO+02 | 2,023 <0001 | 0.959
AIR 1,798 <0.001 | 0.968 | 0.105 1
CTEPH | Oxygen | 1,589 | <0.001 0.96 42.91 | 0.001
NO+02| 2661 : <0.001 | 0975 | 1.564 | 0.364

1able 5.2: Linear regression statistics, standardised residual statistics and test of
linearity statistics, for pooled data of individual disease subgroups
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Constants | 95% Confidence
DISEASE gas of slope or Sig. Interval for B
intercept Lower Upper
Bound Bound
AIR Intercept 24.67 <0.001 23.4 26.0
Siope 10.17 <0.001 9.9 10.5
Intercept 32.74 <0.001 31.8 33.7
ALL Oxygen
Slope 7.79 <0.001 76 8.0
Intercept 34.56 <0.001 34.0 35.3
NO + 02
~ Slope 6.89 <0.001 6.7 7.0
Intercapt 2.90 <0.001 1.7 4.1
AIR
Slope 317 <0.001 3 3.4
Intercept | -0.81 0.373 26 1 ¥
Oxygen :
nomal Slope 405 | <0.001 57 44 '
Intercept 5.62 <0.001
NO + 02 P 4.3 6.9
Slope 265 <0.001 2.4 29
AR inlercept 46.83 <0.001 44.7 49
Slope 8.64 <0.001 8.1 9.9
Intercept | 42.40 <0.001
IPAH Oxygen P 40.8 44
Slope 9.56 <0.001 9.1 10
Intercept | 38.65 <0.001 37 1 40.2
NC + 02
Slope 9.07 <0.001
8.6 9.5
AR Intercept 44.62 <0.001 438 45.4
Slope 617 <0.001 4 6.3
Intercept | 42.13 <0.001 41.2 43
CTb Oxygen '
Slope 6.564 | <0.001 6.4 6.7
<0.001
NG + 02 Intercept 38.15 36.9 39.4
Slope 6.44 <0.001 6.2 6.7
AR Intercept 12.00 «<0.001 10.2 12.7
Slope 10.31 <0.001 9.8 10.8
<0.001
CTEPH Oxygen Intercept 8.24 5.4 10.1
Slope 11.86 <0.001 1.1 12.2
Intercept | 18.54 <0.001 17.5 19.5
NO + 02 ' '
Slope 7.52 <0.001 72 7.8
Table 5.3: Siope, intevcept of the linear regression equation for each study, as well as the stondard
errors and significance and confidence interval for each vatue, for pooled deta of individual disease
sthgroups




stud F (airvs |Sig.(airvs| F (Air vs I18ig. (alrvs| F{Q2vs | Sig. (02
Y 092) 02) NO) NC) NO) vs NO)

All Combined]  30.6 <0.001 59.3 <0.001 199.6 <0.001

Normal 16.962 ° <0.001 | 8833 | 0.004 | 44771 | <0.001
IPAH 8.669 | 0.011 1411 0237 | 22308 | 0.131
CTD 9.157 | 0.003 2928 | 0.09 0.35 0.555

CTEPH 12.447 <0.001 102.437 | <0.001 172.9156 | <0.001

Table 5.4.: F values and significance for comparison of slopes of equations
produced by lincar regression analysis for individual studies whilst inhaling aiy,

oxygen (02), or wnilric oxide and oxygen (NO), for pooled data of individual

disease subgroups.
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5.4 Discussion

Pooled data and sub analysis of individual disease groups turned up some interesting
findings. ‘The slopes produced in the group of ‘normal’ patients ranged from 2.6-4.1
mmHg emin em?®e L, which is higher than that previously noted for normal individuals
(previously noted at ~1.5 mmIigeminem®eL™"). Other studies have found that the stope
in normals was 1 mmHg e L™ in fit young men (Reeves, J. T. et al 1988), and assuming
an average B.S.A. of 1.9, this would give a slope of 2.85 mmI{g emin em”s L7, There
are several possible explanations for any discrepancies between our result in normals

and findings from previous studies.

Firstly, most of the studies looking at pulmonary pressure flow responses in man
obstructed one of the main pulmonary arteries thereby douabling the flow of bloed down
the other artery. This avoided the possible error introduced of increasing left arterial
pressure during exercise, which may alter the resultant slope. A second error is the
action of straight leg raising exercise, which may alter the alveolar effects on the
vasculature, as with this form of exercise, the abdominal muscles arc often invelved,
increasing intra-abdominal pressure and thus splinting the diaphragm and altering
thoracic pressure. As, the data in Chapter 3 demonstiated, the measurement of cardiac
outpul by thoracic impedance may give reasonable trends, but the actual values of
cardiac output derived from this mcthod did not match accurately those derived from
thermodilutional methods. Finally, in subject 1, the slope was significantly steeper than

subjects 2 & 3 (Tablc 4.2a), and this may have biased the pooled resull.

In the ‘normal’ subgroup, the NO/O, combination secmed to reduce the slope, and thus

the resistance by the most.
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In the TPAH subgroup, the slopes whilst inhaling air or O, or NO/O; combinations,
were all similar, (8.6, 9.6, 9.0 mmiig emin e m%e L respectively), but analysis found a
statistically difference between the air and the oxygen subgroups, with a suggestion that
with high flow oxygen, the resistance actually increased. This is not what was expected,
Both subjects 4 & 5 demonstrated a steeper individual slope for (J; as opposed to ait.
Although not statistically significant, the slope of the air group was less than the NQ/(O,
group, but the latter had a lower critical closing pressure (47 mmHg with air as opposed

to 38 mmHg with NG/Q,).

Again in the CTD group of patients, all the slopes were similar (6.2 mmHg smin ® m’e
L for air, 6.5 mmHg emin » m’s L for O,, 6.4 mmHg emin » m?e L™ for the NO/O,
group), but the slope was significantly different when comparing air with oxygen,
(p=0.003}. Again, both O, and NO/O, results seem to suggest that resistance is
increased when inhaling these gases. The critical closing pressure however seems to be
lower when giving thc O; or NO/O, mixture (closing pressure of air was 45mlg, O,

42mmHg, and NO/O, 38mmHg).

In the final subgroup, of four CTEPH patients, there was a significant drop in slope (or
resistance) from the baseline when inhaling air (slope of 10.3 mmHg smin » m®e L'} to
both O, inhalation (slope 8.2 mmHg emin ¢ m’s L, p=0.001) and NO/0, inhalation
study (slope 7.5 mmHg emin « m?e L', p<0.001) and also between the O, study and

the NO/O, study of pooled data (p<0.001), which is what was expected in all the patient

subgroups.
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As mentioned carlier, the slope of the ‘normal’ subgroup was twicc that which was
expected. As previously demanstrated by other authors, the slope (or real resistance) of
thc IPAH group, was greater than the normal subgroup (Castelain, V. et al 2002,
Janicki, J. S. et al 1985), but the slope produced here was less than noted in these other
studies. The slope in the CTD group was also elevated but lcss compared to the [IPAH
group, and the CTEPH group was steeper, suggesting that the baseline resistance was
greatest with CTEPH and least with CTD in the pulmonary hypericasive group. The
reduction in resistance on giving NO/O, was greatest for the CTEPH group but scemed
to not occur i the other disease groups. In the idiopathic pulimonary arterial
hypertensive group, although the test for parallelism {or lack of difference) between
slopes was non-significant (lable 5.4), the confidence intervals between the air and the
NO/O; slopes averlap (8.1-9.2 an 8.6-9.5 respectively). In this group the NO/O; slope
had a lower intercept (or closing pressure, air 46.83 mmHg (= 2,17) compared to NO/O,

38.65 mmHg (£ 1.55).

One of the weaknesses of this study was that due to low nwmbers of subjects, the data
could not be split further into vasodilator responders and non-vasodilator responders.
Both the IPAI1 and CTD groups had a preponderance of vasodilator responders (3 out
of 5 and 4 out of 5, and the CTEPH group, non-vasodilator responders (at least 3 out of
4). It may be that there is a difference between the vasodilator responders and the non-
vasodilator responders, but a larger numbcr of subjects would be required for to divide

each of the disease subgroups into dilfering vasodilaior propertics.
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Chapter 6

Pulmoenary hypertension, vasodilator non-responders: Fact ox Fiction
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6.1 Introduction
The majority of patients with pulmonary hypertension have a thickened non-responsive

vascilature. This was demonstrated by a non-reduction of pulmonary vascular

resistance (PVR) or mean pulmonary arterial pressure (MPAP) to an acute trial of

inhaled nitric oxide (NO), one of the most potent and specific pulmonary vasodilators
(Peacock, AJ 1996; Zapol, W. M. et al 1994). If a subject was shown to have no
response at rest, then it was felt that the pulmonary vasculature could not be affected
pharmacologically. llowever as dcmonstrated by Castelain et al (2002), PVR
measurements alone may not reflect the effects of pharmacological agents on the
pulmonary circulation. This is because the extrapolated pressurc —~flow (P-Q) plot has a
positive intercept in patients with primary pulmonary hypertension and other respiratory
conditions (Castelain, V. et al 2002; Harris, P. et al 1968; Janicki, J. 8. et al 1985).
Consequently changes in PVR, which is (MPAP-Left Alrial Pressure [LAP])Y/CQ), may
not actually reflect changes to the underlying physiology of the pulmonary circulation
but simply reflect changes in cardiac output, pushing the pressure up or down a static P-

Q plot.

The haemodynamic response of a subject to a vasodilator, at rest, on first presentation,
15 used to divide all patients into vasodilator responders and non-responders, the former
having a greater than 20% improvement in either MPAP or PVR (2001), which allows
patients to be selected for long term vasodilator therapy or disease targeted therapy

(Rubin, L. 1. 1997).

The purpose of this study was to ascertain whether no response of pulmonary

haemodynamics to a vasodilator at rest, (esscntially PVR), meant that there was no
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change in the P-Q profile, and hence no change in Lhe nature of the puimonary
vasculature, Tn addition, if any change in the pressurc-flow profiles was found, was it
found in both vasodilator responders and non-responders. The measurements were

performed with inhaled air, oxygen and a nitric oxide/oxygen (NO/Q;) combination.




6.2 Methods

6.2.1. Patient group & Ethics
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The ethics and recruitment are described in chapters 2.8 and 2.6 respectively. There

were 9 subjects in the vasodilator non-responder subgroup, of which 6 were male, 3

female, 2 had Idiopathic pulmonary hypertension (IPAH), one pulmonary hypertension

secondary to conneclive tissue disorder (CTD), 4 secondary to chronic thromboembolic

disease (CTEPH), and 2 due to chronic obstructive pulmonary discase (COPD), and the

mean (= S.D.) age was 58 (+ 15) years (Table 6.la). The diagnosis of pulmonary

hypertension was made from the criteria {rom the 2002-WHO symposium (Simonneau,

G. et al 2004). Patients with right-to-left shunting were excluded.

S}:bj%t Vasodilator
Number Initials IMPAP|SPAP DPAPRAP|PAWP | CO | PVR | Age |Sex [Diagnosis| Response
(mmbig) Lt | 8
5 GC 57191 3 |6| 7 4.6 9 49 | M [[PAH N
9 85 |60 {103]60 (10| 3 4.5 13 - 45 | F [PAH N
17 KS |36 |61 | 22 |2 39 | 4 6 |F LCTD N
20 . JF |63 {100|36 (20| 20 | 37 | 12 .71 [MCTEPH| N
21 S0 |46 | 79 | 27 |8 5 11 74 | M CTEPH| N
.26 1 GS | 66 | 10740 | 14| 23 4.1 106 | 50 | M [CTEPH N
27 GW |56 |98 ]33 ]9 7 33 149 | 37 | M [CTEPH N
31 RMely 43 | 74 | 26 |11 8 2.2 16 60 | M COPD N
32 | MT |30 [ 50 (10 |4 13 4.1 4 | 81 |F |COPD N
Mean 508 [ 848|323 193] 116 | 39 | 105 |58.8
ID. 12.6 | 276 [ 13.1 159 6.9 12 | 40 |21.0

Table 6.1a: List of subjects and studies used to pool data for assessment vasodilator
non responder subgroup.

There were 9 subjects in the vasodilator responder subgroup, of which 4 were male, 5

female, 3 had Idiopathic pulmonary hypertension (TPAH), 4 pulmonary hypertension
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secondary to connective tissue disorder (CTD), 2 secondary to interstitial lung disease

(ILD}, and the mean (£ $.D.) age was 57 (& 13) (Table 6,1b).

Subject ‘
Number ; CO Vasodilator
MEPAP|SPAP DPAP |RAPPAWP PVR Age| Sex [Diagnosis Response
(mmklg/
Initialy (mmHg) L.nin™ { L.min™)
B8 W.F 79 [ 137 | 48 |11 | 14 | 33 20 |67| M [[PAH Y
7 EM [ 63 |115] 23 {14 | 15 | 3.7 13 |73| F [PAH Y
8 W,OH | 51 | 82 | 28 | 4 2 3 163 |61 | M [IPAH Y
13 . RC [ 4 | 77 |27 |8} 5 3 12 |54) ¥ [CID Y
14 ‘YMcB{ 48 [ 79 | 33 | 0 1 3 14 |48 ¥ (CID Y
16 . LP 36 | 62 1 17 | 6 5 3.6 73 (46| ® CTD Y
16 IP |99 |130) 8 [ 9] 4 |26 371 |59 m CTD Y
28 | W.F 39 | 54 | 28 |18 12 | 44 5 711 » |[LD Y
30 | BRa | 57 | 81 | 44 |3 4 | 24| 261 |33] r LD Y
Mean 579 {908 367 (8.1] 69 | 32 | 168 |56.9
SD. 201 /295|196 (56| 53 | 06 | 99 [13.0

Table 6.10: List of subjects and studies used to pool data for assessment vasodilator
responder subgroup.

6.2.2. Study Protocol

Initial haemodynamic evaluation was performed with the patient supine and breathing

room air, according to our standard protocol as described in chapter 2.3, The inhaled gas

was delivered to the patient, as described in chapter 2.5.1, and shown in Figures 2.14 a-¢

and Figure 4.1. Cardiac output was measurcd non-invasively by thoracic electrical

bioimpedance (PhysioFlow 1, Manatec, France) and Cardiac Index (CI) calculated from

CO divided by body surface area. This thoracic electrical bioimpedance device has

previously been described (Chapter 1.11, 2.2 and 3) (Charloux, A. et al 2000). The

results were transferred to Microsoft Excel, and then processed to produce 16-second

averages compatible in time with the MPAP. Between 9-19 sets, [vasodilator combined
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mean (£ S.D.) of 12.5 (= 2.5), on air mean (£ S.12.) 10.7 (£ 1.5), with oxygen 12.6 (£
2.5), and with the nitric oxide oxygen combination, 14.4 (X 2.1), and non-vasodilator
responder combined mean (£ S.D.) of 13.3 (£ 3.5), on air mean (£ S.D.) 12.6 (+3.3),
with oxygen 13.1 (£ 4.3), and with the nitric oxide oxygen combination, 14.1 (+ 3.1)] of
paired of data were collected at rest and exercise respectively on each subject. The
exercise consisted of a maximum of 3 minutes, or less if the subjects could not manage
it, of alternate straight leg raising. All subjects had almost a full resting haemodynamics
performed wilhin 24 hours of the cxercise test during routine right heart catheterization
with a swan-gantz catheter, at which time MPAP, PWCP and CO were initially
measured, except subject 21, who had previously had a vasodilator study, in which he
was not a responder, and in whom total pulmonary vascular resistance (MPAP/CO) also

had a less than 20% drop with the NO/O, combination,

The nitric oxide was supplied as previously described (chapter 4.2, figure 4.1),

6.2.3. Analysis

Analysis ol the data obtained was performed using the SPSS 13.0 package as described

in chapter 2.7.
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6.3 Results

The haemodynamic variables and patient groups are shown in Table 6.1 a & b. In the
vasodilator non-responder group, the air and NO/O, recto-linear lines, did not
significantly deviate from lincarity. The oxygen recto-linear plot, statistically deviated
from linearity (I' = 262, p — 0.001). However, on reviewing the scattergrams,
histograms of residuals, and normal probability plots of the residuals, all three lines

seem to meet the criteria for linearity.

The regression lincs for vasodilator responders, were not able {o be tesled statistically
for linearity, due to small study numbers, however on reviewing the scattergrams,
histograms of residuals, and normal probability plots of the residuals, all three lines

seem to meet the criteria for linearity.

4 data points, in the 64 seconds prior to cxercise and 5-13 data points, during exercise,
were recorded on each patient, producing reasonable visually recto-linear plots in the

majotity of studies.

The slope of the MPAP/CI plot tended to decrease but was not statistically signilicant in
all patienis on the NO/O, mixture as compared to the slope on air. When the data points
from the nine patients who were non-vasodilator responders, were pooled the relations
between MPAP and Cl were rectilincar (Figure 6.1) with the following equations
produced, on air MPAP = 10.1«CI + 24.1, R*=10.97, p< 0.001, with oxygen, MPAP =
7.8¢CI =327, R* = 0.97, p< 0.001 and NO/O, mixture, MPAP = 6.9¢CI+ 34.6, R =

0.98, p<0.001). The slope of the MPAP/CI plot was significantly decreased from air to
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oxygen and the to the NO/O, mixture (Figure 6.1, Table 6.2 & 6.3) (10.1 vs. 7.8 vs. 6.9
mmHg/L/min/m2; p<0.001) suggesting that in these non-vasodilator responder subjects,
there is a decrease in true resistance after inhaling oxygen and a further decrease with

the addition of nitric oxide.
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Figures 6.1: Shows the linear regression plots of the paired data of cardiac index (CI, L
min” m~) and mean pulmonary artery pressure (MPAP, mmHg) produced during exercise,
of the pool data of the study non-vasodilator responder subgroup. A blue circle indicates
the air plots, a green triangle for the oxygen (0O,) plots and a red square for the nitric oxide
and oxygen inhalation plots (NO/O,). The blues line is the line of regression for the air

plots, green line for the oxygen plots red for the nitric oxide and oxygen plots.
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When the data points from the nine patients who were vasodilator responders, were
pooled the relations between MPAP and CI were rectilinear (Figure 6.2) with the
following equations produced, on air MPAP =8.5«CI + 40.4, R* = 0.97, p< 0.001, with
oxygen, MPAP = 7.8¢C1 -+40.1, R? = 0.97, p< 0.001 and NO/O; mixture, MPAP —
8.9¢CI+ 30.1, R* = 0.97, p<0.001). The slope of the MPAP/CI plot on testing by
ANCOVA was significantly decreased from air to oxygen, and increased form the air to
the NO/O; mixture, and oxygen to the NO/O, mixture (Figure 6.2, Table 6.2 & 6.3) (8.5
vs. 7.8 vs. 8.9 mmHg/L/min/m2; p=0.001, p= 0.044, p<0.001).

However the 95% confidence intervals for the slopes of the air and the NO/O, proups
overlapped, which may actually suggest that there is no significant decrease in

resistance in vasodilator responders.
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Figures 6.2: Shows the linear regression plot of the paired data of cardiac index (CI, L
min” m?) and mean pulmonary artery pressure (MPAP, mmHg) produced during exercise,
of the pooled data of the study vasodilator subgroup. A blue circle indicates the air plots, a
green triangle for the oxygen (O) plots and a red square for the nitric oxide and oxygen
inhalation plots (NO/O,). The blues line is the line of regression for the air plots, green line

Jfor the oxygen plots red for the nitric oxide and oxygen plots.
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. . of deviation
Linear regression | 125t of devi

VASODILA- from linearity
TION Gas ,
F Sig. | R? F Sig.
N AR |403573]<0.001} 097 | 034 0977
on -
Responder Oxygen |5011.19(<0.001} 0.97 | 26.20 0.001

NO +02]8621.66(<0.001] 089 | 258 0.114

AIR 3302.97|<0.001} 0.97
Responder | Oxygen |4201.17|<0.001| 0.97
NO + 02 14481.891<0,001] 0.97

Table 6.2: Linear regression statistics, standardised resichcd statistics and test of linearity siafistics, i

Jfor pooled data of vasodilator responder and non-responder subgroups

c 95% Confidence
Vasadilator Gas for:stan:)s Si Intervat for 8
responder oin?e?g: tr 'S Lower Upper
P Bound Bound
Intercept | 24.672 <0001 23345 25,999
AR Slope 10,174 <0.001 9.856 10,491
Non Intercept 32,737 <0.001 31.789 33.085
Intercept 34.660 <0.001 33.997 35.324
NO + 02 Siope 6.890 <(0.001 6.744 7.037
Intercept | 40.41631 <,001 39.26813 | 41.56449
AIR Slope 8.506524 <0,001 8.212580 | 8.8004438
Intercept | 40.01696 <().001 39.00567 | 40.93826
|Responder
Oxygen Slope 7.850533 <0.001 7.610573 © §.090492
Intercept § 30.77414 <0,001 2987121 | 31.67708
NO + 02 Slope $.910249 <0.001 8.646919 | 9173579

Table 6.3: Slope, intercept of the linear regression equation for each study, aswell as the standard
errors and significasice and confidence interval fov each vaiue, for pooled data of vasadilaior

responder and non-responder subgroups
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F (air vs. |Sig. (air vs.j F (Air vs. [Sig. (airvs.| F (O2 vs. | Sig. (02
VASODILATION 02 02} NO) NQ) NO) vs. NO)
NON RESPONDER| 155.302 <0.001 47.31¢ <0.001 47.316 <0.001
RESPONDER 11.984 0.001 4.114 0.044 32.977 <0.001

Table 6.4.; F values and significance for comparison of slopes of equetions produced by linear

regression analysis for individial studies whilst inhaling air, oxygen (O2) or nitric oxide and

oxygen (NQ), for pooled data of vasodilator responder and non-responder subgroups
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6.2 Discussion

Pulmonary vascular tone in animals and humans is commonly evaluated by PVR
calculated as MPAP minus PAOP (assumed equal to left atrial pressure) divided by CO.
This approach is misleading in many clinical and experimental c¢ircumstances (Ahmed,
T. et al 1983; Graham, R. et al 1983; Lodato.R.J. et al 1985; McGregor, M. et al 1985)
and does not change with changes in the patients clinical condition (Castclain, V. ¢t al
2002). In both isolated lung and in vive the MPAP/ flow relationship is rectilinear over
the physiological range of [low (Castelain, V. et al 2002; Janickd, J. S. et al 1985). In
young normal humans this MPAP-LAP/CO line when extrapolated towards the y axis,
may cross through the origin (Ekelund, T.. . et al 1967). However disease processes or
pharmacological interventions can alter both the intercepts, making it either positive or
negative, across the pressure axis, or to alter the slope, (Castelain, V. et al 2002; Harris,
P. et al 1968; Janicki, J. S. et al 1985; Leeman, M. et al 1988; Murray, P. A. et al 1986;
Naeije, R. et al 1987). When closing pressute is greater than PCWP and [low varies, the
discrimination of passive (or flow dependant) and active changes to PAP cannot be
determined from single PVR calculations. The correct approach would be to determine

P-Q over several levels of low (MoGregor, M. et al 1985).

The extrapolated intercept is felt by most to represent the mean closing pressure of the
pulmonary vessels. The slope is felt to represent the average cross sectional area of the

opencd vessels, (Dawson, C. A. et al 1988; Mitzaer, W. et al 1987).

We felt it important that the techniques used in this study could be easily replicated in a
normal clinical setting. However, the method of increasing cardiac output does present

problems and inaccuracies in the study. Straight leg raising is a difficult cxcreisc to
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perform and many subjects were unable to complete the exercise period. Secondly,
straight leg raising uses abdominal muscles, leading Lo increased intra abdominal and
intra thoracic pressures. It was hoped that the averaging of the pressures and cardiac
oui'puts over 16 scconds would eradicate any swing in pressures form this source. A

future study, repeating the studies using a supine cycle ergometer may reduce this error.

The changes in the slopes of the recto-lincar plots produced on linear regression
analysis of the individual inhalational studies suggest that in the subjects reported to be
vasodilator ‘non-responders’, that the NO/O; combination, far from having no effect on
the pulmonary vasculature, may decrease the actual resistance or effect the distensibility
and compliance of the pulmonary vessels, {slope of the air plot 10.1 [95% confidence
interval 9.8-10.5] compared with NO/O; slope of 6.9 [95% conlidence interval 6.7-
7.07). It was noted that 4 out of the 9 subjects in this group had CTEPH, but this fall in
slope remained {rue, even when data from the remaining 5 subjects was pooled and

analyzed separately.

More surprisingly, although statistically the recto-linear plots of the ‘vasodilator
responsive’ pooled subjects were all different under ANCOVA analysis, and indeed the
slope of the NO/O, plot was greater than the air plot, it was noted that visually, the air
and the NO/O, inhalational plots seemed to run paraliel. Indeed the 95% confidence
interval of the air and the NO/O, groups for their individual slopes, overlapped (95%
confidence interval for the slope of the air plot, 8.2-8.8 and for the NO/O» plot, 8.6-9.1).
In only the oxygen group, was the slope decreased, compared to baseline on air. What
was startlingly obvious was the overlap of the intercept between the air and the oxygen

group, but the reduction of the intercept in the NO/O; group (for air, 40.4, 95%
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confidence interval 39.3-41.6, for oxygen, 40.0, 95% confidence interval 39.1-40.9, and
for NO/O, 30.1, 95% confidence interval 29.9-31.7). As the ANCOVA analysis of the
plots suggested a change in the slopes, further analysis of the intercepts was not
undertaken, but this study suggests that in ‘vasodilator responsive’ subjects, the effect of
the vasodilator is to the reduce the mean opening pressure of the vessels, but to leave

the resistance of the vessels intact,

The method of measuring cardiac output by thoracic bioimpedance has been validated
in subjects with several respiratory conditions, but the accuracy in subjects with
pulmonary hypertension during exercise had not been previously investigated. This
analysis (chapter 3) suggests that although the actual values of cardiac output in an
individual were not as accurate when compared to the thermodilutional method, but the

percentage change in cardiac output, in an individual, were statistically comparable.

Another problem has been that the subjects received between 40-80 ppm of NO in the
NO/ O2 mixture. It has been shown that at 20 ppm, NO exclusively affects small
arterioles. At 50 ppm and above, venules and small veins may be affected. This
however should not be a major probletn in this patient group as the expected main site

of resistance would be before the venous system (Shirai, M. et al 1996).

Hypoxia during exercise in subjects with cardiorespiratory disease may account for the
increased steepness of the air P-Q plots. A reduction in the slopes the pressurc-flow
plots was seen in both the non-vasodilator and vasodilator groups, when inhaling

oxygen alone. It was noted that the slope of the plots with oxygen in both groups was

7.8.
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A further problem may be that the change to the P-Q plot is sccondary to cither changes
i LAP, intrathoracic pressure, or lung volumes. Although no attempt was made (o
assess lung volumes or intrathoracic pressures, by averaging over 16s (several
respiratory cycles) we hoped to eradicate any changes, which would be due to changes
in the respiratory rate or depth. It is hoped that in the near future, thoracic bioelectrical

impedance will be able to give an accurate estimation of LAP.

Due to the heterogeneous nature of the subjects studied, subjects with pulmonary
venous hypertension were excluded. It would be usclul, if further studies were
performed, to repeat this sub analysis of vasodilator responsive and non-responsive
subjects, within individual disease subgroups. A separate study, looking at the effects of

various concentrations of NO, with and without oxygen would also be useful,

Apart from the limitations of this study, there may be scveral rcasons, other than actual
direct vasodilating effects of vasodilators, to why the NO/O, group had a reduced P-QQ
slope. During exercise, the subject may become hypoxic. The addition of oxygen may
reduce this effect and thus reduce hypoxic vasoconstriction, Tn addition, during exercise
there is adrenergic stimulation. Research has previousty shown in dogs that blockade of
B receptors leads to a parallel shift of the P-Q plot up and « blockade leads to a parallel
shift down (Murray, P. A. et al 1986). It is known that NO affects the receptors, and
may be possible that some NO diffuses to nerve endings. This infiltration of nerve

endings imay have differing effects in our vasodilator responsive and non-responsive

groups.
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Finally, the point of action of the vasodilator may nol neccssarily be at the point of
maximum resistance. It has been postulated that the change of slope reflects change in
Starling resistance and that resistance is mostly upstrcam from the point of obstruction,
Thus, the vasodilatation may all be upstream from the pathological regions of

abstruction.

More research is required to see if the individual variations within subjects in their
slopes or intercepts of their P-Q plots correlate with patient’s morbidity, mortality or

other haemodynamic or clinical values,

In conclusion, giving nitric oxide and oxygen to subjects who have no vasodilatory
response at rest, does have an effect on the P-Q slopes, leading to a reduction in the
slope and indicates that the vasculature is still responsive to vasodilators. In vasodilator
responders, the effect of nitric oxide seems to be fo reduce the critical closing pressure.
1o our knowledge, this is the first time that these differences have been found. This
demonstrates that it is important to measure P-Q plots and responses to vasodilators at
baseline. Differences in the extent of response in P-QQ plots may be found in the future
to be responsibie for differences in morbidity and mortality, or demonstrate affects of

vasodilator responses.

In light of the results of this study, it would have been interesting to see whether in the
Castilian et al (2002} study of the effects of prostacyclin at 3 months in non-vasodilator
responders, whether these subjects had a reduction in resistance with NO or prostacyclin
at the commencement of the study, and whether the resistance actually altered with long

term treatment with prostacyclin. Another study of inlerest would be to assess the
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vasodilator responders, who seem to reduce their critical closing pressure, and to follow
them to discover il their pressure-flow plot response changcs, in non-respondets, on

treatment, become more like responders.
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Chapter 7

Postural Effects on Pressure Flow gradients measured by Micromanometer tipped

Puilmonary Artery Catheter and Yhoracie Impedance Cardiac output in subjects

being investipated for Pulmonary hypertension
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7.1 Introduction

It has becen demonstrated that changes in pulmonary vascular resistance (PVR) as
defined by the difference between mean pulmionary artery pressure (MPAP) and lefi
atrial pressure (LAP) divided by cardiac output (CO), may not truly reflect any changes
in the vasomotor tone of the pulmonary vasculature. The production of pressure flow
plots of MPAP vs CO, leads to a more accuralc way of following changes in vasomotor

tone (Castelain, V. et al 2002; Harris, P. et al 1968, Janicki, J. S. et al 1985).

We have performed a series of studies looking at the usefulness of producing pressure
flow plots in clinical practice of subjects being investigated for possible pulmonary
hypertension (Chapters 4-6). It was the intention of this part of the study that as part of
the investigations the subjects would be offered cardiopulmonary exercise testing
(CPET), whilst measuring their pressure flow gradients, The intention was to investigate
whether any of the CPET measurements were related to the pressure-flow slope or the
intercept and could be used as surrogates. Unfortunately, there was a poor level of
consent and recruitment amongst potential subjects, hence this was not possible to

perform.
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7.2 Methods

7.2.1. Patientt group & Iithics

Recruitment and Ethics are described in Chapter 2. Six patients consented, but only [our
were successfully studied (2 males and 2 females) (Table 7.1). In two subjects, the study
was unsuccessful due to problems with the thoracic bioimpedance device. The mean age
(£ S.D.) of the studied subjects was 55.5 ycars (+ 17.9), but ranged from 33 to 74. The
disease groups very heterogeneous, with one normal, one with chronic thrombocmbolic
pulmonary hypertension, one with pulmonary hypertension secondary to interstitial

disease and one secondary to chronic obstructive pulmonary disease.

Svkjoct Rmnizer MPAP[SPAP DPAP!RAP PAWP| PVR | Agc IScx CO | Diagnosis Vé'”?'“‘“"‘
lnitials sponse
(muntlg) Tmiahy i)
1 Mel 17 Tas | Tar] | 2 | 55| g 81| nownst | WA
21 SO | 46 79} 27 1 8 t {74 | am| 5.0 | CTEPH | NA
31 RMcD| 43 | 74 | 26 11| 8 16 |60 fp| 22| coen N
36 TB |43 |60 ] 269 )22 42 |6 |F;49| PVH | N
Mean 173 [500(225188/ 150 83 |635 5.1
S D, 159 {27.6] 85 1590 7.7 | 60 |267 2.4 '

Table 7.4: List of individual sulijects with demographics and baseline haemodymumic results

7.2.2. Equipment and Experiments

Initial haemodynamic evaluation was performed with the patient supine and breathing
room air, according to our standard protocol as described in chapter 2.3, The inhaled gas
was delivered (o the patient, as described in chapter 2.5.1, and shown in Figures 2.14 a-
¢ and Figure 4.1. The right heart catheter (Gaeltec, Dunvegan, Isle of Skye), was as
deseribed in Chapter 2.1, Caidiac output was measured non-invasively by thoracic

electrical hioimpedance {(Physio¥low 1, Manatec, France) as described previously
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(Chapter 1.11, 2.2 and 3) (Charloux, A. et al 2000). The results were transferred to
Microsoft Excel, and then processed to producc 16 second averages compatibie in time

with the MPAT as described in chapter 2.5.

Belween 12-19 sets, [mean (£ S.D.) of 16.2 (£ 2.9)], of paired data were measured in
thesc subjects whilst supine, breathing air performing straight leg raising exerciscs
(chapter 4), and between 18-40 sets of paired data {mcan (+: S.D.) 30.8 (£ 11.0)] were
taken one minute prior, and during the cardiopulmonary exercise iest. The
cardiopulmonary exercise test was a standard ramp test, with an estimation of
incremental work sufficient to allow 6-7 minutes before maximal exercise. All subjects
had almost a full resting hasmodynamics performed within 24 hours of the exercise test
during routine right heart catheterization with a Swan-Gantz catheter, where MPAP,

Svo2, PWCP and CO were initially measured,

All subjects were oxercised using the “Sensormatics V-~mnax system”™ (Sensormatics,
Yorba Linda, CA, USA) wearing an adult face mask (Fans Rudolph, inc. 72000,

Kansas City, USA).

7.2.3. Analysis
Analysis of the data obtained was performed using the SPSS 13.0 package as described

in chapter 2.7.
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7.3 Results

The linear regression plots for the pooled data was MPAP = 7.6eCI - 1.46 mmHg, for

the semi-erect study, and MPAP = 9.0eCI + 5.7 mmHg, for the supine study, and the

slopes were significantly different (F=9.0, =0.003).

F 2]
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n
o
i

Mean Pulmonary Artery Pressure (MPAP, mmHg)

I 1 I I 1
4 6 8 10 12

Cardiac Index (CI, L+ min'*m’)

o
N -

Figures 7.1: Shows the linear regression plot of the paired data of cardiac index (CI, L. min’
m”) and mean pulmonary artery pressure (MPAP, mmHg) produced during exercise, of the
pooled data of differing posture. A blue circle indicates the air plots taken whilst supine and,
an orange pentagram for the air plots taken whilst semi-erect. The continuous line is the line

of regression for the air plots, whilst supine the evenly broken dashed line whilst semi-erect.
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The equations for the individual subjects were as follows. Subject 1,
MPAP = 5.2 « CI — 8.8 mmEHg, lor the semi-erect study, and MPAP = 57 « U1 -6.6
mmHg, for the supine study. Subject 21, MPAP = 12 e CI — 5.7 mmHpg, for the
semi-erect study, and MPAP = 6.8 « C1 -8.7 mmHtg, for the supine study. Subject 31,
MPAP =9.4 » CI + 27.4 mmHg, for the scmi-ercct study, and MPAP = -3 4 ¢ CI + 60.1
mmHlg, for the supine study. Subject 36, MPAP = 2.4 ¢ CI + 35.8 mmHg, for the semi-
ercel study, and MPAP = 5.4 « Cl 1289 mmtlg, [or the supine study. Subjects 21 and
36 had slopes that statistically differed (¥ = 17,4, p<0,001, F = 10.3, p=0.003), whereas

the slopes of subject 1 and 31 did not differ,
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Figure 7.2a: Shows the linear regression plot of paired data of cardiac index
(CI, L min" m?) and mean pulmonary artery pressure (MPAP, mmHg)
produced during exercise, of subject 1 of differing posture. A blue circle
indicates the air plots taken whilst supine and, an orange pentagram for the
air plots taken whilst semi-erect. The continuous line is the line of regression
Jor the air plots, whilst supine the evenly broken dashed line whilst semi-

erecl.
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Figure 7.2b: Shows the linear regression plot of paired data of cardiac index
(CI, L min’" m?) and mean pulmonary artery pressure (MPAP, mmHg)
produced during exercise, of subject 21 of differing posture. A blue circle
indicates the air plots taken whilst supine and, an orange pentagram for the
air plots taken whilst semi-erect. The continuous line is the line of regression

Jfor the air plots, whilst supine the evenly broken dashed line whilst semi-

erecl.
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Figure 7.2¢: Shows the linear regression plot of paired data of cardiac index
(CI, L. min" m?) and mean pulmonary artery pressure (MPAP, mmHg)
produced during exercise, of subject 31 of differing posture. A blue circle
indicates the air plots taken whilst supine and, an orange pentagram for the
air plots taken whilst semi-erect. The continuous line is the line of regression
for the air plots, whilst supine the evenly broken dashed line whilst semi-

erecl.
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Figure 7.2d: Shows the linear regression plot of paired data of cardiac index
(CI, L min! m?) and mean pulmonary artery pressure (MPAP, mmHg)
produced during exercise, of subject 36 of differing posture. A blue circle
indicates the air plots taken whilst supine and, an orange pentagram for the
air plots taken whilst semi-erect. The continuous line is the line of regression
Jor the air plots, whilst supine the evenly broken dashed line whilst semi-

erecl.
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85% Confidence
Constants Interval for B
POSTURE of slope or Sig.

intercept Lower Upper

SUBJECT Bound Bound
SUPINE Intercept 5.361 0.002 2.016 8.7006

Slope 9.028 <0.001 8.194 9.857

SEMI- Intercept -1,457 0.313 -4.301 1.388
pooLED | ERECT Slope 7.606 <0.001 7.11 8.103
SUPINE Intercept -6.569 0.215 -17.394 4255

Slope 5.745 <0.001 3.635 7.854

SEMI-  Intercept | -8.782 0.053 | -17.694 0.129

1 ERECT Slope 5.168 <0.001 4.029 6,308
SUPINE Intercept | -6.714 0.067 -13.970 0.541
Slope 12.165 <0.001 9.916 14.414

SEMI- Intercept | -8.782 0.053 -17.694 0.12¢

24 ERECT Slope 6.830 <0.001 5.324 8.336
SUPINE Intercept { 60.677 <0.001 43.662 77.692

Slope -3.380 0.258 -0.661 2.901
SEMI- Intercept § 27.400 0.008 8.437 46,363
31 ERECT Slope 9.339 0.002 4.121 14,558
SUPINE Intercept 28.879 <0.001 15.569 42.198

Slope 5.422 0.002 2.263 8.580
SEMI- Intercept | 35.819 <Q.001 24.575 47.063

36 ERECT  Slope 2.413 0.002 0.942 3.883

Table 7.2: Slope, intercept of the linear regression equation for each
study, as well as the standard errors and significance and confidence

interval for each vatue, supine and erect, for pooled data of and

individual subjects
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test of deviation
Linear regression from linearity

SUBJECT |POSTURE| F Sig. R?2 F  Sig
POOLED SUPINE |470.066|<0.001 } 0689 | 1.406 0413
ERECT |921.037|<0.001 | 0.689 | 5.523 @ 0031

1 SUPINE | 33.683 | <0.001 | 0692 | 7.427 . 0281
ERECT | 84.270 <0001 | 0689 | 2474 | 0329
21 SUPINE [131.446: <0001 | 0891 | 2430 | 0253
ERECT |} 84270 | <0.001 | 0.689
31 SUPINE | 1.438 | 0.258 | 0.126
ERECT } 14550 | 0.002 | 0.482 | 2430 | 0253
35 SUPINE | 12.818 | 0.002 | 0.391
ERECT | 11.471 | 0.002 | 0323 [ 1.130 | 0570

Table 7.3: Linear regression statistics, standardised residual siatistics and test

of linearity statistics, supine and ereci, for pooled data of and individual

subjects
F (supine vs Sig.(supine vs
study semi-erect) semi-erect)
PQOOLED 9.062 0.003
1 0.175 0.677
21 17 .44 <0.001
31 10.33 0.003
36 3.767 0.059

Table 7.4.: F values and significance for comparison of slopes of

equations produced by linear regression analysis supine and erect, for

pooled data of and individual subjects
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7.4. Discussion

In all but one of the subjects, stn well as in the pooled result, the slope pulmonary
pressure flow response supine was greater than the slope erect. Tlowever the critical
closing pressure (the slopes’ intercept) was reduced in the semi-erect position. The latter
change was expected, as when a human subject is erect, the left atrial pressure, initially
is lower than then the supine pressure (Reeves, I. T. et al 1988). However, in an analysis
of pooled data of other studies performed by Reeves et al {(1988), found that although
the pulmonary artery pressure starts at a lower level when at rest semi-erect, the rate of
increase thereafter (the slope of the P-Q plot or the true resistance) in young heaithy
subjects 1s actually equal tn both the supine and semi-erect exercise (Reeves, I. T. et al
1988). The subjects for which the semi-erect data was analysed were not ail fit and
young subjects (Bevegard, S. et al 1963; Groves, B. M. et al 1987; Reeves, J. T. et al
1987). In this study, of the 4 subjects tested, the results were not as expected. A possible
explanation for this is that the tvpe of supine exercise performed was different to that
performed in other studies (straight leg raising, as opposed to supine bicycle
ergometry), and that the inhalation of air at rest in this study was through a gas delivery
system. Both of these changes may have combined to increase intrathoracic pressure. If
this increase in intrathoracic pressure resulted in a stcady increase in alveolar pressure,
the result might be a continual rise in the outflow pressure, and a continual rise in the

total or mean pulmonary artery pressurce.

Another source of error may have been the method used to monitor cardiac output,
namely the Physioflow (Manatec, France) thoracic impedance device. This however has

been validated in both COPD, and normal subjects at rest and in chapter 3,
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demonstrating changes in cardiac output in an individual with pulmonary hypertension
adequately. Another possible explanation is the heterogencity of the disease group, and
degrees of pulmonary hypertension. The slope of the only normal subject, was as
¢xpected, but that of the other 3 subjects, with COPD, CTEPH, and PVH, varied, with
the former having a more shallow slope whilst supine and the latter two subjects, having

more shallow slopes whilst semi-erect.

The purposes of performing this study, namely comparing the differences in slope
pro‘duccd with varying posture in different disease groups, and comparing the slope and
intercept of thesc produced pressure and flow plots, with variables obtained from
cardiopulinonary exercise festing, was not able o be investigated, due to the relatively
low number of studies achieved. This was because this study was the final investigation
of a week of clinical and research procedures in subjects who were already feeling tired
and ill. It may be possible however, by removing other parts of the studies performed on
each of these subjects, to recruil greater numbers in the future, and complete this study

in the future.




Chapter 8

Pressure -1'low plots:

Use of Dobutamine as a Surrogate for Exercise.
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8.1, Introduction

Traditionally, the main method of assessing haemodynamically the success of any
treatment in subjects with pulmonary hypertension was to review the changes to
pulmonary vascular resistance, mean pulmonary artery pressure, and cardiac output.
This is satisfactory if all three components improve, but may be misleading under other
circumstances. As previously discussed, an increase in cardiac output, may lead to a
small passive increase in mean pulmonary artery pressure, and an apparent decreasc in
pulmonary vascular resistance as traditionally calculated. This would erroneously then
suggest that a pharmacological agent had led to some vasodilation of the pulmonary
vascular circulation, when in effect its only real effect was to increase cardiac output,

(McGregor, M. et al 1985).

A more sound way of assessing the effects on the pulmonary circulation, would be to
plot the pressure -flow plots of a series of paired data of mean pulmonary artery
pressure and cardiac output (or index) produced by altering the flow through the lungs

(Castelain, V. et al 2002; Harris, P. et al 1968; Janicki, J. S. et al 1985).

There are several possible methods to achicve (his. Traditionally, exira-corporal
membrane oxygenation (ECMO) by-pass has been used in children in a clinical context.
This is no longer in regular clinical use. Another method would be to measure the
pressurc and flow before and afler obstructing one of the two main branches of the
pulmonary arteries (right or left) and effcctively doubling the flow through the other
artery (Lategola, M. T. 1958). With regards to subjects with pulmonary hypertension,
such a sudden rise in pulmonary artery pressure may be dangerous, and might have

.catastrophic haemodynamic consequences,
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The final two options used arc to increasc cardiac output from the heart, either
pharmacologically or via exercise (Kafi, S. A. et al 1998). The latter has seen numerous
experimental studies in humans (Castelain, V. et al 2002; Janicki, J. S. et al 1985,
Reeves, J. T. et al 1988), but as shown earlier in chapter 4, is unlikely to be useful in an

indtvidual basis for the majority of patients,

Dobutamine has been used in a number of expcrimental animal and human studies
{Ducas, J. etal 1992; Furman, W. R. et al 1982; Hyman, A, L. et al 1985; Lejeune, P. et
al 1987h; Lejeune, P. et al 1987a; Light, R. B. et al 1988; Naeije, R. et al 1994;
Pagnamenta, A. et al 2003). Tt is the intention of this study, to examine the feasibility of
dobutamine as an alternative to exercise, to produce pressure flow plots in a clinical
context, and to examine any differences to pressure flow plots produced by this method,

and by exercise.




8.2. Method

8.2.1. Patient group & Ethics

The study was approved by the ethics committee of the West Glasgow's NHS trust, and
informed consent was obtained from all the patients. Subjects were recruited from all
patients attending the Scottish Pulmonary Vascular Unit (SPVU) between January 2003
and July 2003, for invasive investigations. Five consecutive patients consented (2 males
and 3 females) (Table 8.1). The mean age (£ S.D.) of the studied subjects was 55.2
years (+ 12.6), but the age ranged from 40 to 73. One turned out Lo be a rormal subject,
three had idiopathic pulmonary artcrial hyperiension (IPAH) and one pulmonary
hypertension secondary to connective tissue disorder (CTD). Three had more than a
20% drop in pulmonary vascular resistance (PVR) to nitric oxide (NO, a pulmonary
vasodilator), one did not, and one was not studied. Mean pulmonary artery pressuie
(MPAP) ranged from 8 mmHg to 79 mmHg, with a mean (£ S.D.) of 48.6 (£ 24.5)
mmHg. The range, mean and 95% confidence intervals for the other measured valucs
were, right atrial pressure, 1 to 14 mmHg, mean 7.6 (+ 4.5) mmHg, pulmonary artery

wedge pressure 5 to 15 mmHg with a mean of 11.0 + 4.1 mmHg and PVR, ranging from

0.5 t0 20 mmHg ® mine L with a mecan of 9.9 + 6.6.
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S__ubject‘ CO Vasodilator
Number MPAP|SPAP |DPAP [RAP| PAWP PVR | Age |Sex [Diagnosis| Response
Initials (mmHg L El:ﬂ%;
2 ILC 8 14 2 1 14 37 0 40 | F [normal
5 GC | 57191 | 37 | 6 7 4.6 9 50 | M {PANL N
6 WY 79 | 137 48 | 11| 14 3.3 20 67 | M [[PAH Y
7 EM | 63 115 | 23 | 14 15 3.7 13 73 | F IPALL Y
15 LP | 36 | 62 | 17 | 6 5 4.4 7 46 | F CTD \4
Mean 58.8 (1013|313 (93| 103 | 3.9 | 123 | 552
S.D. | 246 [ 432|158 [45]| 45 1.0 82 | 160

Table 8.1: List of subjects who received a 10 mrirnde dobulamine infusion, af a rate of 3 micrograms per
kg weight per minute for 3 minutes, and then at a rate of 10 micrograms per kg weight per minute for 5

minutes whilst inhaling air or a witvic oxide/ oxygen combination through o gas defivery systen.

8.2.2, Equipment and Expertments

Initial haemodynamic evaluation was performed with the patient supine and breathing
room air, according to our standard protocol as described in chapter 2.3. The inhaled gas
was delivered to the patient, as described in chapter 2.5.1, and shown in Figures 2.14 a-c
and ¥Figure 4.1. The right heart cathcter (Gageltee, Dunvegan, Isle of Skye), its insertion
storage and processing are described in chapter 2.1. Cardiac output was measured non-
invasively by thoracic electrical bioimpedance (Physioftow 1, Manatec, France) as
described in chapter 2.2 and the pulmonary pressure and cardiac output data combincd
as in chapter 2.5. Between 41-45 sets, [mean (£ S.D.) of 43 (+ 1.6), on air and with the
nitric oxide oxygen combination, mean (X S.1D.) 42.6 (- 0.55)] of paired of data were
collected at rest (4 sets) and during the dobutamine intravenous infusion, on each
subject. The infusion lasted for a maximum of 10 minutes. All subjects had almost full
resting haemodynamics performed within 24 hours of the exercise test during routine
right heart catheterization with a swan-gantz catheter, when MPAP, PWCP and CO

were [nitially measured.




The exercise protocol was performed as described in chapter 2.3 The number of data
plots collected for the cxercise part of the study ranged between 10-16 sets, [mean (+
S.D.) of 13.4 (& 2.8), on air and with the nitric oxide oxygen combination, mean (&
S.D.) of 14.8 (+ 1.8}]. The nitric oxide was supplied as previously described (chapter

4.2, figure 4.1).

8.2.3. Analysis
Analysis of the data obtained was performed using the SPSS 13.0 package as described

in chapter 2.7,
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8.3 Results
The results of the study, was variable in individual subjects. In the pooled data, the
slope of the regression line was greatest in the study, if inhaling air (6.23 with 95%

confidence intervals of 6.0-6.42). As expected, the slope of the NO/O, pooled study

3 3
1 1

&
1

Mean Pulmonary Artery Pressure (MPAP, mmHg)

5 0 fl'w 10
Cardiac Index (CT, L* min™*m’)

Figures 8.1: Shows the linear regression plot of all the pooled paired data of cardiac index (CI, L
min' m?) and mean pulmonary artery pressure (MPAP, mmHg) produced during exercise, or
during a 10 minute intravenous dobutamine infusion (of 5-10 micrograms/’kg/min). A blue circle
indicates the exercise inhaling air plots, a red square for the exercise inhaling nitric oxide and
oxygen inhalation plots (NO/O, 40-80 ppm and 5L respectively), with an unbroken line, and a long
and short broken line with wide gaps, representing the lines of regression respectively. A green
cross indicates a plot of dobutamine whilst inhaling air, and an orange plus, dobutamine whilst

inhaling the NO/O, combination, with lines of regression respectively given by a broken line and by

a line with long and short breaks and small gaps.




276

during exercise was shallower (lower resistance), with a valuc of 4.97 (95% confidence
interval of 4.84-5.09). However, the slopes of the dobutamine pressure-flow lines were
not as expected. The air inhalation pooled data had a stope of 4.54 (95% confidence
interval of 4.47-4.62), which indicated that it had the lowest resistance of all the studies.
The slope of the NO/O; inhalation dobutamine group was 5.42 (95% confidence
interval of 5.35-5.50) (Figure 8.1, Tables 8.2). Comparison of the slopes by ANCOVA
analysis found that there was a significant difference between the slopes of the air
studies (exercise versus dobutamine, F 290, P<0.001), the NO/O, studies (cxercise
versus dobutamine, T = 38, P <0.001), and between the studies of dobutamine (air

versus NO/O; slope, F = 218, P<0.001)(Table 8.2). Other analyses were not performed.

The results of the individual subjcets were more variable (Figures 8.2 a-e, and Table
8.2). In four subjects, the slopes of the dobutamine infusion studies were lower than the
exercise study, (Table 8.2, figures 8.2a, b, d, ¢) (statistically true by ANCOVA analysis
in 6 out of these 8 comparisons, Table 8.3). In two subjects, 5 & 11 (Figures 8.2¢ & ¢),
the pressure — flow slope was found to be negative for the inhalation of air whilst
receiving dobutamine. Conversely, in subject 5, the NO/O; & dobutamine pressurc-
flow slope was significantly steeper (11.42, with a 95% confidence interval of 5.08-

17.76) compared to the other studies (n that subject (Table 8.2).
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Figures 8.2a: Shows the linear regression plot of the paired data of
cardiac index (CI, L min' m?) and mean pulmonary artery pressure
(MPAP, mmHg) produced during exercise, or during a 10 minute
intravenous dobutamine infusion (of 5-10 micrograms’kg/min), in subject
2. A blue circle indicates the exercise inhaling air plots, a red square for
the exercise inhaling nitric oxide and oxygen inhalation plots (NO/O;, 40-
80 ppm and 151 respectively), with an unbroken line, and a long and short
broken line with wide gaps, representing the lines of regression
respectively. A green cross indicates a plot of dobutamine whilst inhaling
air, and an orange plus, dobutamine whilst inhaling the NO/O;
combination, with lines of regression respectively given by a broken line

and by a line with long and short breaks and small gaps.
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Figures 8.2b: Shows the linear regression plot of the paired data of
cardiac index (CI, L min" m?) and mean pulmonary artery pressure
(MPAP, mmHg) produced during exercise, or during a 10 minute
intravenous dobutamine infusion (of 5-10 micrograms’kg/min), in subject
5. A blue circle indicates the exercise inhaling air plots, a red square for
the exercise inhaling nitric oxide and oxygen inhalation plots (NO/O;, 40-
80 ppm and 151 respectively), with an unbroken line, and a long and short
broken line with wide gaps, representing the lines of regression
respectively. A green cross indicates a plot of dobutamine whilst inhaling
air, and an orange plus, dobutamine whilst inhaling the NO/O;
combination, with lines of regression respectively given by a broken line

and by a line with long and short breaks and small gaps.
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Figures 8.2c: Shows the linear regression plot of paired data of cardiac
index (CI, L min”" m”) and mean pulmonary artery pressure (MPAP,
mmHg) produced during exercise, or during a 10 minute intravenous
dobutamine infusion (of 5-10 micrograms'’kg/min), in subject 6. A blue
circle indicates the exercise inhaling air plots, a red square for the
exercise inhaling nitric oxide and oxygen inhalation plots (NO/O; 40-80
ppm and 15L respectively), with an unbroken line, and a long and short
broken line with wide gaps, representing the lines of regression
respectively. A green cross indicates a plot of dobutamine whilst inhaling
air, and an orange plus, dobutamine whilst inhaling the NO/O,
combination, with lines of regression respectively given by a broken line

and by a line with long and short breaks and small gaps.
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Figures 8.2d: Shows the linear regression plot of the paired data of

cardiac index (CI, L min”' m?) and mean pulmonary artery pressure
(MPAP, mmHg) produced during exercise, or during a 10 minute
intravenous dobutamine infusion (of 5-10 micrograms’'kg/min), in subject
7. A blue circle indicates the exercise inhaling air plots, a red square for
the exercise inhaling nitric oxide and oxygen inhalation plots (NO/O; 40-
80 ppm and 151 respectively), with an unbroken line, and a long and short
broken line with wide gaps, representing the lines of regression
respectively. A green cross indicates a plot of dobutamine whilst inhaling
air, and an orange plus, dobutamine whilst inhaling the NO/O;
combination, with lines of regression respectively given by a broken line

and by a line with long and short breaks and small gaps.
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Figures 8.2e: Shows the linear regression plot of the paired data of

cardiac index (CI, L min m?) and mean pulmonary artery pressure
(MPAP, mmHg) produced during exercise, or during a 10 minute
intravenous dobutamine infusion (of 5-10 micrograms’kg/min), in subject
15. A blue circle indicates the exercise inhaling air plots, a red square for
the exercise inhaling nitric oxide and oxygen inhalation plots (NO/O;, 40-
80 ppm and 151 respectively), with an unbroken line, and a long and short
broken line with wide gaps, representing the lines of regression
respectively. A green cross indicates a plot of dobutamine whilst inhaling
air, and an orange plus, dobutamine whilst inhaling the NO/O;

combination, with lines of regression respectively given by a broken line

and by a line with long and short breaks and small gaps.
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It can be seen from figure 8.3, that the cardiac output increase for the individual
subjects, whilst receiving dobutamine, was variable, In subjects 135 (whilst inhaling air)
and 7 (whilst inhaling NO/O,) it may have actually decreased in the 1* minute
following the commencement of the dobutamine infusion, before subsequently
increasing (figure 8.3). Taking the last minute of the dobutamine infusion to represent
the maximal increase in Cardiac index (CI), the mean (£ S.ID.) increase in, as a
percentage of baseline was 137 {* 19) % for air (range 116-161) and 135 (+ 14) % for
NO/O, (range 118-154). More startling, was the relatively little increase in mean
pulmonary artery pressure (MPAP), the mean (2= S.ID.) for dobutamine whilst inhaling
air was 106 (+ 14) %, (range 90-123), and whilst inhaling NO/O, 107 (£ 7) %, (range
103-115). There was no statistically difference between the percentage increascs in the
air and the nitric oxide/ oxygen for neither Cl nor MPAP. There was also no statistical
difference between the percentage MPAP pressure increase and baseline MPAP. The
response to dobutamine in the individual subjects with respect to MPAP was again
variable. Subject 15 has an apparent decrease in MPAP initially in both studics,
followed in the NO/O, with a late increase. Subject 5, seemed to initially have an
increase in MPADP, but later, this was followed by a decrease. Subject 4 had an early and
large increase in MPAP under both studies. Subject 2 has either a steady or late increase
in MPAP under both studies, and in subject 7, the MPAP seemed relatively static,

(Figure 8.3)
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95% Confidence
Constants tnterval for B
SUBJECT PHARMACOLOGY of slope or|  Sig.

intercept Lower | Upper
Bound Bound

Intercept 25.97 <0.001 24.90 27.04

AIR Slope 6.23 <0.001 6.04 6.42

fntercept 30.35 <0.001 28,67 31.02

POOLED NO/O2 Slope 4,97 <0.001 4.84 5.09
DOBUTAMINE Intercept 37.15 <0,001 36.63 37.68

& AIR Slope 4.54 <0.001 4.47 4.62
DOBUTAMINE Intercept 28.67 <0.001 28,27 29.07

& NO/O2 Slope 5.42 <0.001 5.35 5.50

Intercept -0.35 0.801 -3.23 2.54

AIR Slope 1.62 <0.001 1.20 2,03

Intercept 7.74 <0.001 4.54 10.93

2 NO/O2 Slope 1.48 <0.001 0.94 2.03
DOBUTAMINE Intercept | 10.87 | <0.001 | .01 12.33

& AIR Slope 1.05 <0,001 Q.77 1.34
DOBUTAMINE 'Mercept 9.50 <0.001 7.83 14.17

& NO/O2 Slope 1.07 <0.001 0.61 1.62

Intercept 39.56 <0.001 34.12 44.98

AlIR Slope 7.56 <0.001 6.23 g.88

Intercept 44 .85 <0.001 42.12 47.68

5 NO/O2 Slope 6.69 <0.001 5.92 7.45
DOBUTAMINE Intercept 48.62 <0.001 42.98 54.27

& AIR Slope 6.55 <0,001 5.30 7.80
DOBUTAMINE Intercept 48.40 <0.001 44,27 52.54

& NO/O2 Slope 5.55 <0.001 4.52 6.58

Table 8 2a: Slope, intercept of the linear regression equation for each subject and study, as well as the
standard ervors and significance and confidence interval for each value, supine, for pooled data of and
individual subjects during exercise, or during a 100 minute infravenons dohutamine infusion (of 5-10

micrograms/kg/min), whilst inhaling air or the nitric oxide/ oxygen combination




$5% Confidence
Constants Interval for B
SUBJECT PHARMACOLOGY of slope or Sig.

intercept Lower Upper
Bound Bound

Intercept 72.72 <0.001 48.84 96.60

AR Slope 3.38 0.548 -8.89 15.66

intercept | $3.90 <0.001 49.64 58.16

6 NOIO2 Slope 5.06 0.002 2.27 7.85
DOBUTAMINE Intercept | 9218 | <0001 | 80.02 | 104.35

& AIR Slope -1.43 0.034 -2.76 -0.11
DOBUTAMINE Intercept 48,79 <0.001 38.20 53.39

& NOIO2 Slope 11.42 0.001 5.08 17.76

Intercept { 23.03 0.072 -2.24 48.30

AlR Slope 7.98 0.004 2,90 13.06

Intercept | 31.13 0.004 10.71 51.55

7 NO/Q2 Slope 5.92 0.007 1.73 10.11
DOBUTAMINE Itercept | 58.91 | <0.001 | 5455 | 63.27

& AIR Slope 1.18 0.003 0.42 1.93
DOBUTAMINE Intercept 48.66 <0.001 43.95 53.37

& NQsO2 Slope 1.62 0.001 0.72 2,53

intercept | 23.66 <0.001 14.95 32.37

AIR Slope 566 <0.001 3.45 7.87

Intercept | 27.22 <0.001 23.64 30.79

15 NO/O2 Slope 3.89 <0.001 2.89 4.89
DOBUTAMINE ntercept | 53.76 | <0.001 | 49.22 58.28

& AIR Slope -2.05 0.001 -3.17 -0.93
DOBUTAMINE Intercept 36.18 <0.001 32.62 39.74

& NO/O2 Slope 0.77 0.114 -0.19 1.73

Table 8.2b: Slope, intercept of the linear regression equation for each subject and study, as well as the
siandard ervors and significance and confidence interval for each value, supine, for pooled data of and

individual subjecis during exercise, or during a 10 minute intravenous dobutamine infusion (of 5-10

micrograms/kg/min), whilst inhaling air or the nifric oxide/ oxygen conbination
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STUDY zs(f;;];ﬁ;ii?:; Si%s(dtjblttl:;(ﬁ::; © (NO;‘OZFExercise (.NU/Oil:éi’E'xercise (Dobufaminc: (Doblilagiiline:a
ys dobutamine) | vs dobutamine) |air vs NO/O2)| ir vs NO/O2)

Pooled 290.50 <0.,001 38.30 <0.001 218.40 <0.001

2 5.30 0.025 1.60 0.211 <0.00% 0.966

3 8.97 0.004 3.35 0.073 1.50 0.225

6 6.86 0.011 2.80 0.096 18.80 <0.001

7 7.79 0.008 11.83 0.001 0.54 0.465

15 54.64 <(}.00!1 14.98 <0,001 14.40 <(Q.001

Table 8.3.; F values and significance for comparison of sfopes of equations produced by linear regression

analysis, for pooled data of and individial subjects in the dobutamine study
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Figures 8.3a: Shows the plot of the mean pulmonary artery pressure (MPAP, %) and
cardiac index (CI, %) from baseline (64 seconds resting values or pre-infusion values)
against time, produced during a dobutamine infusion (5-10 micrograms’kg'min), of the
individual subjects whilst inhaling air. The blue line represents for subject 2, the green

line subject 5, orange line subject 6, purple line subject 7 and the red line subject 15.
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Figures 8.3b: Shows the plot of the mean pulmonary artery pressure (MPAP, %) and
cardiac index (Cl, %) from baseline (64 seconds resting values or pre-infusion values)
against time, produced during a dobutamine infusion (5-10 micrograms/kg/min), of the
individual subjects whilst inhaling NO/O, (40-80 ppm/15L respectively) on the right. The
blue line is for subject 2, the green line for subject 5, orange line for subject 6, purple line
for subject 7 and the red line for subject 15.




288

8.4, Discussion

Over the past two decades, the inadequacies of our current clinical investigation of the
pulmonary circulation have become apparent. The in-vivo investigation that would give
the most information with regards to the pulmonary vasculature would be investigations
to determine pulimonary impedance. As this requires surgically implanted devices, it is
difficult to determine in humans, and is impractical in a clinical context. Thus, the next
level of information would be to obtain more about the non-pulsatile component of the

puhlmonary circulation.

1t has been shown that pressure-flow plots avoid the errors gencrated in reviewing PVR
and other static haemodynamic paramcters, in assessing the state of dilatation and
compliance of the pulmonary vasculature. Castelain et al (2002) found that (n IPAH,
those patients in whom there was no improvement in conventional haemodynamic
measurements 3 month afier commencement of intravenous prostacyclin, showed
changes in pressure-flow gradients. This, they speculated, may account for the improved
exercise tolerance found in this group. As demonstrated in chapter 6, the pressure flow

response to vasodilators may be different in responders as opposed to non-responders.

The majority of pressure flow plots proaduced in recent years in man, were produced by
exercise or by the artery occlusion technique. They have investigated subjects with heart
failure, ischaemic heart disease, idiopathic pulmonary hypertension, connective tissue
disorders, pulmonary embolic disease and normals (Castelain, V. et al 2002, Janicki, J.
S. et al 1985, Reeves, I. T. ct al 1988). They also pooled data obtained from several
subjects to obtain their conclusions. However, studies have not been performed to

discover changes in individual subjects. Our study of 24 subjects who were being
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investigated for pulmonary hypertension, demonstrated that for individuals, pressure-
flow plots produced by exercise are impractical, due to the poor success of achieving
linearity and the wide confidence intervals for slopes and intercepts. Although changes
in the exercise protocol and in the cardiac output measuring system might improve this,
many of the subjects had significantly reduced exercise ability and this would lead to

inadequate clinical test for these individuals.

Dobutamine is an ionotropic agent that has been in use since the 70's. It has combined
alpha and beta adrenoreceptor activity, Alpha receptors and B receptors are found in the
peripheral systemic vasculature, and it seems that at standard doses the eflects of
dobutamine on the systemic vasculature seems to cancel itself out. Its main effect is on
the beta-; receptors in the myocardium (Leier, C. V. et al 1983) and leads to increase
myocardial contractility (Vatner, S. ¥. et al 1972; Vatner, S. F. et al 1974). It is often
used in cardiac patients in order to increase cardiac ouiput. With regards to the
pulmonary circulation, receptots arc present, but are not thought to have any clinical

relevance.

This study used dobutamine as an alternative mechanism for producing pressure-flow
plots. As with other studies in animals using dobutamine (Pagnamenta, A. et al 2003},
we found that the steepness of the slopes of the recto-linear plots produced by the use
of dobutamine rather than exercise, varied significantly between subjects. However,
where there was a change in slope seen after inhaling a NO/O2 combination during
exercise, this was only replicated in only two of the five subjects, during the dobutamine

infusion.
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The differences in the slopes produced from dobutamine as compared to exercise may
be duc to several reasons. it may be that duning exercise autonomic stimulation actually
has an effect on the pulmonary circulation. There is some evidence to back this up, in
that following prolonged exercise, pulmonary vascular resistance may actually fall to
below pre- exercise levels (Ekelund, L. G. 1967; Reeves, J. T. et al 1988). Furthermore,
during exercise the respiratory rate and flow increases six fold. This increases the
alveolar pressurc and the intrathoracic pressure in normal humans and results in an
increase in the critical closing pressure. In some of our subjects, with underlying lung

disease the effect may be exaggerated.

It was interesting to note the varying effects on MPAP despite a universal increase in
cardiac index (CI). Pagnamenta et al (2003) noted that in dogs with experimentally
induced pulmonary hypertension, at doses higher than 10 ug kg min™ the effect of
dobutamine on the pressure-flow curves depended on the resting tone. It may be in
humans, depending on the underlving cause of pulmonary hypertension, the
concentration of dobutamine required to be affective by resting tone may actually
decrease. Other possible explanations for the reduction in MIPAP noted, is that the
dobutamine part of the study was performed 20 minutes after 3 sets of 3 minute straight
leg raising exercises were performed (over a 33 minute period). Although the exercise
was mild, in chronically ill subjects with pulmonary hypertension who are
haemodynamically restricted, this exercise may have led to an alteration of basal tone,
which changed during the dobutamine study. Performing the dobutamine study several

hours after the exercise study may resolve this possibility.

It was also noted that the CT only increased by a third in this study. It was decided to not
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exceed 10 pg kg min™ in this initial study for safety concerns. Tt would be useful to
repeat this study using the routine cardiac protocol for dobutamine stress tests. This
would involve increasing the dobutamine concentration in 5 pg kg™ min™ increments
cvery few minutes, until the desired result, or a 40 ug kg"] min" maximal threshold is
achieved (Mishra, M. B, et al 1997). Mishra et al {1997) found that only 25% of
subjects with possible ischaemic heart disease reached their maximal stroke volume on
a 10 ug kg min” infusion of dobutamine. In the pulmonary hypertensive subjects, a

doubling of the Cl might be appropriate.

A further pressure-flow study with dobutamine should be performed looking at the
effects of dobutamine, at various concentrations, on CI and MPAP in humans with

various diseases.

From the results of this current study, dobutamine, at lcast under the current protocol
cannot be recommended as a method for producing pressure flow plots in humans for
routine clinical evalvation. Further studies, into its effect on humans, with pulmonary

hypertension from a variety of causes need to be performed.
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Chapter 9

General Discussion




9.1 Summary of results

Although this thesis has becn limited by subject recruitment, and equipment fatlures, it
has added information in several areas, but also brought up several new questions that
requite further studies. In some of the studies we performed, it would be useful to

continue collecting subjects in order to get sufficient numbcers to assess statistically.

9.1.1. Non invasive cardiac output measurements in subjects with pulmonary
hypertension

The gold standard measurement of cardiac output is by the Fick method. In clinical
practice, the thermodilutional method is the main method of obtaining cardiac output,
but its accuracy with rcspect to pulmonary hypertension is questionable for several
rcasons, and the blood flow results are not instantaneous (Cigarroa, R. G. et al 1989;

Kohanna, F. H. et al 1977).

The physioflow 1, (€ Manatec, France), in several previous studies seemed to have a
higher accuracy then other thoracic impedance systems at measuring cardiac output, and
it avoided the nced for measuring plasma viscosity or distance between electrodes, il
also benefited from an easy calibration system (Charloux, A, et al 2000). This device
was potentially useful in subjects with pulmonary hypertension, but had not been

previously validated in subjcets with pulmonary hypertension.

Our study, the results of which are in chapter 3, demonstrate that with regards to the use
of the physioflow 1 (© Manatec, France), in subjects with pulmonary hypertension, in
general clinical practice, it did not produce results consistent with results produced by

the thermodilutional method. The corrclation with the thermodilutional results was =
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0.463, wilh a regression equation of COpr = 1.924 + COrpmry © 0.844 (Lomin'L).
Assessment by the Bland- Altman method demonstrated that the physioflow
overestimated cardiac output by 1.21 (& 1.85) Lemin” when comparing the values with
thermodifutional values, giving a mean difference (£ S.D.) of 23.35 (£ 359) %. A
similar result was oblained during exercisc. An overestimation could be cxpected, as
previous findings have found excessive thoracic fluid, leads to a drop in estimated
pressures, and in subjects with COPD and pulmonary hypertension, using other
impedance devices, an overestimate was noted (Bougault, V. et al 2005). There is
evidence that thermodilutional resulis in subjects with tricuspid regurgitation (and thus

pulmonary hypertension), may be an underestimation (Hoeper, M. M. et al 1999),

With regards to changes of cardiac output within an individual, the physioflow was
much morc promising. In an analyses of 21 subjects, whilst either exercising or
recelving oxygen or nitric oxide, the percentage change from baseline gave a
correlation, r* = 0.81 (p < 0.001), wilh a regression oquation of,
%ACOprBascline = 3.16 + 2ACOnrrvBaseline ¢ 0,916 (%).

Assessment by the Bland Altman method found that the change was a small
overestimation of 2.08 (£ 12.5) %, (giving 95% confidence intervals of between -23.0
and 27.1 %). Of the 21 subjects analysed, 3 did not have pulmonary hypertension, and 9
were pulinonary arterial hypertensive (WHO group 1) subjects. The study, when sub-
analysed, Lo avoid over-representing individual subjects, found a much poorer
correlation for the oxygen and the nitric oxide group. In the nitric oxide group the
percentage change from baseline gave a correlation, = 0.02 {p = 0.63), with a

regression cquation of,
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%ACOprBaseline = 4.87 ~ %ACOmervyBaseline o -0.07(%).
The number of subjects studied was small, and if more subjects were obtained, belier

resulis may have been obtained.

Our study had several arcas of wcaknesses. The fust was the lack of any data of
reproducibility of measurements on an individual when measurements are days apart.
This was due to the limitation regarding ethics, but with this device potentially being an

important tool in the future, a study looking inte this would be useful.

Another weakness was that the method being used to compare the physioffow with was
the thermodilutional technique, which in itself has been suggested to be inaccurate,
especially in the context of pulmonary hypertension or severe tricuspid regurgitation.
Unfortunately, echocardiographic data for severe tricuspid regurgitation was only
retrospectively available in 13 of the 25 individuals. The Fick technique, at least
amongst the pulmonary hypertensive subjects, would be a more fair technique to make a

comparison, to evaluate the physioflow’s usefulness in a clinical situation.

Two other weaknesses in the study were the small number of subjects in individual
disease subgroups, making an individual discase sub-analysis difficull. In the exercisc
comparison, straight leg raising involves the intra-abdominal muscles more than other

types of exercise, and 1s more likely to produce a poor signal for the physioflow than

other methods of increasing cardiac output.
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5.1.2. Pressure flow plots

With regards to the production of pressure-flow plots, several areas were explored. Our
aim for the project was to develop an easy and repeatable way of producing such plots
in individual subjects in clinical practice. In order to do this, a combination of a micro-
manometer tipped pulmonary artery cathetct placed in the right pulinonary artery and
the use of a continuous cardiac output monitor, in the guise of the physioflow 1 thoracic
impedance device was used in order to mcasure pulmonary artery pressure and cardiac
output respectively. The first method used to change the individual subjects cardiac
output was straight leg raising exercise. The first problem that atose, was the high level
of equipment failure with either the catheter failing te Dbe placed adequately,
measurement recordings failing to be stored, or the failure to get adequaic signals from

the physioftow. The failure rate was tn 20% of subjects.

The second problem, as found in chapter 3, was the discrepancy in cardiac output
measurements taken by the physioflow 1 and by thermodilutional methods. Although in
an individual, the changes in percentage fiom baseline were accurate, the lack of
accurate quantitation mean that the slopes and intercepts produced in an individual
subject would not be able to be compared with other individuals. Another problem is
that no studies have been performed using the physioflow 1 to demonstrate
reproducibility within an individual with pulmenary hypertension in terms of either

cardiac output or pressure flow plots, over time.

With regards to the successful production of linear pressure-flow plots, 86 sets of paired
data were produced in these studies, whilst supine and performing straight leg exercises.

The results of chapter 4 found that of the 86 plots of paired data, all had an acceptable

%

P SN FCP

Do e & L




297

scattergram, but only 56 of the 86 (65%) had adequate histograms of frequency versus
regression standardized residuals and plots of comulative probability of regression
standardised plots. With regards for the ANOVA test of non-linearity, only 3 failed that
test, but the test could not be performed on over half the lincar regression plots, giving
only 39 of 86 lines, achieved statistical linearity. When reviewing the confidence
intervals of the slopes, only 38% of the slopes and 20% of the mtercepts had confidence
intervals which were within 20% of the linear equation slope or intercept, making

comparisons of small dilferences in the slopes or intercepts difficult,

When the data was sub-analysed, by pooling subject data into their respective disease
groupings, there was very little difference in the slope between inhaled gases, except in
the subjects with chronic thromboembolic hypertension (CTEPH) (and normals).
Excluding the chronic thromboeinbolic and normal subjects, the slopes in the disease
subgroups all seemed to show a parallel shift in the pressure flow plots. In the chronic
thromboembolic group, there was a significant reduction in the slope from air to nitric

oxide. n both the [PAH and CTEPH group, oxygen seemed to increase resistance.

An unexpected but interesting finding, which may explain the differences seen in
chapter 5, was that non- vasodilator responders had a reduction in the slope of the
pressure flow plot when given nitric oxide and oxygen combined, whereas vasodilator
responders had a shifi in their critical closing pressure (intercept) rather than a fall in
their resistance. It may be that the effect of a high concentration of nitric oxide led to
vasodilation of the pulmonary venules, and this may somehow altered the mean closing

pressure,
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Our attempt to usc dobutamine for the production of pressure flow plots (chapter 8) was
not successful. It was found that despite a gradually increasing cardiac output in all 5
subjects throughout the study, the mcan pulmonary artery presswe either increased
within the first few minutes of the study and then reached a plateau, or in the case of
one subject actually decreascd. Its possible that the exercise performed at least 20
minutes carlier (chapter 4), resulted in an alteration of the basal tone of the pulmonary
vasculature (Ekelund, L. G. 1967; Reeves, J. T. et al 1988). This may also be due to the
elfect of dobutamine on ecither the alpha or beta receptors in blood vessels in the
pulmonary vasculature. In the systemic circulation, these effects on the blood vessels
normally cancel each other out, (Leier, C. V. et al 1983) but this may not necessarily be
the case in the pulmenary circulation. It had also been previously noted that the effects
of dobutamine on the pulmonary vasculature in dogs, at concentrations higher than used

in our study, depended on the underlying resting tone (Pagnamenta, A. et al 2003),
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9.2. Future Work

There are several areas, in which the resulis of this thesis indicate Tuture studies may be
useful. With regards to the physioflow device, it would be useful to study whether a
given cardiac output at rest, and changes of cardiac output from baseline, by exercise or
dobutamine, are reproducible when measured within individuals, when the
measurements are separated by a gap of several days. The pressure {low gradients
produced, should also be repeated after several days to assess whether the results in an
individual subject remains constant, which would mcan the device would be able to be

used to track changes in individuals.

When the studies were initiated, the nitric oxide group was given additional oxygen,
irrespective of whether they were hypoxic at rest. This was in order to maximise the
vasodilatory effects. However, as was noted in chapter 5, oxygen inhalation in the
idiopathic pulmonary hypertensive subjects, seem to increase the slope and thus
vascular resistance in some patients. During these studies, a direct comparison made
between nitric oxide alone and nitric oxide/oxygen combination was not performed. [t
was noted that in chapter 5, in thc IPAH subgroup, the slope of the pressure-flow plot
actually increased with oxygen, and in the CTD group increased to 6.4 with the NO/O;
combination, and 6.5 with oxygen alone. It may be the effects of oxygen on the
pulmonary vasculature may differ depending on whether a subject is exercising. This
would be a future avenue to pursue. Furthermore, Shirai et al (1996) found that nitric
oxide at concentrations of 20ppm were sufficient to dilatc pulmonary arterioles. At
concentrations above 40ppm, the pulmonary venules start to be affected. A study
comparing various dosages of nitric oxide and its effect on pressure-flow plots in

individuals would be useful. This would be particularly intcresting to see if by altering
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the nitric oxide concentration, the effect on critical closing pressure alters, as the
pulmonary venules vasodilate and outflow pressure alters. Using the pressure decay
curve following pulmonary artery occlusion (Kafi, S. A. et al 1998), might help to
partition the pulmonary vascular resistance. Finally, once the reproducibility of cardiac
output measurements over time in an individual with pulmonary hypertension when
measured by the physioflow 1 device is cstablishced long tcrm studies, looking for
changes in the response to vasodilators in subjects treated with disease modifying drugs,

may be of interest,

Additionally a pilot study, using other methods of exercise, for instance a supine bicycle
crgometer, is needed, to see whether the plots produced are more linear. A study
comparing the effects of breathing air with or without the use nitric oxide delivery

system would also be useful.

The use of dobutamine in these subjects, in order (o produce pressure-flow plots, needs
to be further investigated and ideally on separate days to any exercise studies. Further
studies, using varying dosing regimes, also need to be performed, (either steady state or

incremental up to 40 pg kg~1 min"[), to discover the optimum regime.

An unpublished review of high fidelity pulmonary artery pressure data, obtained over
the past several years at the Scottish Pulmonary Vascular Unit, suggest that there is a
linear relationship between systolic, diastolic, mean and pulse pressure, in the sensc that
knowing one pressure will altow the calculations of other pressures, through several
derived equations. However, with regards to pulse pressure, the equation obtained,

PAPP = 1.1 + 0.79 SAPP (mmHg), had the greatest variancc, giving a standard
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deviation of 6.61 mmklg. A further study of unpublished data, found that pulmonary
artery pulse pressure was related to survival, in all cause pulmonary hypertension. 'L'he 2
year survival probability was 95 % for a pulse pressure of <55mmHyg, but only 60% for
a pulse pressure >70mmklg. Pulse pressure differences may be a refleclion of
differences in compliance or distensibility of the pulmonary vasculature. This is because
pulse pressure is basically affected by four components. Compliance of the vessels that
the blood is flowing through, the point of wave reflection (branch points), the volume of
blood passed into the vasculature (stroke volume), and the frequency of flow pulsation
(heart rate). It would be hoped, but not necessarily true, that when comparing the effects
of pharmacological agents on a subject, the wave reflection sites would remain static.
Thus further analysis of the pulmonary artery pressure data collected via the high
fidelity pulmonary artery catheters and corresponding stroke volume and heart rate data
from the physioflow 1 thoracic impedance device would be useful to investigate
changes in compliance in individual disease groups. This would be especially be true
when looking at changes in posture and in respect of vasodilator responses to oxyvgen or

nitric oxide. (Data chapters 5-6).

All the evidence suggests that the pulsatile nature of the pulmonary circulation is
important in determining the amount of stress placed on the right ventricle, as the
hypertrophy of the right ventricle is a major contributor to death. The ideal situation
would be to look at pulmenary vascular impedance, but in humans, under normal
clinical conditions, this would be impractical.  Studying the pulmonary artery pulse
pressure alone and in conjunction with stroke volume or heart rate would go some way

in looking at this pulsatile component to blood flow,
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9.3 Conclusions

Asg a consequence of these studies, we have come to several conclusions, but the study
has resulted in many morc questions needing to be answered. 1t has been known for
some years, that our current haemodynamic measurements of the pulmonary circulation
are inadequate. This thesis attempted to look into several aspects of pulmonary

circulation in order lo improve our basic clinical investigations of all subjects.

The thesis relates to the validation of the non-invasive cardiac output device, the
physioflow 1, and its use in the production of pressure flow plots in subjects with
pulmonary hypertension. With regards to this, we found, at least when compared with
thermodilution cardiac output, the physioflow overestimated cardiac output by 1L, and
had a wide confidence intervals. It did, however, follow trends in cardiac output much
more readily. Thus, it may be useful experimentally with the pooling of data, but it
cannot cuwrrently be a clinical substitute for invasive measurement. If further
reproducibility studies are performed and found to be accurate within an individual, it
may then become a method of [ollowing changes in cardiac output in an individual over

a period of time.

The pressure-flow response to nitric oxide, varies from ‘vasodilator’ responders and
non-responders, in an unexpected manner, and may also vary between disease
actiofogics. Further investigations to understand this difference, may open up novel

therapeutic options.

Studies in both normal and pulmonary hypertensive humans with regards to the
pulmonary circulations response to dobutamine are also necessary. Understanding this

may help in allowing dobutamine to be used as a surrogate for exercise.




303

Reference List

Anonymous (1985), Long-term domiciliary oxygen therapy, Lancet, 2, (R451), 365-367.
Anonynious (2004), Proceedings of the 3rd World Symposium on Pulmonary Arierial Hypertension,
Venice, Italy, June 23-25, 2003, L4m.Coll. Cardiol., 43, (12 Suppl 8), 15-908.

Abmed, T., Oliver, W., and Wanner, A. (1983), Variability of hypoxia pulmonary vasoconstriction in
sheep. Role of prostaglandins., 4m Rev Respir Dis, 127, 59-62.
Appel, P. L., Kram, 1, B,, Mackabee, I., Fleming, A. W., and Shoemaker, W. C. (1986), Comparison ol

measurements of cardiac output by bicimpedance aud thermodilution in severely ill surgical

patients, Critical Care Medicine 14(11):933.-3.

Appelbauvin, L., Yigla, M., Bendayan, D. et al {2001), Primary pulmonary hypertension in Isracl: a
national survey, Chest, 119, (6), 1801-6,

Archer, S. L., McMuriry, 1. E,, and Weir, F. K. (1989), Mechanisms of acute hypoxic and hyperoxic

changes in pulmonary wvascular reactivily,, in Pulmopary__Vascular Physiclogy and

Pathophysiology, Weir, E. K. and Reeves, I. T, New Yark, Marcel Dekker, 241-290.

Armitage, P., Berry, G., and Malthews, I. N. 8. (2002), Modelling of Continuous Data, in Statistical
Methods in Medical Research, 4th edn, Armitage, P., Berry, G., and Matthews, J. N. 8., Oxford,
Blackwell Science, 312-375,

Bake, B., Wood, L., Murphy, B., Macklem, P. T., and Milic-Emili, J. (1974), Effect of inspiratory flow
rate on regional distribution of inspired gas, J Appl Physiol, 37, (1), 8-17.

Barer, G. R, Cai, Y. N, Russell, P. €, and Limery, C. I. (1989), Reuactivity and site of vasomotion in
pulmonary vessels of chronically hypoxic rats; relation to structural changes,
Am.Rev, Respir.Dis., 140, (5), 14831485,

Barer, G. R., Howard, P, and Shaw, J, W, (1970), Stimulus-response curves for the pulmonary vascular
bed to hypoxia and hypercapnia, J Phwsiol, 211, (1), 139-155.

Bars(, R. I, Rubin, L. J., Long, W. A, et al (1896), A comparison of continuous intravenous epoprostenol
(prostacyclin) with conventional therapy for primary pulmonary hypertension. The Primary
Puimonary Hypertension Study Group.[sce cormment], New Lngland Jowrnal of Medicine., 334,
(5), 296-302.

Bagst, R. J., Rubin, L. I, MeGoon, M. D., Caldwell, E. 1., Long, W. A,, and Levy, P. S. (1994), Swrvival

of Iimernal Medicine., 121, (6), 409-15.

Becklake, M. R., Varvis, C. I, Pengelly, L.. D, Kenning, S., McGregor, M., and Bates, 1. V. (1962),
Measurement ol pubmonary blood flow during exercise using nitrous oxide, Jowrnal of
Applied Physiclogy. 17:579.-86..

Behnka, R. H., Bristow, J. ., and Carrieri, V. (1971}, Resources for the optimal care of acuie respiratory
failure, Circulotion, 43, A185-A194,




304

Bein, B., Worthmann, T',, Tonner, P. [1. ct al (2004), Comparison of esophageal Doppler, pulse conlour
analysis, and real-time pulmonary artery thermodilution for the continuous measurement of
cardiac output, Journal of Cardiothoracic. & Vascular. Anesthesia. 18.(2):185.-9.

Bergel, D. H. and Milnor, W. R. (1965}, Pulmonary vascular impedence in the dog, Circ.Res, 16, 401-15.

Bernstein, D. P. (1986), A new stroke volume equation for thoracic electrical bicimpedance: theory and

rationale, Critical Care Medicine. [4(10):904.-9..

Bevegard, S. (1963), The effect of cardioacceleration by methyl-scopolamine nitrate on Lhe cireulalion at
rest and during exercise in supine position, with special reference to the stroke volume, Aecta
Physiol Scand., 57, 61-80.

Bevegard, S., Holmgren, A., and Jonsson, B. {1960), The effect of body position on the circulation at rest
and during exercise, with special reference to the influence on the stroke volume, Acta Physiol
Scand., 49, 279-298.

Bevegard, S., Holmgren, A., and Jonsson, B. (1963), Circulatory studies in well trained athletes at rest
and during heavy exercise. With special reference to stroke volume and the influence of body
position, Acta Physiol Scand., §7, 26-50.

Bland, TM. and Altman, DG. (1986), Statistiacal methods for assessing agreement between to methods of

clinical measurement, Larices, 1, 307-310.

Bothier, B. N., de Luca, N., Safar, M. E,, and Simon, A. Ch. (1983}, Cardiac hypertrophy and arterial
disteosibility in cssenital hypertension, Ase. Heart J., 109, (1345-1352).

Bocland, C. (1991), Endothclium in control, Br.Heart J, 66, (5), 405.

Bougaull, V., Tansdorfer-Wolif, E., Charloux, A., Richard, R., Geny, B, and Oswald-Mammosser, M.
{2005), Does thoracic bioimpedance accurately determine cardiac output in COPD patients
during maximal or intermittent exercise?, Chest. J27.(4):1122.-31..

Bradford, K. K., Deb, B., and Pear}, R. G. (2000), Combination therapy with inhaled niiric oxide and

imravenous dobutamine during pulmonary hypertension in the rabbit, Jowrnal of Cardiovascniar

Pharmacology, 36, (2), 146-51.

Bramwell, J. C and Hill, A, V. (1922), Velocity transmission of the pulse-wave and elasticity of the
arteries., Lariced, 1, 891-892.

Branthwaite, M. A. and Bradley, R. D. (1968), Measurement of cardiac output by thermal dilution in
man, JAppl Physiol, 24, (3), 434-438.

British Cardiac Society Guidelines and Medical Practice Committee, and approved by the British
Thoracic Society and the British Society of' Rheumatology (2001), Recommendations on the
management of pulmonary hypertension in clinical practice, Heart, 86, Suppl-13,

Brofman, B. I, Charms, B. L., Elder, J. C., Newman, R., and Rizikia, M. (1957), Unilateral pulmonary
artery occlusion in man: case control studies., S Thorac Surg., 34, 206-227,

Burton, A. C. (1951), Go Lhe physical equilibrium of small blood vessels., Am./hysiol., 164, 319-329.

Bush, A, Busst, C., Knight, W. B., and Shinebourne, E. A. (1987), Modification of pulmonary
hypertension secondary to congenital heart diseasc by prostacyclin therapy, dur.Rev Respir Dis.,
136, (3), 767-769,




305

Carlson, £, B., Reimer, K. A., Rankin, J. S., Peter, R. H,, McCormack, K. M., and Alexander, L. G.
(1983), Right ventricular subendocardial infarction in a patient with pulmonary hypertension,
right ventricular hypertrophy, and normal coronary arteries, Clinical Cardiology, 8, (9}, 499-502.

Caro, C. G. and McDonald, D. A. (1961), The relation of pulsatile pressuc and flow in the putmonary
vascular bed., LPhysiol., 157, 426-53.

Castelain, V., Chemia, D., Humbert, M. et al {2002}, Pulmonary artery pressure-flow relations afler
prostacyclin in primary pulmonary hyperiension, American Journal of Respiratery & Critical
Care Medicine., 165, (3), 338-40,

Castelain, V., Herve, P, Lecarpentier, Y., Duroux, P., Simonneau, G., and Chemla, D, (200(), Pulmonary
artery pulse pressure and wave reflection in chronic pulmonary thromboembolism and primary
pulimonary hypertension, Jowurnal of the Awerican College of Cardialagy, 37, (4), 1085-92,

Celermajer, D. S., Dollery, C., Burch, M., and Deanfield, J. E. {1994), Role of endothelium in ihe
maintcnance of low pulmonary vascular tone in normal children, Circulation, 89, (5), 2041-
2044,

Chapman, C. B., Taylor, H. L., Borden, C., Ebert, R. V., and Keys, A. (1950), Simultaneous

determinations of the resting arteriovenous oxygen difference by the acetylene and direct Fick

methads, Journal of Clinical. fnvestigation. 29.(6.):651.-9..

Chapman, K. R., Bruce, E. N., Goibe, B, and Cherniack, N. S, (1988}, Possible mechanisms of periodic
breathing during sleep, J Appl. Physiol, 64, (3), 1000-1008,

Chapman, P. J, Bateman, . D, and Benatar, S. R. (1990), Prognostic and therapeutic considerations in
clinical primary pulmonary hypertension, Respiratory Medicine, 84, (6), 489-94,

Charloux, A., Lonsdotfer-Wolf, E., Richard, R. et al {2000), A new impedance cardiograph device for the
non-invasive evaluation of cardiac output at rest and during exercise: comparison with the

"direct" Fick method, Exropean Jonrngl of Applicd Phvsiology, 82, (4), 313-20.

Chemla, ., Castelain, V., Humbert, M. et al (2004), New formula for predicting mean pulmonary artery
pressure using systolic pulmonary artery pressure, Chest. Vol 126.($)fpp. 1313.-1317.).
Chemla, D., Hebert, J. L., Coirault, C., Salmeron, S., Zamani, K., and Lecarpentier, Y. (1996), Matching

dicrotic notch and mean pulmonary artery pressures: fiplications for effective arterial elastance,

American.Journal of Physiclogy., 271, (4:Pt 2), t-95.

Cherniack, N. S. and Longobardo, G. 8. (1973), Cheyne-Stokes breathing. An instability in physioclogic
control, N.LuglJ Med. , 288, (18), 952-957.

Christie, J., Sheldahi, T.. M., Tristani, ¥. E., Sagar, K. B., Ptacin, M. J, and Wann, S. (1987),
Determination of stroke volume and cardiac ouiput during exercisc: comparison of two-
dimensional and Doppler echocardiography, Fick oximetry, and thermodilution,
Circulation. 76.(3):539.-47..

Cigarroa, R. G, Lange, R. A, Willlams, R. H,, Bedotto, J. B, and Hillis, L. D. (1989), Underestimation

of cardiac output by thermodilution in patients with tricuspid regurgitation, dmericen Jowrnal of

Medicine, 86, (4), 417-20.
Clark, R. H,, Huckaby, 7. L., Kueser, T. J. et al (2003), Low-dose niiric oxide therapy for persistont
pulmonary hypertension: 1-Year follow-up, Journat of Perinatology, Vol 23(4)(pp. 300.-303,).

3
&

BT S DU TR ST S T S PP

3
E
:I
1




306

Clark, R. H., Kuescr, T. J., Walker, M. W. et al (2000), Low-dose nitric oxide therapy for persistent
pulmonary hypertension of the newborn. Clinical Inhaled Nitric Oxide Research Group, New
England Journa of Medicine, 342, (7), 469-74,

Clausen, J. P, Larsen, O. A, and Trap-Jensen, J. (1970), Cardiac output in widdle-aged patients
determined with CO?2 rebreathing rmethod, Journal of Applied, Physiology. 28.(3):337.-42..

Coccagna, G., Mantovani, M., Brignani, F., Parchi, C., and Lugaresi, E. (1972), Continuous recording of
the pulmonary and systemic arterial pressure during sleep in syndromes of hypersonmia with

periodic breathing, Bull Physiopaihol Respir (Narcy.), 8, (5), 1159-1172.

Cohen, ). L., Ottenweller, J, B, George, A, K., and Duvvuri, S. (1993), Comparison of dobutamine and
exercise echocardiography for detecting coronary artery disease, Amwerican Journal of
Cardiology, 72, (17), 1226-31,

Cox, R. H. {1982), Comparison of the mechanical and chemical properties of extra and interlobar canine
pulmonary arteries, 4 J Phvsiol, 242, 245-253.

Critchtey, L. A. and Criichley, J. A. (1998), Lung fluid and impedance cardiography,
Angesthesia. 53.(4):369.-72. .

Curtiss, E. 1, Reddy, P. S., O'Toole, I. D., and Shaver, J. A. (1976), Alterations of right ventricular
systolic time intervals by chronic pressure and volume overloading, Circulation, 53, (6), 997~
1003,

Cutaia, M. and Rounds, S. {1990), Hypoxic pulmonary vasoconstriction. Physiologic significance,

mechanism, and clinical relevance, Chest, 97, (3), 706-718,

D'Alonzo, G. ., Barst, R ), Ayres, 8. M, et al {1991), Survival in patienis with primary pulmonary
hypertension. Results from a national prospective registry, Anrals of Interngd Medicine, 115, (5),
343-9,

Davidson, D., Barefield, E. 8., Kattwinlel, J. et al (1998), Inhaled nitric oxide for the early treatmeni of
persistent pulmonary hypertension of the term newborn: a randomized, double-masked, placebo-
controfled, dose-response, multicenter study. The I-NO/PPHN Study Group, Pediairics, 101, (3
Pt 1), 325-334,

Dawson, C. A, Linchan, J. H., adl Bronikowski, T. A, (1988), “Pressure and Flow in the Vascular Bed,"

in Pulmonary Vascularr Physiclogy and Pathophysiology, vol. 38 Weir, K. and Reeves, J. T, 51-
108,

Deng, Z., Morse, J, IL, Slager, $. L, et al (2000), Familial primary pulmonary hypertension {gene PPH1)

67, (3), 737-744.

Dexter. L., Whittenberger, J. L., Haynes, ¥. W., Goodale, W. T., Gorlin, R., and Saywer, C. G. {1951},
Effects of exercise on the circulatory dynamics of normal individuals, LAppl Physiof, 3, 439-
453,

Domanski, M. T, Davis, B. R., Pfelfer, M. A, Kastantin, M., and Mitchell, G. F. (1999), Isolated systolic
hypertengion : prognostic information provided by pulse pressure, Hypertension, 34, (3), 375-
380

. R . .
T e oL T S




307

Daonald, K. W_, Bishop, J. M., Cumming, G., and Wade, O. L. (1953), The effect of nursing positions on
the cardiac output in man, with a note ao the repeatability of measurements of cardiac output hy
the direct Fick mcthod, end with data on subjects with a normal cardiovascular system,
Clinical Science. £2,(2):199.-216..

Doyle, I. T., Wilson, I. 8., Lepine, C., and Warren, I. V. {1953), An evaluation of the measurement of the
cardiac output and of the so-called pulmonary blood volume by the dye-dilution method, Journal
of Laboratorv.& Clinical Medicine 41,.(1):29.-39, .

Dresdale, D. T., Michtom, R. J., and Schullz, M. (1934), Recent studies in primary pulmonary
hypertension, including pharmacodynamic obscrvations on pubmonary vascular resistance,
Bullerin of the New York Academy of Medicine, 39, (3), 195-207.

Du, L., Sullivan, C. C., Chu, D. ¢t a1 (2003), Signaling molecules in nonfamilial pulmonary hypertension,
N.Engl [ Med., 348, (6), S00-509.

Ducas, J., Stitz, M., Gu, 8., Schick, U., and Prewitt, R. M. (1992), Pulmonary vascular pressure-flow
characteristics. Effects of dopamine before and after pulmonary embolism, American. Review of
Respiratory, Disease., 146, (2), 307-312.

Durkin, R. I, Evans, T. W., and Winter, §. M. (1994), Noninvasive estimation of pulmonary vascular
resistance by stroke index measurement with an inert gas rebreathing technique, Chest, 106, (1),
59-66.

Eddahibi, S., Adnot, S., Frisdal, E., Levame, M., Hamon, M., and Raftestin, B. (2001), Dexfenfluramine-
associated changes in S-hydroxytryptamine transporter expression and development of hypoxic
pulmonary hyperlension in rats, Jouwrnal of Pharmacology & Experimental Therapeutics, 297,
(1), 148-54.

Ekblom, B. and Hermansen, L. (1968), Cardiac output in athletes, Jowrnal of
Applied Physiolosy. 25.(5):649.-25..

Ekelund, L. G. {1967), Circulatory and respiratory adaptation during prolonged exercise of moderate
intensity in the sitting position, Acta Physiof Scand., 69, (4), 327-34Q.

Bkelund, L. G. and Holmegren, A. (1967), Central Haemodynamics during exercise, Cire Kes, 20, (Suppl
B), 1-33, [-43.
Eliasch, H., Lagerlof, H., Bucht, H. et al (1920), Comparison of the dye dilution and the direct Fick

methods Tor the measurement of cardiac output in man, Scandinavian Journal of Clinicgl.&

Laboratory. Investigation, 7.(Suppl, Yo1955..

Elisberg, E. 1. {1963}, leart rate response to the Valsalva's sanoeuvrs as a test of the circulatory
itegrety., Jounral of the AMerican MEdical Association, 186, 200-205,

Elkins, R. C. and Milnor, W, R. (1971), Pulmonary vascular response to exercise in the dog.. Cire.Res,,
29, 591-59,

Elzinga, G., Picne, H., and Jong, J. P. (1980), Left & Right ventricular pump finction and consequences
of having two punips in one heart, Cir.Res., 46, 364-574.

Engelberg, J. and Pubois, A. B. (1959), Mechanics of pulmonary cireulation in isclated rabbit lungs.,
Am, 2 Physiol. 196, 401-414.




308

Espersen, K., Jensen, E. W, Rosenborg, D. et al {1995), Comparison of cardiac cutput measurement
techniques: thermodilution, Doppler, CQ2-rebreathing and the direct Lick method, Acte
Anaesthesiologica. Scandincvica. 39, (2). 245.-31. .

Evaos, P, Duroux, P., Ruff, I, and al., et {1971), The pressure/flow relationship of the pulmonary
circulation in pormal man and in chronic obstructive pulmonary diseascs. Effects of muscular
exercise, Scandinavian Journal of Respiratory Diseases, 77, (suppl), 72-6.

Evonuk, E., bnig, C. T, Greenfield, W., and Eckstein, J. W. (1961), Cardiac cutput measured by thermal

dilution of room temperature injectate, Journal of Applied Physiology. 16.:271.-3.

Ewert, R., Wenscl, R, and Opitz, C. F. (2000), Aerosolized iloprast for primary pulmonary hypertension,
New England. Journal of Medicine, 343, (19), 1421-1422.

Fagan, K. A, Fouty, B. W., Tyler, R. C. ct al (1999), The pulmonaty circulation of homozygous or
heterozygous eNOS-null mice is hyperresponsive to mild hypoxia, Journal of Clinical
Imvestigation, 103, (2), 291-9.

Fagard, R. and Conway, J. {1990), Measurement of cardiac output: Tick principle using catheterization,
Luropean.Heart Journal. 11 Suppl [.:1-5.

Fanfulia, F., Mortara, A., Maestri, R. et al {(1998), The development of hyperveniilation in patients with
chronic heart failure and Cheyne-Strokes respiration: a possible role of chronic hypoxia, Chest,
114, (4), 1083-1090.

Tarhi, L. E,, Nesarajah, M. S,, Olszowka, A. J, Mctildi, L. A., and BEllis, A. X. (1978), Cardiac oulpal
determination by simple one-step rebreathing technique, Respiration Physiologp.28.(1):141.-59..

Fishman, A. P. (1976), Hypuxia on the pulmonary circulation, Circ Res, 38, 221-231.

Fishman, A. P. (1978), Clwonic cor pulmonale, dm.Rev. Respir.Dis., 114, 775-794.

Fishman, A, P. (1985), "Pulmonary hypertension," in Handbook of physiology. The respiratory Sysiem,
Circulation and Nonrespiratory Functions. Am. Physiol. Soc., vol. 1 Bethesda, M. ID., 93-166.

Fishman, A, P. (2004), A century of pulmonary hemodynamics, American Jonrnal of Respiratory &
Critical Care Medicine, 170, (2), 109-13.

Fitchett, D. H., G.J.Simkus, J.P.Beaudry, and Marpole., D. (1988), Reflected pressure waves in the
ascending aorta: effect of glyceryl trinitrate., Cardiovase. Res., 22, 495-500.

Fitzpatrick, J. M. and Grant, B. J. (1990), Effects of pulmonary vascular obstruction on right ventricular
afterload, American Review of Respiratory. Disease., 141, (4:P 1), 1-52.

Fleming, D. (1955), Galen on the motions of the hearl and lungs, [sis, 46, 14-21.
Flint, F. J. (1954), Cor Palmonale, Lenrcet, 269, 51-58,

Franciosi, R. A. and Blanc, W. A, (1968), Myocardial infarcts in infants and children T:a neceropsy study
of congenital heart disease, J.Pediatr., 73, 309-319,

Franklin, S, §,, Khan, S, A, Wong, N. D., Larson, M. G., and Levy, D. (1999), Is Pulse Pressure Useful
in Predicting Risk for Coronary Heart Discasc?: The Framington Heart Study, Circufation, 106,
354-360.




309

Friedlich, A., Heimbecker, R., and Bing, R. . (1950), A device for continuous recording of concentration
of Evans blue dye in whole blood and its application to determination of cardiac oulput, Journal
of Applied Physiolagy. 3(1).12.-20..

Furman, W. R, Swnmer, W. R., Kennedy, T. P, and Sylvester, J. 'T. (1982}, Comparison of the effects of

dobutamine, dopamine, and isoproterenot on hypozic pulmonary vasoconstriction in the pig, Crit
Care Med , 10, (6), 371-374,

Gaine, S. P. and Rubin, L. J. (1998), Primary pulmonary hypertension, [erratum appears in Lancet 1999
Jan 2;353(9146):74). [Review] {39 refs], Lancet, 352, (9129), 719-725.

Galie, N,, Humbert, M., Vachiery, J. L. et a (2002), Effects of beraprost sodium, an oral prostacyclin
analogue, in patienis with pulmonary arterial hypertension: a randomized, double-blind, placeba-
controlled trial, Journal of the Americon College of Cardiology., 39, (9), 1496-502.

Gan, C. T., Lankhaar, I. W., Westerhof, N. et al (2007}, Noninvasively assessed pulmonary artery
stiffness predicts mortality in pulimonary arterial hypertension, Chest, 132, (6), 1906-1912.

Gardin, 1. M., Dabestani, A., Matin, K., Allfie, A., Russell, D., and Henry, W. L. (1984), Reproducibility
of Doppler zortic blood flow measurements: studies on intracbserver, interobserver and day-to-

day variability in normal subjects, American Journa! of Cardiology, 54, (8), 1092-8.

Ghofrani, H. A, Rose, F., Schermuly, R. T. et at (2003), Oral sildenafil as long-term adjunct therapy to
inhaled iloprost in severe pulmonary arterial hypertension, JAm Coll Cardiol., 42, (1), 158-164.

Glbbs, J. 8., Cunaingham, D, Spairow, I., Poole-Wilson, P. A, and Fox, K. M. (1989), Unpredictable
zero drift in intravascular micromanometer tipped cathelers during long term pulmonary artery
pressure recording: implications for catheter desipn, Cardiovascular Research, 23, (2), 152-8.

Gibbs, I. 8, Keegan, J, Wrighi, C., Tox, K. M., and Poole-Wilson, P. A. (1990), Pulmanary artery
pressure changes during exercise and daily activities in chronic heart failure Jowrnal of the
American College of Cardiology, 15, (1). 52-61.

Gibbs, J. S., MacLachlan, D.; and Fox, K. M, (1992), A new system for ambulatory pulmonary artery
pressurs recording, British Heqrt Jownal, 68, (2), 230-5.

Gluskowski, J., Hawrylkicwicz, 1., Zyoh, D., Wojtczak, A., and Zielinski, J. (1984). Pulmonary
haemodynamics at rest and during exercise in paficnts wilh saccoidosis, Respiration. 46.(1):26.-
32..

Gold, F. I.. and Bache, W. A. (1982), Transmural right ventricualr bloed flow during acute pulmanary
artery hypertension in the sedated dog, Cire. Res, 51, 196-204.

Goldberg, H., Elisberg, B L, and Katz, 1. N. (1952), Effects of the valsalva-like manoeuvre upon the
circulation in normal individuals and patients with mitral stenosis, Circalation, 5, 38-47.
Goldstein, D. 8., Cannon, R. O., I, Zimlichman, R., and Keiser, H. R {1986), Clivical evaluation of
impedance cardiography, Clinical Phyvsiology. 6.(3):235.-51..

Gonze, E. R, Marble, A. E., Shaw, A, and Holland, J. G, (1974), Age related changes in the mechanics of
the aorta and pulmonary artery in man, Appl Physiol., 36, 407-411.

Gotshall, R. W., Wood, V. C,, and Miles, D. 5. (1989), Comparison of two impedance cardiographic
techniques for measuring cardiac owtput, Anrals.of Biomedical Engineering. 17(5):495.-543,.




310

Graham, R., Skooug, C., Macedo, W., Carter, J., and Oppenheimer, T.. {(1983), Dopamine, Dobutaniine and
phentolamine effects on pulmonary vascular mechanics., J Appf Fhysiol, 54, 1277-1283.
Graham, R., Skoog, C., Oppenheimer, L., Rabson, J., and Goklberg, H. 8. (1982}, Critical closure in the

canine pulmonary vasculature,, Circ.Res., 56, 566-572.

Graut, B. I, and Licber, B. B. {1996a), Clinical significance of pulmonary arterial input impedance, [see

commments), European. Respiratory.Jowrnal, 9, (11}, 2196-2199.

Grant, B. J. and Lieber, B. B. {1996b), Clinical significance of pulmonary arterial input impedance. [sce
comments], Luropean. Respiratory.Jotrpal, 9, (11), 2196-2199.

Grenvik, A (1966), Errors of the dye dilution method compared to the direct Fick method in
determination  of cardiac output in  man, Scandinavian Jowrnal | of . Clinical &
Laboratory. Invesiigation. 18.(5): 486.-92. .

Grover, R. F., Wagner, W. W, McMuriry, L. I, and Reeves, J. T. (1983), "Pulmonary Circulation,” in
Handbook of Physiology. Section 2; The Cardiovascular System, _vol. TH:Peripheraf Circulation

and organ blood flow. Am, Physiol. Soc., vol. I, part 1 MO, Bethesda, 103-366,
Groves, B. M., Reeves, J. T., Sutton, J. R., Wagner, P. D)., and al, et (1987), Operation Everest I: elevated
high-altitude pulmonary resistance unresponsive to oxygen, J ApplPhvsiol., 63, (521-230).

Guitner, H. P, Wasler, P., and Fassler, B. (1973), Normal Values for pulmonary hemodynamics at rest
and during exercise it man., Prog Resp Res, 9, 295-315.

Hall, M. J., Ando, S., Floras, J. S., and Bradley, T. D. (1998). Magnitude and time coursc of
hemodynamic responses to Mucller maneuvers in patients with congestive heart failure, J App/
Physiol, 85, {4), 1476-1484.

Hamilton, M., A., Stevenson, L. W., Woo, M., Child, ). 5., and Tillisch, J. . (1989), Effect of tricuspid
regurgitation on the reliability of the thermodilution cardiac output technique in congestive heart
failure, dmerican Jowrnal of Cardiology, 64, (14), 945-8.

Hanly, P., Zuberi, N, and Gray, R. (1993), Paihogenesis of Cheyne-Stokes respiration in patienis with
congestive heart failurc. Relationship to arterial PCO2, Chest, 104, (4), 1079-1084.

Harf, A., Pratt, T., and Hughes, J. M. (1978), Regional distribution of VA/Q in man at rest and with

exercise measured with krypton-81m, J Appl Physiol, 44, (1), 115-123.

Harris, P,, Segel, N., and Bishop, J. M. (1968), The relation hetween pressure and flow in the pulmonary
circulation in normal subjects and in patients with chronic bronchitis and mitral sienosis,
Cardivvascular Research, 2, (1), 73-83.

Hauge, A. (1968), Conditions governing the pressor response to ventilation hypoxia in isolated perfused
rat lungs, Actg Physiol Scand., 72, (1), 33-44.

Hebert, J-I.., Tecarpentier, Y., Zamani, K., Coirault, C., Daccache, G., and Chemia, D. (1995),
Relationship between aortic  dicrotic notch pressure and mean aortic pressure in adults, Am J
Cardiol, 76, 301-306.

Hess, P. Clozel M. Clozel J-P, (1996), Telemetry monitoring of pulmonary artery pressure in freely

moving rats., JAppl. Physiol., 8Y, 1027-1032,




31

Hillis, L. D, Firth, B. G, and Winniford, M. D. {1985), Analysis of factors affceting ihe variability of
Fick wversus indicator dilution measurements of cardiac output, American.Jowrnal of
Cardiology. 56,(i2.): 764.-8..

Hinderlier, A. L., Willis, P. W, Barst, R, J. et al (1997), Effects of long-term infusion of prostacyclin
(epoprostenol} on echocardiographic measures of right ventricular structure and (unction in
ptimary pulmonary hypertension. Primary Pulmonary Hypertension Study Group, Cirenlation,
95, (G), 1479-86.

Hoeper, M, M., Maier, R, Tongers, 1. et al (1299), Determination of cardiac output by the Fick method,
thermodilution, and acetylene rebreathing in pulmonary hypertension, dmerican.fournal of
Respiratorv, & Critical. Care Medicine, 160, (2), 535-541,

Hoeper, M. M., Schwarze, M., Ehlerding, S. et al (2000}, Long-term treatment ol primary pulmonary

hypertension with aerosolized iloprost, a prostacyclin analogue, New Lingland_Jowrnal of
Medicine, 342, (25), 1866-70.

Hoeper, M. M., Faulenbach, C., Golpon, H., Winkler, J., Welte, T, and Niedermeyer, J. (2004),
Combination therapy with bosentau and sildenafil in idiopathic pulmonary arterial hypertension,
Eur Respir J, 24, (6), 1007-1010.

Heffman, R., Largiader, F., aud Brutsch, H. P. (1990), [Perioperative prevention of thromboembolism
with low molecular weight heparin and postoperative bieeding complications]. [German],
Langenbecks drchiv fur Chirurgie - Supplement [ - Verhandiungen.der Dentschen. Gesellschaft
Jur.Chirurgie 1179-1184,

Holmgren, A., Jonsson, B., and Sjostrand, T. {1960), Circulatory data in normal subjects at rest and

during exercise in recumbent position, with special reference to the stroke volume at different
work intensities, Acta Physiol Scand., 49, 343-363.

Hopking, W. E., Ochoa, L. L, Richarison, G. W., and Trulock, E. P. (1996), Comparison of the
hemodynamics and survival of adults with severe primary pulmonary hypertension or

Eisenmenger syndrome, Journal of Heart & Lung Transplantation, 15, (1:Pt 1), t-5.

Hopkins, W. E. and Waggoner, A. D. (2002), Severe pulmonary hyperiension wilhout right ventricular
failure: the unique hearts of patients with Disenmenger syndrome, Americon.jonrnal of

Cardiology., 8%, (1), 34-38.

Horan, M., flowes, N. C., and Havelda, C. J. {1981}, Relations between right ventricular mass and cavity
size: an analysis of 1500 humyn heartts, Cirg., 64, 135-138.

Hori, M., Innoue, M., Kitabakaze. M., Tsujioka, K., ukunami, M., aad Nakajima, S. (1981), Loading
sequence is a major determinant of afterload-dependent relaxation in intact canine heart,
Am. L Physiol, 249, HIA7-H754Hsia, C. €., Herazo, L. F., Ramanathan, M., and Johnson, R. L.,
Jr. (1995), Cardiac ouiput during exercise measurcd by acetylene rebreathing, thermodilution,
and Fick techniques, Joirnal of Applied Physiology. 78.(4): 1612.-6..

Hsu, A., K.Bambol, Grundmann NK_ Lin, JL., McCallum, SW., and Friedlander, AL. Sildenafii

improves cardiac output and exercise performance during acute hypoxia, but not normoxia. J
Appl Physiol . (20086).
Rel Type: In Press




312

Humbert, M., Morell, N. W., Archer, S. L. ct al (2004), Cellular and molecular pathobiotogy of
pulmonary arterial hypertension, J Am Coll. Cardiol, 43, (12 Suppl S), 135-248.

Hyman, A. L., Lippton, H. L., and Kadowitz, P. J. (1985), Autonomic regulation of lhe pulmonary
circulation, J Cardiovase. Pharmacol, 7 Suppl 3, $80-895.
Ignarro, L. )., Buga, G. M., Wood, K. 8., Byrns, R, E., and Chaudhuri, G. (1987), Endothelium-derived

relaxing factor produced and released from wtery and vein is pitric  oxidc,
Proc.Natl Acad Sci. U S.41, 84, (24), 9265-9269.

Ignarre, L. T, Cirino G, Napoli C, and Cirisini A (1999), Nitric Oxide a3 a signalling molecule in the
vascular system: overview., Jowrnal of Cardiovascular Pharmacology, 34, 8779-8886,

lkram, H., Richards, A. M., Hamillon, E. T., and Nicholls, M. G. (1984), Coatinuous recording of
pulmonary artery pressure in unrestricted subjects, British Heart Journal, 51, (%), 421-6.

Isaacson, T, C., Hampl, V., Weir, E. K., Nelson, D, P, and Archer, 8. L. (1994), Increased endothelium-
derived NO in hypertensive pulmonary circutation of chronically hypoxic rats, J Appl. Physiol,
76, (2), 933-940.

Janicki, J. 8., Weber, K. T., Likoff, M. J., and Fishman, A. P. {1985), The pressure-flow response of the

pulmonary circulation in patients with heart failure and pulmonary vascular disease, Circulation,
72, (6), 1270-8.

Javaheri, 8. (1999), A mechanism of central sleep apnea in patients with heart failure, N.Engl./ Med.,
341, (13), 949-954,

Javaheri, S., Parker, T. T, Liming, J. D. et aj (1998), Sleep apnea in 81 ambulatory male patients with
stable heart failure. Types and their prevalences, consequences, and presentations, Circulation,
97, (21}, 2154-2159.

Javaheri, S, Parker, I 1., Wexler, L. et al (1995), Occult sleep-disordered breathing in stable congestive
heart faiture, don InternMed., 122, (7), 487-492,

Jenkins, I. R, Dolmman, J., O'Conner, J. P., atd Ansley, D. M. (1997), Amrinone versius doburamine in
cardiac surgical paticnts with severe pulimonary hyperteasion after cardiopulmonary bypuss: a

prospective, randomized double-blinded trial, dngesthesic & Intensive Care, 25, (3), 245-249.

Jensen, L., Yakimets, )., and Teo, K. K. (19953), A review of impedance cardiography, Heart & Lung, 24,
(3), 183-93,

Jones, K., Higenbottam, T, and Wallwork, 3. (1989), Puimonary vasodilation with prostacyclin in
primary and secondary pultmonary hypertension, Chest, 96, (4), 784-5.

Journois, D., Pouard, P., Mauriat, P, Malhere, T., Vouhe, P, and Safran, 1. {1994), Inhaled nitric oxide
as a therapy for pulmonary hypertension after operations for congenital heart defects, J
Thorac. Cardiovasc. Surg., 187, (4), 1129-1135.

Kafi, 8. A., Melot, C., Vachiery, J. L., Brimioulle, 8., and Naeije, R. (1998), Partitioning of pulmonary

vascular resistance in primary pulmonary hypertension, Joursnal of the American College of

Cardiology, 31, (6), 1372-6.



513

Kanemoto, N., Yamaguchi, H, Shiina, Y., aad Gulo, Y. (1989), Reversibility of primary pulmonary
hypertension with vasodilator, anticoagulant and nocturnal oxygen therapy, Japanese Heart
Jowrnal, 30, (6), 929-934.

Kitabatake, A., Inoue, VL., Asao, M. et al (1983), Noninvasive evaluation of pulmonary hypertension by a
pulsed Doppler technique, Circulation, 68, (2), 302-9.

Kates, R. E, and Leier, C. V. (1978), Dobutamine pharmacokinetics in severe heart fatlure,
Clin. Pharmacol Ther., 24, (5), 537-541.

Kawut, 8., Taichman, D., Archer-Chicko, C. I, Palevsky, IL I, and Kimmel, §. (2003}, Haemodynamics

123, (2), 344-350.

Khan, M. R, Guha, S. K, Tandon, 8., and Roy, §. B. (1977), Quantiistive electrical-impedance
plethysmography  for  pulmonary  oedema, Medical. & _ Biological Engineering. &
Computing. 15.(6.).627.-33..

Kohanna, F, I, and Cunningham, I. N, Jr. (1977), Monitoring of cardiac output by thermodilution after

open-heart surgery, Journal of Thoracic. & Cardiovascular. Surgery. 73.(3):4.31.-7..

Konishi, T., Nakamura, Y., Morii, I., and Himura, Y, (1992), Comparison of thermodilutional and (ick
Cardiology, 70, 538-539.

Kopelman, H and Lee, GI. (1951), The intrathoracic blood volume in mitral stenosis and feft ventricular
failure, Clirr Sci, 10, 383-403,

Kral, 7T, Hamet, A., Cernohorsky, D., Stasek, 7., and Tilser, P. (1993), Hypoxic pulmonary hypertension:

haemodynamic changes after oxygen amnd various vasodilators in the same patient av different
time periods, Sb Ved Pr Lek Ilak Karlovy Univerzity Hradei Kratove, 36, (4-5), 317-324.

Krenz, G. 8. and Dawson, D. A. (2003), Flow and pressure distributions in vascular networlks consisting
of distensble vessels., dm.J.Lhyvsiol Hear Circ.Physiol., 284, (6), H2192-112203.
Kubicek, W. G., Karnegis, J. N., Patterson, R. P, Witsoe, D. A_, and Mattson, R, H. {1966}, Development

and evaluation of an impedance cardiac output system, derospace.Medicine.37.(12.):1208.-12,.

Kuusmaul, W. G., Noordergraal, A., and Laskey, W. K. (1992), Right ventricular pulmonary artery
interactions., Annals of Biomedical Engineering, 20, 63-80.

Lane, K. B, Machado, R. D., Pauciulo, M. W. et al (2000), Hetcrozygous germline mutations in BMPR2,
encoding a TGF-beta receplar, cause familial primary pulmonary hypertension. The
Intemational PPH Consortium, Nai.Genet., 26, (1), 81-84,

Laskey, W. K., Ferrari, V. A, Palevsky, H. I, and Kussmaul, W. G. (1993), Pulmonary artery
hemodynamics in primary pulmonary hypertension, Jowrnal of the American College of
Cardiofogy, 21, (2), 406~12.

Tategola, M. T. (1958), Pressure flow relations in the dog lung during acute subtotal pulmonary vascular
occlusion., dm.J.Fhvsiol., 192, 613-619.

Leernan, M., Lejeune, P., Closset, J.,, Vachiery, ). L., Melot, C.. and Naeije, R. (1990}, Nature of
pulmonary hypertension in canine oleic acid pulmonary edema, Jowrnal of Applied Physiology,
69, (1), 293-8.




314

Leeman, M., Iejeune, P., Melot, C., and Naeije, R. (1988}, Pulmonary vascular pressure-flow plots in
canine oleic acid pulmonary edema. Effects of prostaglandin E1 and nitroprusside, dmerican
Review of Respirvatory Discase, 138, (2), 362-7.

Leier, C. V. and Unverferth, D. V. (1983), Drugs five years later. Dobutamine, Annals of tnternad
Medicine, 99, (4), 490-6,

Leier, C. V., Unverferth, D. V., and Kates, R. E. (1979), The relationship between plasma dobutamine

concentrations and cardiovascular responscs in cardiac failure, dm.J Med,, 66, (2), 238-242.
Lejeune, P., Deloof, T., T.eeman, M., Melot, C., and Naeije, R. (1988), Multipoint pulmonary vascular
pressure/flow relationships in hypoxic and in normoxic dogs: etfccts of nilrous oxide with and
T.cjeune, P., Leeman, M., Deloof, T., and Naeije, R. (1987a), Pulmoenary hemodynamic response to
dopamine and dobutamine in hyperoxic and in hypoxic dogs, Anesthesiology, 66, (1), 49-54,
Lejeune, P., Nacije, R., Leeman, M., Melot, C., Deloof, T., and Delcroix, M. (1987b), Effects of
dopaminne and dobutamine on hyperoxic and hypoxic pulinonary vascular tone in dogs,
American Review of Respiratory Disease, 136, (1), 29-35.

Levy, R. D., Cumningham, D., Shapire, L. M., Wright, C., Mockus, L, and Fox, K. M. (198a),

Continucus ambulatory pulmonary artery pressure menitoring. A new method using a transducer
tipped catheter aud a simple recording system, British Heart Journgl, 55, (4), 336-43.

Light. R. B., Ali, T, Breen, P., and Wood, L. I3. (1988). The pulmonary vascular effects of dopamine,
dobutamine, and isoproterenol in unilobar pubmonary edema in dogs, Journal of
Surgicaf Research. 44.(1):26.-35..

Lopez-Candales, A., Rajagopalan, N., Gulyasy, B.. Edelman, K., and Bazaz, R. (2007), Comparative
echocardiographic analysis of mitral and tricuspid anpular motion: differences explained with
proposed anatomic-struciural correlates, Echocardiography, 24, (4), 353-359.

Lodato.R.J., Michael, I. R,, and Murray, P. A, (1985), Multipoint pulnionary vascular pressure-cardiac
outpit plots in conscious dogs, Am J Physiod. 249, T1351-F1357.

Loeb, H. 8., Bredakis, I., and Gumner, R. M. (1977), Superiority of dobutamine over dopamine for
augmentation of’ cardiac output in patients with chronic low output cardiac failure, Circulation,
85, (2), 375-378.

Lonigro, A. I. and Dawson, C. A. (1975), Vascular responses to prostaglandin F 2 alpha in isolated cat.
hungs, Cire Res, 36, (6), 706-712.

Losoalzo,( %!) (132001):?(jenetic clues to the cause of primary pulmonary hypertension, N.Fngl./ Med., 345,

5), 367-371.

Lunze, K., Gilbert, N., Mebus, S. et al (2006), First experience with an oral combination therapy using
bosentan and sildenafi] for pulmonary arterial hypertension, .S Clin Invest, 36 Suppt 3, 32-
38.

MacCanon, DM und Horvath, SM. (1955), Determination of cardiac outputs and pulmonary blood
volumes by a modified tracer dilution procedure, J Appl Physiol, 7. 413-415.

Machherndl, S, Kneussl, M., Baumgartner, F. et al (2001), Long-term freatment of pulmonary

hypertension with aerosolized iloprost, Knropean Respiralory Journal, 17, (1), 8-13.




315

Mackenzie, J. D, Haites, N. E,, and Rawles, J. M. {1986), Method of assessing the reproducibiiity of
blood flow measurement: factors influencing the performance of thermodilution cerdiac output
computers, Br.fHears J, 55, (1), 14-24.

MacMahon, 8., Peto, R., Cutler, ). et al (1990), Blood pressure, stroke, and coronary heart disease, Part 1,
Prolonged differences in blood pressure: prospective observational studies corrected for the
regression dilution bias. Lancer, 335, (8692), 765-774.

Madden, J. A, Dawson, C. A, and Harder, D. R. (1985), Hypoxia-induced activation in small isolaled
pulmonary arteries from the cat, J Appl Physio/, §9, (1), 113-118.

Maggiorini, M., Melot, C., Gilbert, E., Vermeulen, F., and Nacije, R. (1998), Pulmonary vasculas
resistance in dogs and minipigs--effects of hypoxia and inhaled nitric oxide, Respiration
Physiology., 111, (2), 213-222.

Manovar, M. (1993), Pulmonary artery wedge pressure increases with high-intensity exercise in horses,

American Journal of Veterinary Research, 54, 2142-2146.

McEniery, C. M. and Wilkinson, L. B. (2001), Tsolated systolic pulmonary hypertension: The emergence
of pulse pressure as a predictor of cardiovascular risk, 3, (4), 12-16.

McGregor, M, and Sniderman, A, {1985), On pulmonary vascular resistance: the need for more precise
definition, American.Journal of Cardiclogy, 55, (1), 217-221,

McLaughiin, V. V., Shillington, A., and Rich, S. {2002), Survival in primary pulmonary hypertension:
The impact of epoprostenol therapy, Ciraudation, 2002, (106), 1477-1482.

McMurtry, 1. F., Davidson, A. B., Reeves, J. T., and Grover, R. F. {1976), Inhibition of hypoxic
pulmonary vasoconsiriction by calcium antagonists in isolated rat lungs, Cire.Res, 38, (2), 99-
104.

Miller, D. B., Gleason, W. L., and McIntosh, H. D. (1962), A comparison of the cardiac ouiput
determination by the direct Iick method and the dye-dilution method using indocyanine green

dye and a cuvetic densitometer, Jowrnal of Laboratory. & Clinical. Medicine. 59.:345.-50..

Millman, R. P. and Kramer, N. R. (1996), Sleep disorders and outpatient treatment of patients with
pulmonary disease, Curr.Opis. PulinMed., 2, (6), 507-512.

Milnor, W. R. (1982), Hemodynamics Baltimore, Williams and Wilkins.

Milnor, W. R and Batrum, C. D. (1978), The relation between arferial viscoelasticity and wave
propogation in the canine femoral artery, Cire.fles., 43, 870-879.

Miluor, W. R., Couti, C. R., Lewis, K. B., and O'Rourke, M. F. (1969), Pulmonary arterial pulse wave
velocity and impedance in man, Circwlarion Research.. 25, (6), 637-649,

Mishra, M. B., Cooke, R. A., Jackson, G., and Chambers, J. B. (1997), Haemodynamic changes during
dobutamine stress echocardiography in paticats with and without ischaemia, Inpfernafional
Journal of Cardiclogy, 58, (1), 71-6.

Milzner, W. and Chang, H. K. (1989}, “Tlemodynamics of the pulmonary circulation," in Respiratory
Physiclogy an Analytic approach, Chang, H. K. and Paiva, M., New York, 561-631.




316

Mitzner, W. and Huang, 1. (1987), Interpretation of pressure-flow curves in the pulmonary vascular bed,

in The Pulmonary Circulation in Health_and Disease, Will, J. A, Dawson, C. A., Weir, E. K,
and Buckner, C. A., Orlando, Fl, Academic Press, 215-230.

Miyamoto, S., Nagaya, N., Satoh, T, et al (2000), Clinical correlates and prognostic significance ol gix-
minute walk test in patients with primary pulmonacy hypertension. Comparison with
cardiopulmonary exercise testing, American Journal of Respiratory & Critical Care Medicine,
161, (2Pt 1), 487-92.

Mohammed, M. M., Wood, L. M., and Hainsworth, R. (1981), Evaluation using dogs of a method for

estimating cardiac owtput from a single breath, Jowrnal of Applied Phvsiclogy.: Respiratory.,
Invironmenial & frxercise Physiology. 50.(1).200.-2.
Moreau, X, Rousscaw, JM, Dube, L., L., Corbeau IJ., Granry, JC., and Beydon, L, "Cadiac output

measurements. comparison between a new throacic electircal bioimpedance method
(Physioflow) and the Swan-Ganz method (Continuous Caidac Quiput or Bolus technigue)”.

Morrell NW, ct al (1999), ACE genotype and risk of high altitude pulmonary hypertension in Kyrghyz
highlandets, Lancet, 353, 814.

Murad, T and Ignarro, L. J. {1995), Nitriv oxide:Biochemistry, molecular biology,and therpeatic

implications, Advances in Pharmacology, 34.

Murad, F. Discovery of Some of the Biclogical Effects of Nitric Oxide and Its Role in Cell Signaling.

http:#/nobelprize. org/medicine/laureates/1998/murad-leciure. pdf . (2006).

Ref Type: Electronic Citation

Murali, S., Uretsky, B. F., Reddy, P. 8., Tokarczyk, T. R., and Betschart, A. R. (1991), Reversibility of
pulionary hyperiension in congestive heart failure patients evaluated tor cardiac transplantation:
comparative effects of various pharmacologic agents, American Heart Journal, 122, (5}, 1375-
81.

Murray, P. A, Lodato, R. F., and Michael, J. R. (1986b), Neural antagenists modulate pulmonary

vascular pressure-flow plots in conscious dogs, Jeurnal of Applied Physiology.. 69, {6), 1900-
1507.
Mutray, P. A, Lodato, R. F., and Michacl, J. R. (1986a), Neural antagonists modulate pulmonary

vascular pressure-flow plots in conscious dogs, JAppl Physiol | 60, 1900-7.

Naeije, R, Melot, C, Nisbet, C, Deleroix, M., and Wagner, P. D. (1993), Mechanisms of improved arterial
oxvgenation after peripheral  chemorceeptor  stimulation  during  hypexic  exercise,
LAPPL Physiol,, 74, (4), 1666-1671.

Naeije, R. (1996), "Pulmonary vascular lunction," in Pulmopary Circulation: A guide to phvsicians,
Peacock, A, London, 13-27.

Naeije, R., Lejeune, P., Leeman, M., and al, et (1989), Pulmonary Vascular responses to surgical
chemodenervation and to chemical sympathectomy in dogs, JAppl Physiol., 66, 42-50.

Maecije, R, Lejeune, P, Leeman, M., Melot, C., and Deloof, T. (1987), Pulmonary arterial pressure-flow
plots in dogs: effects of isoflurane and nitroprusside, Jouwrnagl of Applied Physiology, 63, (3),
969-77.



http://nobelprize.org/medicine/laureates/1998/murad-lecture.pdf

317

Naetje, R., Lipski, A., Abramowicz, M. et al (1994), Nature of pulmonary liypertension in congestive
heart failure, Am J Respir Crit Care Med', 149, 881-7.
Nagasaka, Y., Akutsu, H.,, Lee, Y. 8., Fujimolo, S., and Chikamori, J. (1978), Longterm favorable effect

of oxygen administration on a patient with primary pulmonary hypertension, Chest, 74, (3), 299-
300.

Nakayatna, Y., Wakanishi, N., Sugimachi, M. et al (1997), Characteristics of pulmenary artery pressure
waveform for differential diagnosis of chronic pulmonary thromboembolism and primary
pulmonary hypertension, Journal of the American College of Cardiology, 29, (6), 1311-6.

Naughton, M., Benard, D, Yam, A, Rutherford, R, and Bradley, T. D. (1993), Role of hyperventilation
in the pathogenesis of central sleep apnieas in patients with congestive heart failure, Am.Rey
Respir Dis., 148, (2), 330-338.

Newnan, J. H,, Wheeler, L., Lane, K. B. et al (2001), Mutation in the gene for bone morphogenetic
protein receptor I1 as a cause of primary pulmonary hypertension in a large kindred, M LnglJ
Med., 345, (5), 319-324.

Nichols, W. C., Koller, D. L., Slovis, B. et al (1997), Localization of the gene for familial primary
pulmonary hypertension to chromosome 2q31-32, Nat.{ienet,, 15, (3), 277-280.

Nijjima, M., Kimurs, [L, ¥3do, H. et al (1999), Manifestation ol putmonary hypertension during REM
sleep in obstructive steep apnea syndrome, dmerican Jowrnal of Respiratory & Critical Care
Mediciae, 159, (6), 1766-72.

Nishikawa, T. and Dohi, 5. (1982), Slowing of heart rate during cardiac output measurement by
thermeodilution, Anesthesiology. 57.(6.):338.-9..

Nighikawa, T. and Dohi, S. (1990), Hemodynamic status susceptible to slowing of heart rate during
$41-844.

Nishikawa, T. and Dohi, S. (1992), Haemodynamic changes associated with thermodilution cardiac
output determination during myocardial ischaemia or pulmonary oedema in dogs, Acia
Angesthesiologiva Scandinavicd, 36, (7), 679-683.

Nishikawa, T. and Dohi, S. (1993), Emror in the measurement of cardiac output by thermodilution,,
Canadian Jormal of Anaesthesthia., 40, (2), 142-155,

Nishikawa, T. and Namiki, A. (1988), Mechanism for slowing of heart rate and associated changes in
pulmonary circulation elicited by cold injectate during thermodilution cardiac output

determination in dogs, Anesthesiolom.68.¢2):221.-3.

O'Rourke, M. (1982), Vascular impedance in - studies of arterial and cardiac function, Physiological
Revigws, 62, 570-623.

OTourke, M. . (1970), Arterial haemodynamics in hypertension, Cire. Res., 2627, (suppl I1), 123,

O'Rourke, M. F. (1971), The arterial pulse in health and disease, American Heart Jounrnal, 82, (5), 687-
702.

O'Rourke, M. F. and Avolio, A. . (1980), Pulsatile flow and pressure in human systemic arteries: studies

in man and in multibranched model of the human systemic arterial tree., Cire. Resc., 46, 363-372.




318

O'Rourke, M. F {(1985), Rasic concepts for the understanding of large arteries in hypertension.,
J.Cardiovase Pharmacol, 7, 81-821.

Ohteki, H., Nagara, H., Wada T, Inoue, Y, and Kimata, S. {1981), [Measurement of cardiac output by
thermodilution and Fick methods in man--problems in case of tricuspid regurgitation (author's

transl)]. [Tapanese], Kokyu.fo Junkar.- Respiration & Circulation 29.(4).433.-7..

Olschewski, L., Ghofrani, H. A., Schieh!, T. et al (2000), Inhaled iloprost io treal severe pulmonary
hypertension. An uncentrolled trial. German PPH Study Group, Ain Iniern.Med., 132, (6), 435-
443.

Olschewski, ™., Simonneau, G., Galie, N. et al (2002), Inhaled iloprost for severe pulmanary
hypertension, Mlingl./Med., 347, (5), 322-329.

Oisson, B., Pool, J, Vandermoten, P., Varnauskas, E., and Wassen, R. (1970), Validity and
reproducibifity of determination of cardiac  output by thermodilution in  man,
Cardiology.35.(3):136.-48..

Osypka, M. J. and Bernstein, D. P. {1999), Electrophysiologic prinviples and theory of stroke volume

determination by thoracic electrical bioimpedance, 44CN Clinical Issues, 10, (3), 38599

Oudiz, R. J,, Schilz, R. J, Barst, R. J. ¢t al (2004), Treprostinil, a prostacyclin analogue, in pulmonary
arterial  hypertension associated with  connective  tissue  diseasesee  comment],
Chest. £26.(2):420.-7..

Pace, 1. B. (1971), Sympathetic control of pulmonary vascular impedance in anesthetised dogs, Cire.Res.,
29, 555-568.

Paciocco, G., Martinez, F. J, Bossone, L., Pielsticker, E., Gillespic, B., and Rubenfire, M. (2001},
Oxygen desaturation on the six-minute walk test and mortality in untreated primary pulmonary

hypertension, Enropean. flespiratory.Journal., 17, {(4), 647-652.

Pagnamenta, A, Fesler, P., Vandinivit, A., Brimioulle, S., and Naeije, R. (2003), Pulmonary vascular
effects of dobutamine in experimental pulmonary hypertension, Critical Care Medicine, 31, (4),
1140-6,

Panner, B, Brunel, P, El Aroussy, W, Lacolley, P, and Safar, ME (1989), Pulse pressure and
echocardiographic findings in essential hyperiension., JHypertens., 1989, (7), 127-129.

Patel, D. 1., DcFreitus, F. M., und FRY, D, L. (1963), Hydraulic input impedance to aorta and pulmonary
artery in dogs, JAppl.Physiol, 18, 134-140.

Peacock, A. J. (1999), Primary pulmonary hypertension, Thorax, 84, (12), 1107-18.

Peacock, AJ {1996), Pulmonary Circulation: A guide 1o physicians London,

Peake, M. D., Harabin, A, L., Brennan, N. I, and Sylvester, J. T. (1981), Steady-state vascular responses
to graded hypoxia in isalated lungs of five species, J Appl Physiol, 51, (), 1214-1219.

Pedrinelli, R., Dell'Omo, G., Penno, G. et al (2000), Microalbuminuria and pulse pressure in hypertensive
and atherosclerotic men, Hypertension, 35, (1:Pt 1), t-54.

Penney, B. C. (1986), Theory and cardiac applications of electrical impedance measurements
Critical Reviews.in Biomedical.fongineering 13(3):227.-81..



319

Pepke-Zaba, J., Higenbottam, T. W., nli-Xuan, A, T., Stone, D., and Wallwork, J. (1991), Inhaled nitric
oxide as a cause of selective pulmonary vasodilatation in pulmonary hypertension, Lancel, 338,
(8776), 1173-1174,

Permutt, S., Bromberger -Barnea, B., and Bane, H. N. (1962), Alveolar pressure, pulmonary venous

pressure and the vasodilator waterfall, Medicing Thoracalis, 19, 239-60.

Piene, I, and Sund, '['. (1982), Does normal pulmonary impedance constitute the optimum load for the

right ventricie?, dmericon Jowrnad of Physiology, 242, (2), 154-60.

Pollack, G. H., Reddy, R. V., and Noordergraaf, A. (1968), Input impedance, wave travel, and reflections
in the human pulmonary arterial tree: studies using an electrical analog, IEEE Transactions. on
Biomedical Engineering., 15, (3), 151-164,

Poon, C. 8. (1988), Analysiz of linear and mildly nonlinear relationships using pooled subject data,
Journal of Applied Physiology, 64, (2), 854-9.

Presberg, K. W. and Dincer, H. £, (2003}, Pathophysiclogy of pulmionary hypertension due to lung
disease, Cwrr.Opin Pulm.Med.. 9, (2), 131-138.

Pryor, W. W, (1931), Cheyne-Stokes respiation in people with cardiac enlargement and prolonged
circufation time., Circidation, 14, 233-238,

Raeside, D, A, Chalmers, G., Clelland, ¥, Madhok, R., and Peacock, A. J. {(1998), Pulmonary artery
pressure variation in patients with conncetive tissne disease: 24 hour ambulatory pulmonary

artery pressure monitoring, Thorax, 53, (10), 857-62,

Raeside, D, A,, Smith, A., Brown, A. et al (2000), Pulmonary artery pressure measurement during
exercise lesting in patients with suspected pulmonary hypertension, fnropean Respivaiory
Jowrnal, 16, (2), 282-7.

Rafanan, A. L., Golish, J. A, Dinner, D. S., Hague, L. K., and Arroliga, A. C. {2001), Nocturnal
hypoxemia is common in primary pulimonary bypertension, Chest, 120, (3), 894-9.

Rafty, O., Azaran, R., Brenot, T, et al (1996), Clinical significance of' the pulmonary vasodiltator
response during short-term infusion of prostacyelin i primary puimonary hypertension,
Circulation., 93, (3), 484-8.

Rahimtoola, S. IL and Swan, H. J. (1965), Calculation of cardiac output form indicator-dilution curves in

the presence of mitral regurgitation Circrlation, 31.:71.-8..

Reddy, P. S., Curtiss, E, L, Bell, B. et al (1976), Determinants of variation between Fick and indicator
dilution estimates of cardiac oulput during diagnostic catheterization. Fick vs, dye cardiac
outputs, Journal of Laboratory. & Clinical Medicine.87.(4).568.~76.,

Reeves, J. T., Dempsey, J. A., and Grover, R. F. (1988g), "Pulmonary Circulation during exervise," in
Pulmonary Vascular Physiology and Pathophysiology. vol. 38 Weir, K. and Reeves, J. T, 107-
133.

Reeves, J. T., Grooves, B. M, Turkevich, D., Morrison, D, A, and Trapp, J. A, (1938b), "Right
Ventricular Function in Pulmonary Hypertension," in Pulmonary Vascular Physiology and
Pathophysiology, vol. 38 Weir, K. and Reeves, J. T,, 328-352,

Reeves, J. 1., Grover, R. F, Blount, S. G., Jr, and Filley, G. F. (1961a}, Cardiac output response to
standing and treadmill walking, Journal of Applied. Physiology. 16.:283.-8..




320

Reeves, T. T., Grover, R. F., Filley, G. F., and Blount, 8. G, Jr. {1961b), Circulatory changes in man

during mild supine exercise, Journal of Applied Physiology. 16.:279.-82..

Reeves, J. T., Groves, B. M., Sutton, J. R. ¢l al (1987a), Oxygen transport dusing exercise at extreme
altitude: Operation Everest 11, Annals of linergency Medicine, 16, (2), 993-998.

Reeves, J. T., Groves, B. M, Sutton, J, R. et al (1987b), Operation Evcrest I1: preservation of cardiac
function at extreme altitude, J ApplPhysiol, 63, (2), 531-539,

Reeves, J. T., Wagner, W. W, Jr., McMurtry, 1. F., and Grover, R. F. (1979), Physiological effects of
high altitude on the pulmonary circulation, Jut Rev Phvsiol, 20, 289-310.

Remmen, J. I, Acngevaeren, W. R., Verheugt, F. W, and Jansen, R. W. (2003), Normal values of

pulmonary capillary wedge pressure and the blood pressure respouse to the Valsalva mauceuvre

Report of an cxpert commiitee (1970), Chronic cor pulmonale: Report of an expert committec,
Circulation, 27, 594-615.

Reuben, S. R, Butler, )., and Lee, G. J. (197 {a), Pulmonary arterial compliance in health aud disease,
British Heart Journal, 33, (1), 147.

Reuben, 8. R., Swadting, J. £., Gersh, B. J., and Lee, Gd (1971b), Impedance and transmission properties
of the pulmonary arterial system, Cardiovascular Research, 5, (1), 1-9.

Ricciardi, M. T., Kaiglit, B. P., Martinez, F. I, and Rubenfire, M. (1998), Inhaled nitric oxide in primary
pulmonary hypertension: a safe and eilective agent for predicting response to nifedipine, Journed
of the American College of Cardiology, 32, (4), 1068-73.

Rich, &, Brundage, B. I, and Levy, P. S. (1985), The effect of vascdilator therapy on the clinical
outcome of patients with primary pulmonary liyperiension, Cirenlation, 7K, (6), 1191-6

Rich, 8., Dantizker, D. K., Ayres, 8. M. et al (1987), Primary pulmonary hypertension. A national
prospeciive study, Armals of Internal Medicine, 107, (2), 216-23,

Rich, S. and Kaufmann, E. (1991), High dosc titration of calcium channet blocking agents for primary
pulmonary hypertension: guidelines tor short-term drug testing, Jdm Coll. Cardiol,, 18, (5),
1323-1327.

Rich, S., Kaufmaon, E., and Levy. P. 8. (1992), The effect of high doses of calcinm-channel blockers on

survival in primary pulinonary hypertension, N.EnglJMed. , 327, (2), 76-81.

ich, ., Martinez, J., Lam, W, Levy, P. 8., and Rosen, K. M. {(1983), Reassessment of the efects of
vasodilating drugs in primary pulmonary hypertension: guidelines for determining a pulmonary
vasodilator response., Ant Heart J, 105, 119-127,

Richard, R., Lonsdorfer-Wolf, E., Charloux, A. et al (2001), Non-invasive cardiac oulput evaluation

during a maximal progressive exercise test, using a new impedance cardiograph device,

Richards, A, M., lkram, H., Crozier, L. G., Nicholls, M. G., and Jans, S. (1990), Ambulatory pulmonary
arterial pressure in primary pubmonary hypertension: variability, refation to systemic arterial

pressure, and plasma catecholamines, British Heart Jowrnal, 63, (2), 103-8,

Roberts, I. D, Ir. and Zapol, W. M. (2000), Inhaled nitric oxide, Seminars in Perinatology, 24, (1), 55-8.




321

Ross, T. (1996), Indices for performance evaluation of predictive models in food microbiology,
JAppl.Baci., 81, (5), 501-508.

Rubin, L. J. {1993), Primary pulmonary hypertension, Chest, 104, (1}, 236-250.

Rubin, L. 3. (1997}, Primary pulmonary hypertension, New England Journal of Medicine, 336, (2), 111-7.

Rubin, L. J., Badesch, D. B., Barst, R. J. et al {2002), Bosentan therapy for pulmonary arterial

hypertension. {sec comments.] [erratum appears in N Engl J Med 2002 Apr 18;346(16):1258.],
New England. Jonraal of Medicine., 346, (12), 896-903.

Rubin, L. T., Mendoza, I, Hood, M. et al (1990), Treatment of primary pulmonary hypertension with

continuous intravenous prostacyclin {epoprostenol). Results of a randomized trial, dipgfs of
Internal Medicine, 112, (7), 485-91.

Russell, A. E., Smith, 8. A, West, M. 1. et al (1990), Automated non-invasive measurement of cardiac
output by the carbon dioxide rebreathing method: comparisons with dye dilution and
thermodilution, British. Heart Journal 63.(3):195.-9..

Ryland, D. aud Reid, L. (1975), The pulmonary circulation in cystic fibrosis, Thorax, 36, (3), 285-292.

Sagawa, K. (1978), The ventriculat pressure-volume diagram revisited, Cire. Kes., 43, (5), 677-687.

Sagawa, K. (1981}, The end-systolic pressure volume relation of the veutricle defination, modifictoin and
clinical use., Circulation, 63, 1223-1227,

Sajkov, D., Cowie, R. I, Thormiton, A. T., Espinoza, H. A, and McEvoy, R. D. (1994), Pulmonary
hypertension and hypoxemia in obstructive sleep apnea syndrome, Amrerican.Journal of
Respiratory. & Critical. Care Medicine, 149, (2Pt 1), t-22.

Sajkov, D., Wang, T., Saunders, N. A, Bune, A. J, Neill, A. M., and Douglas, Mcevoy R. (1999),

Daytime pulmonary hemodynamics in patients with obstructive sleep apnea without luhg

disease, American.Journal of Respiratory.& Critical Care Medicine, 159, (5:Pt 1), -26.

Samet, P. and Bernstein, W. H. {19662), The role of indicator dilution curves in cardiovascular studies,

Journat of the Mount. Sipai Hospital., New York 35.(1):32.-63., -Feb.

Samet, P., Castillo, C., and Bernstein, W. H, (1966h), Validity of indicator-dilution determination of
cardiac output in patients with aortic regurgitation, Circulotion, 34.(4):602.-19..

Sanchez, O., Humbert, M., Sitbon, O., Nunes, H., Garcia, G., and Simonneau, G. (2002), [Pulmonary
hypertension  associated with connective tissue diseases]. | {French], Revue.de
Medecine finternie., 23, (1), 41-54.

Sanchez, O., Humbert, M., Sitbon, Q., and Simonneau, G. (1999), Treatment of pulmonary hypertengion
secondary 1o connective tissue diseases, Thorax, 54, (3), 273-277.

Sanders, J. E. and Zachariah, S. G. (1997), Mechanical characterization of biomaterials.,
dnn N Y Acad.de., 831, 232-243,

Schneider, A. 1., Groeneveld, A. B., Teule, G. J., Nauta, J., Heidendal, G. A., and Thijs, L, G. (1987),
Volume expansion, dobutamine and noradrenaline for treatment of right ventricular dysfunction
in poreine septic shock: a combined invasive and radionuclide study, Circulatory.Shock, 23, (2),
93-106,




322

Schulz R, Baseler G, Ghofrani HA, Grimminger F, Olschowski H, and Seger W (2002), Nocturnal
periodic breathing in primary pulmonary hypertension, Fur Respir ./, 19, 638-663.

Scott, P. H. and Peacock, A. J. (1996), Cell signalling in pulmonary vascular cells: do not shoot the
messesngert, Thorax, 5§, (8), 864-8606,

Sekel], P., Bates, D. V., Johnson, A. L., and Jegicr, W. (1958), Estimation of cardiac output in man by
dye dilation method using an automatic computing oximeter, American Hear{
Journal 55.(6.).810.-23.

Semmens, M. and Reid, L. {(1974), Pulmonary arterial muscularity and right ventricular hypertrophy in

chronic bronchitis and emphysema, British Journal of Diseases of the (hest, 68, 253-263,

Shaw, J. ., lohngon, E. C., Voyles, W. F., and Greene, X. R. (1985), Noninvasive Doppler determination
of cardiac output during  submaximal and peak  exercise, Jowmal | of
Applied Physiology.59.(3):722.-31..

Shirai, M., Shimouchi, A., Kawaguchi, A. T., Sunagawa, K., aixl Ninomiya, I. (1996), Inhaled nittic
oxide: diameter response patterns in feline small pulmonary arteries and veins., dm. LPhysiol,,
270, 974-980Q.

Simonneau, G., Barst, R. J., Galie, N. et al (2002), Continuous subcutansous infusion of treprostinil, a
prostacyclin analogue, in pstients with pulmonary arterial hypertension: a double-blind,
randomized, placebo-controlled tiial, AmericanJownal of Respiratory.&  Critical.Care
Medicing., 165, (6), 800-804.

Simonneay, ., Galie, N., Rubin, L. J. et al (2004), Clinical classification of pulmonary hypertension,
JLAm.Coll Cardiod,, 43, (12 Suppi &), 58-128,

Singh, S. and Evans, T. W. (1297), Nitric oxide. the biclogical mediator of the decade: fact or fiction?,

Ly Respir I, 10, (3), 699-707.

Sitbon, O, 1Iumbert, M., Nunes, H. et al (2002), Long-term intravenous epoprostinol infusion in primary
pulmonary hypertension, JAm Coll Cardiol, 48, (4), 780-8.

Smith, 8. A., 8alih, M. M., and Littler, W. A. (1987), Assessment of beut to beai changes in cardiac
output during the Valsalva manoeuvre using electrical bioimpedance cardiography,
Clin.Sei.(Lond), 72, (4), 423-428,

Sniderman, A., Burdon, T., Horman, J, and Salemo, T. A, (1984), Pulmonary blood flow: & poleniial

factor in the pathogenesis of pulmonary oedema., Jowrnal of Thoracic and Cardiovascular

Spiderman, A. D. and Fitchett, D. I1. (1988), Vasodilators and pulmonary arterial hypertension: the
paradox of therapeutic success and clinical failure., Jnfernationdd Jowrnal of Cardivlogy., 20,
173-181,

Sramek, B., Rose, . M., and Miyamoto, A. "Stroke volume equation with a linear base impedance
mode] and its accuracy, as compared to thermodilution and magnetic flownmeter techniques in
humans and animals", in dssessment of cardiac output in children using bivimpedunce,
Zadar,Yugoslavia, 38-41.




323

Stamler, ). S., Loh, E., Roddy, M-A., Currie, X. E., and Creager, M. A. (1994), Nittic oxide and
endothelin effects: nitric oxide regilated basal systemic and pulmonary vascular resistance in
healthy humans., Circulation, 89, (5), 2035-2040.

Starl, R. 1., Finnegan, P., and Bishop, J. M. (1973), Long-term domiciliary oxygen in chrouic bronchilis
with pulmonary hypertension, British Medical Jowrnal, 3, (5878), 467-470.

Stoner, J. 1, TI, Bolen, J. L., and Harrison, D. C. {1977), Comparison of dobutamine and dopamine in
ireatment of severe heart failure, Br.f{eart J, 39, (5), 536-539.

Strand, P. 0., Cuddy, T. E., Saltin, B., and Stenberg, 1. (1964), Cardiac output during submaximal and
maximal work, JAppl Physiol, 19, 268-274.

Sultivan, C. C., T, L., Chy, D, et al (2003), Induction of pulmonary hypertension by an angiopoietin
1/TI132/serotonin pathway, Proc.Natl, Acad. Sci US4, 100, (21), 12331-12336.

Swan, H. ., Gauz, W., Forrester, ., Marcus, H., Diamond, G., and Chonette, D. (1970), Catheterization
of the heart in man with use of a flow-directed balloon-tipped catheter, N.Engl JMed., 283, (9),
447-451.

Syyed R. and Peacock A.J. (2004), The relationship between svstolic, diastolic and mean pulmonary
artery pressure are conserved in man under differing physiological and pathphysiological
conditions, Amterican Journal of Respiratory and Critieal Care Medicive, 169, (7), A178.

Tanabe, N., Okada, O., Abe, Y., Masuda, M., Nakajima, N., and Kuriyama, T. (2001), The influence of

Laclional pulse pressure on the outcome of pulmonary thromboendarterectomy, European
Respiratory Journal., 17, (4), 633-9.
Thomasson, B. (1957), Cardiac output in normal suabjects under standard basal conditions, the

repeatability of measurements by the Fick method, Scandipavian Jowrnal of Clinicel &

Labovatary. nvesijigartion. 9. (4):365.-76..

Thomson, I, R., Machade, R. D., Pauciulo, M, W. ot al (2000}, Sporadic primary pulmonary hyperiension
is associated with germline mutations of the gene encoding BMPR-II, a receptor member of the
TGE-bets family, J Med. Genet,, 37, (10), 741-745.

Trembath, R, C, (2001), Mutations in the TG¥-beta type 1 receptor, ALK, in combined primary
pulmonary hypertension and hereditary hacmorrhagic telangiectasia, implics pathway
specificity, J Heart Lung Transplant., 20, (2), 175.

Tucker, A. and Reeves, . T, (1973}, Nonsustained pulmonary vasaconstriction during acute hypoxia in
anesthetized dogs, dm.J Physiol, 228, (3), 756-761.

van, Grondelle A., Ditchey, R. V., Groves, B. M., Wagner, W. W fr, and Reeves, 1. T. (1983),
Thermedifution method overestimates low cardiac output in humans, AdmericanJowraal of
Physiology. 245.(4):164).-2.

Varnauskas, E. (1955), Studies io hypertensive cardiovascular disease, Seand. /. Clin Labl.fnvest, Suppl,
17,1-117.
Vatner, S. F., Franklin, D, Higgins, C. B., Patrick, T., and Braunwald, E. (1972a), Lefi ventricular

response to severe exertion in untethered dogs, JClindnvest, 51, (12), 3052-3060.




324

Vatner, S. F., McRitchie, R. J., Maroko, . R., Patrick, T. A., and Braunwald, E. {1974), Effccts of
catecholamines, exercise, and nitroglycerin on the normal and ischemic myocardium in
congcious dogs, J ClinInvest, 54, (3), 563-575.

Vissher, M. B. and Johnson, J. A. (1953), The Fick Principle: analysis of potential errors it its
conventional application, JAppl Physiol, 5, 653-G58.

von Buler, U. S. and Liljestrand, G. (1946), Observation on the pulmonary arterial blood pressure in the
cat, Acta Physiologica Scandinavica, 12, 301-320,

Wagner, W. W, Ir, Latham, L. P, and Capen, R. L. (1979), Capillary recruitment during airway
liypoxia: rofe of pulmonary artery pressure, JAppl Physiof, 47, (2), 383-387.

Wang .. and Paterson R. (1995), Mudtiple sowrces of the impedance cardiogram based on 3D finite
difference human thorax models., JEEE Trans Biomed Fng, 42, 141-149,

Warburton, D. E., Haykowsky, M. J., Quinney, H. A., Humen, D, P, and Teo, K. K. (199%b), Reliability
and validity of measures of cardiac output during incremental to maximal aerobic exercise. Part

Medicine 27.(4}:241.-64..

Weiner, T., Morkin, 1., Skalal, R, and Fishman, A. P. (1966), Wave propagation in the pulmonary
circulation., Cire Res., 19, 834-850.

il: Novel techniques and new advances [107 refs], Sports

Weitzenblum, E., Chaouat, A., and Oswald, M. {1996), "Pulmonary hypertension <ue to chronic hypoxic

tung disease,” in Pulmonary Circulation: A handbook for clinicians, 1st edn, Peacack, A. T,
I.ondon, Chapman & Hall, 155-170.

Weitzenblum, L., Santegeau, A.. Ehrhart, M., Mammosser, M., and Pelletier, A (1985), Long-term
oxygen therapy can reverse the progression of pulinonary hypertension iu patients with chronic
obstructive pulmonary disease, dmerican Review of Respiratory Disease, 131, {4), 493-8.

Wensel, R, Opitz, C. F,, Aukor, S. D. et al (2002), Assessment of survival in patients with primary
pulmonary hypertension: Importance of cardiopuimonary exercise tesling, Cire., 106, 319-324,

Werko L, Berseus S, and Lagerlof, H. (2006), A comparison of the direct Fick and the Grollman methods
for deterntination of the cardiac cutput in man., JClin.firvest, 28, 516-520.

West, J. B. {1999), Respiratory Physiology, 61h edn, Lippincott Williams & Wilkins.

West, J. B. and Dollery, C. 'I'. (1963}, Distribution of blood flow and the pressure flow relationships of
the whole lung., LAppl Physiol , 20, 175-183.

West, J. B, Dollery, D. T, and Naimark, A, (1964), Distribution of blood flow in isolated lung: relation
to vascular and atveolar pressurcs., JAppl Physiol., 19, 713-24.

Westerhof, N. and Elzinga, G. (1991), Normaliscd input impedance and arterial decay time over heart rate
period are independent of body size., Am.JPhysiol,, 261, (Regulatory Tntegrative Comyp.
Physiol.), R126-R133.

Westerhof, N., Sipkema, P, van den Bos, G. C,, and Blzinga, G. (1972), Forward and backward waves in
the arterial system, Cardiovascular Resegich, 6, (6), 648-56.



[N
[\-]
(%]

Wuertemberger, G., Zielinsky, 1., Sliwinsky, T., uw-Haedrich, C., and Matthys, H. (1990), Survival in
cluonic obstructive pulmonary disease after diagnosis of pulmonary hypertension related to
long-term oxyeen therapy, Lung, 168, Suppl-9.

Yakimets, J. and Jensen, L. (1995), Evaluation of impedance cardiography: comparison of NCCOM3-R7
with Fick and thermodilution methods, Heart & Lung. 24,(3);194.-206., -Jun.

Zapol, W. M., Rimar, 8., Gillis, N., Marletta, M., and Bosken, C. H. (1994), Nitric oxide and the lung,
American Journal of Respiratory & Critical Care Medicine, 149, (5), 1375-80.

Zeidifard, E., Godirey, 8., and Davies, E. E. (1976), Estimation of cardiac output by an N20O rebreathing
method in adults and children, Jonrnal of Applied Physiology. 41.(3):433.-8..

Zhao, L., Crawley, D. E., Hughes, J. M., Hvans, T. W., and Winter, R. J. (1993). Endothelium-derived
relaxing factor activity in rat lung during hvpoxic pulmonary vascular remodeling, J
Appl. Physiol, 74, (3), 1061-1065.

Zhao, L. Chen Y. Schaffner D. W, (2001), Comparison of logistic regression and linear regression in

modeling precentage data, Applied and Environmental Microbiology, 67, {5), 2129-2135.

Zhuang, F. Y., Fung, Y. C, and Yen, R, T. (1983), Anatysis of blood flow in cat's lung with detailed
anatomical and elasticity data, JAppl Physiol,, 55, 1341-8.

Zuckerman, B. D., Orton, E. C., Stenmark, 1. R, et al (1991), Alteration of the pulsatile load in the high-
altitude calf model of pulmunary hypertension, Journal of Applied Physiolagy, 76, (2), 859-68.

UNIVERSITY
LIBRARY






