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Abstract

Pulmonary Hypertension (PH) is a rare but devastating illness which results in
progressive right ventricular (RV) failure and early death. RV function determines
survival in all patients with PH but it is difficult to measure accurately using existing
clinical techniques. The choice and design of the experiments in this thesis was
driven by a desire to improve our understanding of the reasons for right, and left,
ventricular dysfunction in this context. Cardiovascular magnetic resonance (CMR)
imaging was utilized throughout as it allows the non-invasive, direct and accurate
study of both ventricles; at rest and during stress. In Chapter 3, CMR imaging was
used to identify an NT-proBNP threshold (1685 ng/l, sensitivity 100%, specificity
94%) for the non-invasive detection of RV systolic dysfunction in patients with PH.
In Chapter 4, contrast-enhanced-CMR was utilized for the first time in PH patients
and revealed previously unidentified areas of myocardial fibrosis within the RV
insertion points and interventricular septum. The extent of these areas correlated
inversely with RV ejection fraction (r = -0.762, p < 0.001). Septal contrast
enhancement was particularly associated with bowing of the interventricular septum.
Finally, in Chapter 5, dobutamine stress-CMR was used to determine the individual
reasons for right and left ventricular stroke volume impairment during exercise in PH
patients. A RV stroke volume appeared limited by diminished contractile reserve as A
RVEF was lower in PH patients (27%) compared to controls (38%) and A RVEF
correlated with A RV stroke volume (r = 0.94, p < 0.001). A LV stroke volume
appeared limited by impaired filling, probably due to reduced LV preload as RV
stroke volume and LV end-diastolic volume remained closely related at rest (r =

0.821, p <0.001) and stress (r = 0.693, p = 0.003).
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1. General Introduction

Pulmonary Hypertension (PH) results from a variety of conditions which affect the
pulmonary circulation. A progressive rise in pulmonary vascular resistance (PVR)
results from obliteration or obstruction of the pulmonary vascular bed. This rise in
PVR leads to a rise in pulmonary arterial pressure (PAP) and eventually results in
right ventricular (RV) failure and early death in the majority of patients. Prognosis in
PH is largely dictated by RV function. Data recorded in the 1980°s by the US
National Institutes of Health Registry indicate that, without treatment, median
survival in Pulmonary Arterial Hypertension is only 2.8 years from diagnosis with
equivalent 1-year, 3-year and 5-year survival rates of only 68%, 48% and 34%,

respectively. (1)

Nevertheless, the twenty years that have elapsed since the collection of these data
have been marked by steady and significant scientific advance. We have seen a
complete re-classification of the numerous conditions that result in PH and there has
been a sea change in our conception of the processes that mediate vascular
remodelling and the development of pulmonary arterial hypertension (PAH). We
have moved away from the vasoconstrictive hypothesis originally proposed regarding
the origins of PAH and now acknowledge the primarily vasoproliferative origin of
this condition. New intracellular therapeutic targets have thus been identified in PAH
and other causes of PH. This progress has driven the development of new breed of
targeted antiproliferative therapies for the treatment of PAH (e.g. Prostanoids,
Endothelin antagonists, and Phosphodiesterase inhibitors) and increasingly, PH

associated with other diseases. As a direct result of this progress survival rates in
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PAH now approach 90% at 1 year and are over 60 % at 5 years in selected groups (2,

3).

The advent of these new therapies brings with it new challenges for physicians
managing patients with this heterogeneous group of conditions. The pulmonary
circulation is largely hidden from clinical examination and conventional imaging
technologies. As a result the acquisition of accurate measurements within it has
always been difficult and fraught with error. Even now, at the dawn of the twenty-
first century, physicians remain reliant for an assessment right ventricular function,
which is the principal determinant of survival in PH patients, upon techniques that are
either prohibitively invasive, as is the case with right heart catheterisation or
technically flawed, albeit non-invasive, in the case of transthoracic echocardiography.
The need for an accurate diagnostic method with which to identify, and accurately
document, prognostically significant RV dysfunction in PH patients has, therefore,
never been greater. In addition, our understanding of the reasons for RV failure in PH
remains incomplete. Novel approaches to filling this gap in our knowledge base are
essential. Furthermore, considerable importance has been placed, by both expert
clinician bodies and organisations asked to fund clinical research trials, upon the
development of novel imaging technologies and new techniques which provide a
more accurate and less invasive assessment of the pulmonary circulation in patients

with PH.

Over the last decade Cardiovascular Magnetic Resonance (CMR) imaging has

become accepted as the gold standard technique for the assessment of the proximal

pulmonary circulation and the morphology and function of the right ventricle. CMR
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technology offers tremendous further potential as a non-invasive, multiplanar method
capable of providing a more complete assessment of the right ventricle in PH patients

than that currently available.

The general aim of this thesis is to generate new and clinically relevant information
regarding RV function in PH using CMR imaging. The premise on which this aim is
based is RV function dominates prognosis in patients with PH and that a better means
of detecting, measuring and understanding RV function in PH might result in an
improved outcome for patients. Before contemplating the diseased pulmonary
circulation in PH a review of the structure and function of the normal pulmonary

circulation and right ventricle is appropriate.

1.1. Structure and function of the normal pulmonary circulation

111 Normal pulmonary vascular anatomy

Unlike the systemic vasculature, which is optimised to maintain oxygen delivery to
the tissues, the pulmonary circulation is designed to facilitate gas exchange with the
environment. It must be able to function under a variety of conditions and adjust
rapidly to changes in ambient atmospheric and haemodynamic pressure. In terms of
both anatomical structure and physiological function, the pulmonary circulation is
supremely adapted to meet these demands. The vessels of the human pulmonary
circulation, like those within the systemic circulation, are comprised of an intima, a
media and an adventitia. In the normal pulmonary circulation a single sheet of

endothelial cells constitutes the intimal layer, outside of which lies a medial layer of
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smooth muscle cells which thins and eventually disappears from normal arteries
beyond the level of the respiratory bronchioles. Internal and external elastic lamina
envelop this medial smooth muscle layer, outside of which lies an adventitia
comprised of a protein matrix secreted by resident fibroblasts. The adventitial layer of
the pulmonary circulation, like the media, thins and disappears from pulmonary
arteries as they subdivide and coalesce to form the dense pulmonary capillary

network.

In comparison with equivalently sized systemic vessels, the medial layer of smooth
muscle cells within vessels of the pulmonary circulation is significantly thinner for
any given calibre of vessel examined, e.g. the wall of a healthy main pulmonary artery
is up to 30% thinner than that of a healthy ascending aorta. This relative amuscularity

reflects the lower pressures normally prevalent within the lung circulation.

1111 The pulmonary macrocirculation

Following ejection from the right ventricle, the structure and function of which is
discussed in detail in Section 1.1.4, mixed venous blood crosses the pulmonary (semi-
lunar) valve and enters the main pulmonary artery (or pulmonary trunk). After around
5 cm of travel this vessel bifurcates to form right and left pulmonary arteries (RPA
and LPA). The RPA travels horizontally behind the ascending aorta to the root of the
right lung. It then further sub-divides into two branches; the smaller upper branch
accompanies the right upper lobe bronchus and subdivides within this area of lung.
The larger, lower branch of the RPA accompanies Bronchus Intermedius and delivers

mixed venous blood for saturation within the middle and lower lobes of the right lung.
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The left main pulmonary artery runs horizontally in front of the descending aorta and
on reaching the left hilum undergoes similar bifurcation with the upper branch
supplying the left upper lobe and the lower branching providing desaturated blood to

the left lower lobe.

Unlike the systemic circulation in which the subsequent branching of the vasculature
can be summarised by subdivision into large conducting arteries, arterioles,
capillaries, venules and veins, the pulmonary arterial tree branches in a manner which
appears more unfamiliar to the non-specialist. Arterioles and venules do not exist in
the pulmonary vascular bed. Instead unique transitional vessels transmit blood
between conducting pulmonary arteries and alveolar capillaries. These transitional

pulmonary vessels are termed ‘pre-capillary arteries’ and ‘post-capillary veins’.

Large conducting pulmonary arteries enter the wedge shaped units of the lung
parenchyma (either lobules or acini) associated with a bronchus/bronchiole and
surrounded by a loose connective tissue sheath. The fibrous insertion points of the
alveolar septae, which constitute the crucial, gas exchanging portions of the lung
parenchyma, insert radially into this connective tissue sheath. This arrangement is
crucial to gas exchange function within the normal pulmonary circulation and will be

discussed later.

Following transmission into the lung parenchyma, the conducting pulmonary arteries,
which whilst they run alongside a bronchiole are termed ‘axial’ spawn subjugate
‘supernumerary’ arteries at apparently random intervals and angles.  These

‘supernumerary’ arteries far outnumber their axial progenitors. Supernumerary
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arteries, instead of remaining alongside their parent bronchioles penetrate directly into
the adjacent alveolar parenchyma, subdividing further into smaller arteries and

eventually entering the alveolar capillary network which surrounds the alveoli.

This supernumerary branching pattern means that a single lobule or acinus, although
oxygenated by the bronchus or bronchiole at its apex, is not necessarily perfused
solely by blood within the conducting pulmonary artery that enters its own apex.
Instead each wedge shaped unit can be partly perfused by supernumerary branches of
the conducting pulmonary arteries which originally perfused one or more of several
adjacent sections of lung parenchyma. No pulmonary artery (whether axial or
supernumerary) is ever exposed directly to atmospheric (or alveolar) air pressures,
and all are surrounded by the thin connective tissue sheath alluded to earlier. These
vessels (which include both the arteries and accompanying veins) are unique to the

lung in their configurations and are termed the ‘extra-alveolar vessels’ (4).

1112 The pulmonary microcirculation

11121 Extra-alveolar vessals

The term ‘extra-alveolar vessels’ was first coined in 1961 by Howell and describes all

of the arteries and veins within the pulmonary circulation that are surrounded by a

connective tissue sheath (4). Larger, axial, vessels share their connective tissue sheath

with a bronchus, whilst smaller, supernumerary, vessels have a sheath of their own.
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As described previously, this connective tissue sheath not only transmits the
pulmonary arteries, veins and lymphatics into the lung parenchyma, it also accepts the
radially arranged fibrous insertion points of the alveolar septae. It is now accepted
that this fibrous sheath constitutes a ‘fibrous continuum’ that extends from each lung
hilum to the corresponding parietal pleural surface, surrounding all extra-alveolar
vessels and bronchi in between (5). It has been demonstrated previously that the
interstitial pressure within this connective tissue sheath is sub-atmospheric, or
‘negative’ (6). It has also been established that this pressure becomes ‘more negative’
with increasing chest wall expansion as the fibrous mesh transmits the expansive
forces generated across the thoracic cage during inspiration. The radial arrangement
of the insertion points of the alveolar septae into the connective tissue sheath ensures
that these forces result in an increase in extra-alveolar vessel diameter and length
during inspiration. This configuration facilitates maximal capillary blood flow during

inspiration.

11122 Alveolar vessals

At the termination of the conducting bronchioles, both air and blood (within the
accompanying, terminal, axial arteries) enters the (alveolar) gas exchange
parenchyma. Air is transmitted along the alveolar ducts which are lined by alveolar
septae. These organs constitute the primary gas exchange apparatus of the lung.
Blood capillaries constitute over 90% of the substance of these septae. The
accompanying terminal axial arteries undergo further final subdivision and join the
alveolar capillary network within the alveolar septae. There, blood from the axial

arteries is mixed with blood from supernumerary vessels which have already been
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assimilated into this dense capillary network. At this point, alveolar air and pulmonary
capillary blood are separated by an extremely thin membrane, which at its minimum
is comprised of a single vascular endothelial cell, an associated alveolar epithelial cell
with a fused basement membrane in between. It is across this membrane that gas

exchange can occur.

‘Corner vessels’ are unique amongst the alveolar capillaries. Due to their anatomical
location, at the corners of each alveolus, they alone are able to withstand increases in
alveolar air pressure, e.g. during inspiration. Other alveolar vessels, residing within
the walls of the alveolar septae are forced to collapse under these conditions. The
corner vessels thus provide the sole constant mechanism for gas-exchange within the
lung, even in the face of high alveolar air pressures. Serial microsectioning of these
corner vessels has demonstrated that they are perfused on one side by a pre-capillary
artery and drained on the other by a post-capillary vein (7). They therefore also
provide a rapid and efficient gas exchange ‘short-cut’ between the right and left sides
of the pulmonary circulation when the rest of the pulmonary vascular bed is collapsed,
e.g. within the lungs of a ventilated patient using high Positive End-Expiratory
Pressure (PEEP) settings. This concept is discussed in more detail in section 1.1.3.1,

entitled ‘Passive regulation of pulmonary haemodynamics’.

Unlike the systemic circulation, in which the terminal, perfusing capillary bed is
formed by the final branching of an arteriole and then drained by reconstitution of the
capillaries to form a venule, the pulmonary capillary bed forms a seemingly chaotic
network of intertwining capillaries with no obvious beginning or end. This

configuration has prompted much debate as to the exact nature and pattern of blood
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flow within the pulmonary vascular bed. Weibel argues that this blood flow is
governed by the tubular shape of the pulmonary arteries and capillaries and so PVR
can be computed by Poiseuille’s law (8). In contrast, Fung and Sobin have proposed
an alternative model suggesting lamellar (sheet-like) flow between fibrous ‘posts’
within the hexagonal capillary network mesh (9-11). Others have suggested that both
flow conditions may co-exist depending on the prevailing atmospheric and

haemodynamic conditions (12).

112 Normal pulmonary vascular function

The anatomical configuration of the pulmonary circulation described above provides
much of the apparatus necessary for normal pulmonary function and efficient gas
exchange. In health, the pulmonary circulation is a compliant, high flow, low
resistance system. Unlike the systemic circulation the pulmonary circulation is nearly
maximally vasodilated at rest. Healthy pulmonary arteries exhibit very low basal
smooth muscle tone and normal PVR is approximately one-fifteenth of normal
systemic vascular resistance (13). This allows the pulmonary circulation to
accommodate the entire cardiac output, which flows through the lungs at pressures far
lower than those seen in the systemic circulation. These low pressures prevent fluid
migrating into the interstitial space, optimizing the conditions for gas exchange and

allowing the RV to operate at minimum energy cost (14).
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1.1.3 Normal regulation of pulmonary haemodynamics

1131 Passive regulation of pulmonary haemodynamics

Pulmonary blood flow is greater in the dependant regions of the lung; the upright
human lung is approximately 30 cm in height and so the influence of gravity cannot
be underestimated. Gravity-dependant relationships between the transmural pressures
of air, arterial blood and venous blood exert tremendous influence over the shape, and
therefore, the function of the alveolar septae and the microvasculature they contain.

These three determinants of the net transmural alveolar pressure are present in various
combinations depending on the location of an individual alveolus within the upright
lung. These combinations have been reproduced in the laboratory and, following
fixation of the vasculature, used by West to describe the three ‘zones’ within the

upright human lung (15).

Zone 1 Alveolar air pressure is higher than both arterial and venous pressures
Upper zones of the upright lung

Zone 2 Arterial pressure is highest, followed by alveolar air pressure. Venous
pressure is lowest.
Mid- zones of the upright lung

Zone 3 Both arterial and venous pressures are higher than alveolar air pressure

Lower zones of the upright lung

In Zone 1 high alveolar air pressure produces perfectly smooth alveolar septal

surfaces with collapse of all but the corner capillary vessels. This configuration
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rarely, if ever, exists in Vivo except in the very apices of the lung and perhaps in the
setting of profound hypovolaemia. Although Zone 1 conditions are detrimental to gas
exchange, it has been demonstrated previously that the corner vessels, which are the
sole capillaries open within this environment remain capable of maintaining gas

exchange.

Zone 2 conditions are commonly encountered throughout the lungs of patients
ventilated mechanically using high PEEP settings. As in zone 1 the relatively high
alveolar pressures cause collapse of many of the septal capillaries. Those that remain
open appear as slit-like vessels although, as in Zone 1, the majority of capillary blood
flow is through corner vessels (or corner pleats, which are formed by infoldings of the
alveolar wall where at least three alveolar septae, containing open corner vessels,
meet). Although these conditions would, again, appear to compromise gas exchange,

the corner pleats perform extremely efficiently in this regard.

Under Zone 3 conditions the optimum conditions for gas exchange exist. The
relatively low alveolar air pressure allows distension and engorgement of the majority
of the alveolar septal capillaries. Assuming alveolar ventilation is adequate and well

distributed avid gas exchange across this huge surface area will be possible.

This zonal model of gas exchange function is clearly not strictly geographical or
anatomical. Instead, West’s model provides a useful basis for discussions regarding
pulmonary circulation function under various environmental and haemodynamic

conditions. In addition to these powerful ‘passive’ regulatory mechanisms which are
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endowed upon the pulmonary circulation through its unique configuration, additional

‘active’ regulatory mechanisms also exist.

1.1.32 Active regulation of pulmonary haemodynamics

In healthy individuals, the active regulation of the pulmonary circulation is far less
important than the passive mechanisms discussed in the previous section. Neuro-
humeral factors play a fairly minor role in control of the healthy pulmonary
circulation; however, Hypoxic Pulmonary Vasoconstriction (HPV) remains a
powerful and important influence upon pulmonary haemodynamics under the

appropriate conditions.

11321 Hypoxic pulmonary vasoconstriction

The systemic and pulmonary circulations differ diametrically in their response to
hypoxia. Whilst the systemic vasculature vasodilates in an attempt to maintain local
tissue oxygenation the pulmonary circulation vasoconstricts. HPV is initiated by an
unidentified oxygen sensor, which is probably located in the airways and is effected
by shortening of the smooth muscle cells within the small (200-600 pm diameter)
pulmonary arteries in the precapillary circulation. HPV is triggered within two
minutes of a fall in inspired alveolar oxygen concentration below a threshold of
around 10%. This reflex diverts deoxygenated blood away from under- or un-
ventilated alveoli in an attempt to maintain ventilation/perfusion (V/Q) matching and

arterial oxygen saturation.
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The HPV reflex was first described by Bradford and Dean in the 1890’s and more
completely defined by von Euler and Liljestrand in the cat in 1946 (16). This reflex is
found in all mammalian species although its intensity varies between species and
individuals. The components and intracellular pathways which mediate HPV have
been the subject of much research over recent years. Although significant progress
has been made in animal models, the exact nature of the human HPV response is not
yet fully understood. It is known that hypoxia causes an increase in both the influx
and intracellular generation of calcium within pulmonary artery smooth muscle cells
probably signalling through altered intracellular potassium channels (e.g. Kv,; and

Kv, s which have been identified in rat pulmonary arteries).

HPV is most effective in response to localised V/Q mismatch when it can preserve
arterial oxygen saturation without any rise in PAP. However, in the context of
widespread V/Q mismatch or persistent inspired alveolar hypoxia, HPV results in the
PH associated with Chronic Hypoxic Lung Disease and continuous residence at high

altitude, respectively.

1.1.322 Neural influences upon pulmonary haemodynamics

Although the pulmonary circulation is suffused with both adrenergic and cholinergic
nerve endings, this innervation is predominantly proximal and is not thought to be of
great significance in the control of normal pulmonary vascular function. Adrenergic
pathways have been shown to produce both vasodilatation (B agonists) and
vasoconstriction (o agonists) depending on the receptor subtypes stimulated.

Stimulation of the sympathetic nervous system has been shown to produce both
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vasodilatation and vasoconstriction, whilst the parasympathetic nervous system

appears to have no significant effect on the healthy pulmonary circulation.

1.1.3.23. Humeral influences upon pulmonary haemodynamics

Various circulating and endothelium derived-humeral factors have been shown to
influence both the healthy and the diseased pulmonary circulation. Nitric Oxide and
Prostacyclin, both derived from endothelial cells, have both been shown to
consistently cause pulmonary vasodilatation and to inhibit cell replication and growth
within the pulmonary circulation. In contrast, Thromboxane A, and Endothelin-1
which again are derived from the endothelium are potent constricting agents and
growth factors. Disregulation of the production of these endothelium derived humeral
factors appears central to the pathogenesis of various pulmonary vascular disorders
including Pulmonary Arterial Hypertension. A large number of other mediators, e.g.
histamine, serotonin, angiotensin II, acetylcholine have been shown to affect
pulmonary vascular tone although none of these have shown consistent

haemodynamic effects.
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114 Normal right ventricular structure and function

1.14.1 Anatomical considerations

11411 The location and shape of the right ventricle

The term ‘right ventricle’ is really a misnomer. The ‘rightness’ of the RV reflects the
natural orientation of the explanted heart as it lies on the dissection table. In this
position the RV, which is more accurately termed the anterior, or pulmonary,
ventricle, lies on the operator’s right with the interventricular septum (IVS) in the
midline and the cardiac apex pointing away. In the normally connected in vivo human

heart the RV is an anterior structure lying almost in the midline.

The shape of the human RV is complex and has been likened to a truncated ellipsoid
pyramid, draped around the cylindrical left ventricle (LV). The left posterior and left
lateral borders of the RV cavity are therefore concave and formed by the IVS, whilst
the tricuspid (or atrioventricular) valve plane forms the right posterior border. The
basal surface of the RV lies upon the right hemi-diaphragm over the left lobe of the
liver whilst the convex antero-superior surface, often termed the RV ‘free wall’
extends from right atrium to the apex and forms a large part of the sterno-costal
surface of the heart. The upper left corner of the RV, as it resides in the chest, forms
a conical pouch termed the Infundibulum (or Conus Arteriosus) from which the main

pulmonary artery arises (see figure 1.1, overleaf).
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Figurel.l

Surface anatomy of the human RV as it lies in the thoracic cavity. Reproduced from
the 20" edition of Gray’s Anatomy of the Human Body, originally published in 1918

(copyright expired).
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Figurel1.2

Cut-away diagram of the normal RV cavity. The RV outflow tract lies immediately
inferior to the pulmonary valve. The moderator band is visible, but not labelled, at the
bottom right of the RV cavity which it crosses to attach to the RV free wall (cut
away). Reproduced from the 20" edition of Gray’s Anatomy of the Human Body,

originally published in 1918 (copyright expired).
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11412 Topography of the right ventricular cavity

The RV cavity is, by convention, divided into inlet and outlet (or sinus) portions
separated by the supraventricular ridge (see figure 1.1 on page 40). The inlet portion
of the RV is comprised of the tricuspid valve, the papillary muscles and their
associated chordae tendinae, and the coarsely trabeculated myocardium that supports
the tricuspid valve. The well defined muscle bands of the supraventricular ridge form
an almost circular orifice separating this inlet portion of the RV from the contiguous
outlet (or outflow) tract. Note: the RV outflow tract is sometimes referred to as the
Infundibulum or the Conus Arteriosus (as it is in Figure 1.1). While the term
Infundibulum more specifically refers to the muscular component of the RV that
surrounds the outflow tract the terms, Infundibulum and RV outflow tract are often
used inter-changeably. Conus Arteriosusis a term generally now confined to anatomy

text books although it describes the same structure as Infundibulum.

The RV outflow tract is unique in that it is the only component of the RV cavity that
has a smooth endocardial surface. It runs superiorly from the tricuspid valve plane to
the pulmonary valve which lies at its summit. It is visible, but not labelled,
immediately inferior to the pulmonary valve on figure 1.2 (page 41). The endocardial
surface of the remainder of the RV cavity is coarsely trabeculated. These
trabeculations appear straighter and fewer in number than those found within the LV
cavity; some are simple ridges, others are more developed and although fixed at their
ends, free in the middle. A further population of trabecullae are more heavily
muscled and collectively form the papillary muscles, supporting the three leaflets of

the tricuspid valve. The papillary muscles of the RV are more complex in there
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arrangement than those supporting the mitral valve in the LV (17). A single large
anterior papillary muscle arises from the RV free wall. In addition, multiple smaller
papillary muscles attach partly to the postero-inferior RV free wall and partly to the
septum and a further group of smaller papillary muscles arise from the interventricular
septum. The uppermost of these septal papillary muscles is called the medial (conal)
papillary muscle, also described as the Muscle of Lancisi or the Muscle of Luschka.
Again these structures are visible in Figure 1.2 in which they are labelled simply as
the papillary muscles. The septomarginal trabeculation is a particularly well
developed trabeculation that extends apically along the interventricular septum from
the Supraventricular Ridge. Just before this structure meets the RV free wall at the
RV apex, a prominent ridge of muscle extends from it and crossed the RV cavity to
meet the approaching RV free wall. This structure may assist in preventing over-
distension of the RV, hence its name; the Moderator Band. The moderator band is

visible, but not labelled at the bottom right corner of the RV cavity in figure 1.2.

11413 The layering and myoar chitecture of the right ventricular wall

The human heart is supported by a flexible, fibrous skeleton fixed around the two
atrioventricular (tricuspid and mitral) and the two arterial (pulmonary and aortic)
valve orifices. Myocardial muscle fibres from all four cardiac chambers attach into
this skeletal frame in a fashion that facilitates coordinated chamber and valve

function.

Within the LV of the human heart a characteristic pattern of subepicardial (or

superficial), middle and subendocardial (or deep) muscle layers can be identified.
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This is in contrast to the RV in which only two identifiable muscle layers exist, a
superficial layer and a deep layer (18, 19). Whether within the LV or the RV these
muscles layers are not separated by myofascial planes but are instead defined by
changes in the orientation of their constituent fibres. These orientations are, by
convention, described relative to the plane of the atrioventricular grooves. Therefore,
circumferential fibres run parallel to the atrioventricular grooves whilst longitudinal
fibres run perpendicular to this plane. Oblique muscle fibres run in a direction

interposed between these two axes (18).

The myocardial muscle fibres of the superficial (subepicardial) layer of the RV are
anchored to the fibroskeleton of the heart around the tricuspid valve ring. These
superficial fibres run obliquely from the base of the heart towards the apex. Some
cross the anterior and posterior interventricular sulci on the sternocostal and
diaphragmatic surfaces of the heart and merge with LV superficial fibres running
longitudinally from around the mitral valve ring. On approaching the cardiac apex
these superficial fibres, from both left and right ventricles, wind into tight vortices
(one on the left and one on the right). These vortices eventually invaginate at the

cardiac apex.

The wound fibres of this superficial layer, tucked in at the right and left cardiac
vortices at the apex of the heart then give rise to the fibres of the deep
(subendocardial) muscle layer of the RV and LV respectively. The deep fibres of the
RV run longitudinally back towards the atrioventricular and pulmonary valve anulli
and the papillary muscles, into which they insert and are anchored to. A significant

component of the deep muscle layer of the RV also arises from the invagination of

44



some superficial fibres at the anterior and posterior interventricular sulci. These fibres
form the right hand side of the interventricular septum before continuing basally.
They ultimately become fixed to similar endocardial structures as those fibres that

originated at the cardiac apex.

The fibres within the deepest of this deep RV layer are arranged in sheets that loop
around both cardiac ventricles. This arrangement of the deep fibres and in particular
the anchoring of these fibres to key structural elements within the heart is believed to
facilitate normal synchronised ventricular function and coordinated atrio-ventricular

valve closure in the normal human heart.

11414 The layering and myoar chitecture of the left ventricular wall

As indicated earlier the LV, which includes the interventricular septum, contains an
additional, middle, layer of muscle fibres. These fibres are arranged circumferentially
and have no specific points of origin, termination or anchorage. The middle layer of
the LV has been shown to be preferentially thickened in patients with systemic
hypertension (20) and in those with congenital heart disease (19). Within the LV the
superficial and deep muscle layers are arranged in a similar fashion to those within the
RV, however, the superficial fibres of the LV must penetrate the middle,

circumferential, layer to reach and become confluent with the deep muscle layer.
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1.1.4.1.4. Right ventricular blood supply

In general, the Right Coronary Artery (RCA) supplies the RV myocardium. The sino-
atrial node branch supplies the sino-atrial node in the RA, whilst other marginal
branches of the RCA supply the RV free-wall. Inevitably there is some variability in
this arrangement in humans, for example, in approximately 10% of individuals,
branches of the circumflex artery, arising form the Left Coronary Artery (LCA),
supply the posterior RV wall (21). In the majority of individuals the interventricular
septum is supplied predominantly by four to six perpendicular branches of the Left
Anterior Descending Artery, arising from the LCA. Detailed histopathological
studies have however demonstrated a considerable contribution to septal blood
supply, particularly within the postero-inferior portions of the septum from
perpendicular branches of the Posterior Descending Artery (PDA) (21). In 85 % of
individuals this vessel arises from the RCA (a right dominant coronary circulation)
whilst in the remaining 15% the PDA arises from the Left Coronary Artery (LCA) (a
left dominant coronary circulation). In this latter 15 % of individuals the
interventricular septum will therefore receive almost all its blood supply from the left

coronary circulation.

1142 Normal right ventricular function

The RV under normal circumstances is a low pressure volume pump that moves

desaturated blood out across the pulmonary valve into the pulmonary circulation.

Desaturated blood returns from the systemic circulation via the vena cavae and the

RA, finally crossing the tricuspid valve and entering the inlet portion of the RV
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cavity. The normal RV ejects an equivalent volume of blood per contraction as the left
ventricle (LV). Since resting pulmonary vascular resistance (PVR) is, however, only
one-fifteenth of normal systemic vascular resistance the RV is able to operate at a far
lower energy cost than the LV, per contraction. The low pressure environment within
the pulmonary circulation is advantageous in that it prevents fluid migrating into the
interstitial space and so provides optimal conditions for gas exchange. These low
pressures do however make the pulmonary circulation in general, and the thin-walled
RV in particular, poorly adapted to cope with rapid changes in pulmonary vascular

resistance and rising pulmonary artery pressures (14).

12 The pulmonary circulation and right ventricle in Pulmonary
Hypertension
121 The aetiology of pulmonary hypertension

The term ‘Pulmonary Hypertension’ describes a syndrome characterised
haemodynamically by elevated PVR and PAP, and clinically by complaints of
breathlessness, fatigue, chest pain and ankle swelling. The detection of Pulmonary
Hypertension (PH) is therefore, in itself, not an adequate diagnosis as the syndrome
can be caused by a variety of diseases which vary not only in origin but also in

response to treatment and prognosis.

Following the 2" WHO symposium on PH in Evian, France in 1998, a new

classification of the diseases known to cause PH was proposed. This re-classification

sought to classify diseases on the basis of the pathophysiological phenotype expressed
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in each condition; as a result the preceding arbitrary division of the causes of PH into
‘primary’ and ‘secondary’ phenomena was discarded. It was hoped that this new
classification would encourage the development of therapies targeted more
specifically at the implicated and often common biological abnormalities. In addition
the Evian classification aimed to allow the standardisation of diagnostic methods and
facilitate more meaningful communication about individual patients between centres.
The Evian classification was endorsed and updated at the 3™ world symposium held in

Venice in 2003 and is presented in Table 1.1, overleaf.
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Table1.1 Clinical classification of Pulmonary Hypertension (Venice 2003)

1. Pulmonary arterial hypertension (PAH)
1.1. Idiopathic (IPAH)

1.2. Familial (FPAH)

1.3. Associated with (APAH):

1.3.1. Connective tissue disease

1.3.2. Congenital systemic to pulmonary shunts
1.3.3. Portal hypertension

1.3.4.HIV infection

1.3.5. Drugs and toxins

1.3.6. Others, e.g. thyroid disorders, glycogen storage disease, HHT, splenectomy
1.4. Associated with significant venous or capillary
involvement

1.4.1. Pulmonary veno-occlusive disease (PVOD)
1.4.2. Pulmonary capillary haemangiomatosis (PCH)
1.5. Persistent pulmonary hypertension of the newborn (PPHN)

2. Pulmonary hypertension associated with left heart diseases
2.1. Left-sided atrial or ventricular heart disease
2.2. Left-sided valvular heart disease

3. Pulmonary hypertension associated with lung respiratory diseases and/or hypoxia
3.1. Chronic obstructive pulmonary disease

3.2. Interstitial lung disease

3.3. Sleep disordered breathing

3.4. Alveolar hypoventilation disorders

3.5. Chronic exposure to high altitude

3.6. Developmental abnormalities

4. Pulmonary hypertension due to chronic thrombotic and/or embolic disease
4.1. Thromboembolic obstruction of proximal pulmonary arteries

4.2. Thromboembolic obstruction of distal pulmonary arteries

4.3. Non-thrombotic pulmonary embolism, e.g. tumour, parasites, foreign material

5. Miscellaneous
Sarcoidosis, histiocytosis X, lymphangiomatosis, compression of pulmonary
vessels
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122 The pathophysiology of Pulmonary Arterial Hypertension

The unique functional configuration of the pulmonary circulation is maintained by a
fine balance of locally synthesised and rapidly active modulators of cellular growth
and pulmonary vascular smooth muscle tone. This balance maintains the
microcellular structure of the vessels in the pulmonary circulation and is necessary to
facilitate rapid responses to changes in atmospheric, haemodynamic or ventilatory
conditions. However, this balance is disrupted in Pulmonary Arterial Hypertension
(PAH), in which, aberrant intracellular signalling and functional abnormalities have
been demonstrated within all three layers of the vascular wall. PAH is considered the
prototype for the majority of primary disorders affecting the pulmonary vasculature
including Idiopathic PAH (previously termed Primary Pulmonary Hypertension) and
PAH associated with various conditions including connective tissue diseases, HIV
infection and congenital systemic-to-pulmonary shunts. These intracellular

abnormalities include:

1. Endothelial cell dysfunction (22-25) within the intima

2. Increased expression of 5-hydroxytryptamine transporter proteins (26, 27) and
abnormal voltage-dependant potassium channels (28, 29) within pulmonary
artery smooth muscle cells (PASMCs)

3. Abnormalities of adventitial metalloproteases and serine elastases (30-32)
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123 Pulmonary vascular remodelling

Current evidence suggests that these aberrant intracellular processes, in combination,
promote cellular proliferation and vasoconstriction and result in the typical
histopathological abnormalities seen in PAH. These changes, often summarised by
the term ‘vascular remodelling’, are characterised by the obliteration of pulmonary
arterioles by intimal fibrosis, often with associated in-situ thrombosis and hypertrophy
of the medial smooth muscle cells and adventitial fibroblasts. The classic ‘plexiform’
lesion is seen in up to two-thirds of patients with PAH (33, 34). This ominous mass of
tangled vessels, endothelial cells and fibroblasts has been demonstrated in patients
with idiopathic PAH (33, 34), PAH associated with scleroderma (35) and in PH
secondary to congenital heart disease (34) and chronic thromboembolism (36). It has
been demonstrated recently that endothelial cell proliferation within plexiform lesions
is monoclonal in Idiopathic PAH but polyclonal in PH secondary to other causes (37).
Plexiform arteriopathy is thought to represent an angiogenic response to local tissue
ischaemia and/or hypoxia, occurring as a result of proximal vascular obstruction (38).
Several authors have observed that the earliest stages of PH are characterised
pathologically by medial hypertrophy alone (33, 34, 39), without plexiform

arteriopathy, which would be in keeping with this hypothesis.

Our greater understanding of the intracellular mechanisms underlying vascular
remodelling and recognition of the vasoproliferative origins of PAH has prompted
development of the current, growing breed of anti-proliferative or ‘de-remodelling’
therapies. Despite the progress that has been made over the last decade, the triggers

involved in the initiation and perpetuation of these complex remodelling processes are
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not yet fully understood. Genetic (40, 41), haematological (42), inflammatory (43)
and numerous other potential mechanisms have been implicated, and it appears likely
that the underlying aetiology is multifactorial, perhaps involving a ‘second-hit’ upon a

genetically susceptible individual.

1.2.4 Right ventricular failurein PH

As alluded to in the General Introduction, RV function is the principal haemodynamic
determinant of survival in PH of all aetiologies. Of the numerous physiological
variables that have prognostic significance in PH patients the vast majority are direct
correlates of RV performance. These include cardiac output and index (1, 3, 44, 45),
mixed venous oxygen saturation (45) and VO, max and peak oxygen pulse (46, 47),
all of which outperform pulmonary arterial pressure as prognostic indicators in PH.
Furthermore, RV failure before treatment initiation is associated with a poor outcome
in patients with PAH (48) and is associated with increased morbidity and mortality
related to Pulmonary Thromboendarterectomy for Chronic Thromboembolic PH (49,
50). This powerful prognostic influence reflects the fact that progressive RV failure is
the usual, and unfortunately, inevitable cause of death in the vast majority of patients

who develop PH.

The prognostic impact of poor RV function suggests an obvious clinical role as a
means of detecting ‘at risk’ patients at presentation with PH. However, its clinical
usefulness in this manner is greatly reduced by the limited means currently available
to detect it. RV dysfunction, without overt RV failure (suggested by an elevated

jugular venous pressure, peripheral oedema) is almost impossible to detect clinically.
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Physicians are therefore overly reliant on diagnostic aids for the identification of RV
failure in PH patients. The methods currently available for this purpose have
significant limitations which will be discussed in detail in the sections that follow.
One of the principal aims of this thesis was the establishment of a novel non-invasive
means of detecting RV dysfunction in PH patients using NT-proBNP. This
experiment is described in Chapter 3. Additionally, I hoped through the studies
reported in Chapters 4 and 5 to uncover new information regarding the development
of RV failure and the effect of RV failure on exercise capacity in PH patients. These
goals are all based upon the supposition that RV failure is the catalyst for clinical
decline and death in PH patients and that a better means of detecting and

understanding it, are essential if the outcome for patients is to be improved.

1.3 Current methods of assessment of the pulmonary circulation and

right ventricle

In contrast to the advances in therapy that have been seen over recent years, there has
been little change in the tools used to assess the pulmonary circulation since the
introduction of cardiac catheterisation in the 1970s and the deployment of portable,
inexpensive transthoracic echocardiography machines in the 1980s. This lack of
progress means that physicians remain reliant on these two techniques for the
assessment of RV function in patients with PH. Unfortunately, neither method is

ideally suited for this purpose.
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13.1 Echocardiography

Medical echocardiography was developed in the years following World War II.
During the war, pre-war experimentation with ultrasound technology had been
intensified, resulting in the introduction of ‘SONAR’ which was successfully used
during the conflict to track submarines underwater. In the 1950s, the Swedish
physician and physicist, Inge Edler, subsequently dubbed the ‘Father of
Echocardiography’ (51), modified these techniques to produce moving images of the
human heart for the first time (52). By the 1970s and 80s echocardiography had
become established as a useful clinical tool. Thirty years on from this, it is the most
commonly performed cardiovascular investigation after electrocardiography and chest
radiography (51).  Echocardiography (a term which refers to trans-thoracic
echocardiography throughout this thesis) has two principal uses in the assessment of
patients with PH, 1) the detection of suspected PH in a symptomatic individual and 2)
the measurement of RV dimensions and the quantitative assessment of RV function in

patients already known to have PH.

1311 Detection of Pulmonary Hypertension

Using echocardiography, Doppler-derived measurements of the peak velocity of
blood traversing orifices, such as valves, within the cardiovascular system allows an
estimation of the pressure gradient driving blood flow across such areas. This method
employs a simplified version of Bernoulli’s equation where the driving pressure
gradient = 4 x (peak velocity of blood flow) *. Although jets of pulmonary valve

insufficiency and blood flow across atrial or ventricular septal defects can be used in
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the estimation of pulmonary arterial pressure (PAP), tricuspid valve regurgitant jets
are the most ubiquitous and easily acquired haemodynamic phenomena used for this
purpose in patients with PH (53). In the absence of pulmonary valve stenosis, systolic
PAP can therefore be calculated as the tricuspid valve pressure gradient (= 4(Peak
tricuspid valve jet velocity) ?) + estimated right atrial pressure (RAP). RAP can be
estimated by various methods including the Inferior Vena Cava Collapsibility Index

and the extent of jugular venous pressure elevation detected clinically.

The reliability of these methods has been extensively investigated over the last twenty
years (53-56). Impressive correlation has been demonstrated on numerous occasions
with invasive measurements of systolic PAP (r = 0.89-0.97) (53-56). Doppler
Echocardiography has, therefore, become established as the non-invasive screening
investigation of choice in suspected cases of PH. Doppler Echocardiography studies
do, however, also report relatively high standard errors of estimation (between 4.9 and
8 mmHg) (53, 56) making the accurate estimation of systolic PAP within a particular
individual more unreliable. The Echo-Doppler method described is also subject to
inevitable operator dependence and is particularly difficult to employ in obese patients
and those with lung hyperinflation, e.g. patients with Chronic Obstructive Lung
Disease (COPD) (in one cohort of COPD patients only 25% of examinations were

successful (55)), who are at significant risk of developing PH.

1312 Quantitative assessment of RV function

In patients in whom a diagnosis of PH has already been secured an accurate

measurement of RV function is desirable, not least because of its powerful prognostic
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influence. As we have discussed in earlier sections, RV function is the principal
haemodynamic determinant of outcome in patients with PH (57), in whom RV failure
remains the commonest mode of death (1, 58). Unfortunately, although
echocardiography, being cheap and portable, is a convenient method for the
assessment of RV function it is not a particularly accurate one. = The geometric
assumptions that echocardiography software employs to generate three dimensional
ventricular volume measurements from data acquired in two-dimensions become
increasingly flawed as the diseased RV dilates (59, 60) and fails. As we have
discussed in Section 1.1.4, the RV is a complex structure and it is extremely difficult
to model mathematically. Echocardiography is therefore an imprecise method of
measuring RV dimensions and function in the setting of RV failure, limiting its
usefulness in patients with established PH. RV ejection fraction (RVEF) can only be
estimated indirectly from measurements acquired in two dimensions using
echocardiography. Furthermore, variables derived from echocardiography that reflect
RV function and provide useful prognostic information in PH are either complicated
to define and therefore reliant upon an experienced operator (e.g. the Tei index) (61)
or detected most frequently in patients in whom RV failure is already clinically overt

(e.g. a pericardial effusion) (44).

132 Right heart catheterisation

Right heart catheterisation (RHC) is the current gold standard for haemodynamic

assessment in patients with proven or suspected PH. Standard diagnostic algorithms

require RHC for diagnosis (PH is defined as a mean PAP, which can only be

measured at RHC, of > 25 mmHg at rest or > 30 mmHg on exercise). Since André
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Cournand first demonstrated that PAP could be safely and accurately measured at
RHC in humans in 1945 (62), simple techniques have been developed that allow the

determination of additional important variables. These include:

1. Cardiac output (CO), which is most commonly measured using a
thermodilution technique first described 1971 by Swan and Ganz (63)

2. Pulmonary artery occlusion pressure (PAOP) (and the related pulmonary
capillary wedge pressure (PCWP) which provides an approximation of left
atrial pressure by recording pressure measurements with a balloon-tipped
pulmonary artery catheter wedged, with the balloon inflated, within a branch
pulmonary artery (64)

3. Right atrial pressure (RAP)

4. Pulmonary artery (or mixed venous) oxygen saturation (PAOP or MVO,)

Integration of Mean PAP, PAOP and CO allows the calculation of resistance to blood

flow within the resistance vessels of pulmonary circulation (termed pulmonary

vascular resistance (PVR)):

PVR = Mean PAP-Pulmonary Artery Occlusion Pressurre

Cardiac Output

PVR provides a simple mathematical descriptor of the lung circulation that can be
used to quantify pulmonary vascular disease. The computation of PVR from both
pressure and flow makes this value a powerful index of disease severity. In health,

the capacity for recruitment within the pulmonary circulation is large. On exercise, as
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CO rises, PVR should therefore fall allowing the lung circulation to accommodate the
increased CO with only a minimal rise in PAP. This feature of normal physiology is
important as the earliest stages of pulmonary vascular remodelling are characterised
by a relatively small reduction in the cross-sectional area of the pulmonary vascular
bed, and therefore, a curtailed recruitable lung circulation. In this setting, PH may
only be proven by either an abnormal rise in PVR and/or PAP on exercise. CO, RAP
and PAOP have all been shown to predict a poor outcome in patients with Pulmonary

Arterial Hypertension (65).

Acute Vasodilator testing can also be undertaken at RHC. Inhaled Nitric Oxide is the
most commonly used vasodilator although alternative methods such as intravenous
Prostacyclin and Adenosine have been successfully employed (65). A positive acute
vasodilator test is defined as reduction of mean PAP of > 10 mmHg to reach an
absolute value of mean PAP < 40 mmHg with an increased or unchanged cardiac
output (65). In uncontrolled studies it has been shown that patients who demonstrate
an acute vasodilator response at RHC derive sustained haemodynamic and survival
benefit from long-term treatment with Calcium Channel Antagonists (66). Therefore,
RHC provides important indices of pulmonary vascular disease. Nevertheless, the

technique has significant limitations in PH patients, these include:

1. Itis invasive

2. It is generally only performed at rest making the detection of early PH difficult
and resulting in a loose correlation with symptoms in PH (67).

3. RHC does not seem to yield variables that correlate tightly with clinical

improvement on therapy (67). Invasive haemodynamics (mean PAP, CO, and
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PVR), although crucial to diagnosis, and usually responsive in terms of pure
statistic significance, rarely improve in great physiological terms with
apparently successful treatment (as defined by other means, e.g. exercise
performance, symptom scores). This may reflect dissociation between the
‘cath. lab’ environment (lying supine, at rest) and ‘real life’ but also suggests
that resting RHC is too simple a tool to adequately describe the physiological

changes that occur in PH.

1.3.3 The six-minute walk test

An assessment of function, or exercise capacity, is important in the assessment of all
patients with PH. This is because functional capacity, or WHO class correlates with
survival in PH patients and exercise capacity is a useful surrogate of the day-to-day
symptoms experienced by patients. The six-minute walk test (6MWT) is the most
widely employed tool available for this purpose. If recorded at presentation and at
subsequent clinic visits, six-minute walk test (6MWT) distance can be used to monitor
patients on therapy and as a means of detecting clinical deterioration. 6MWT
distance probably reflects RV function to some extent as it has been shown to
correlate strongly with peak oxygen pulse measured by Cardiopulmonary Exercise
Testing (46), which is a direct correlate of RV stroke volume. Furthermore, 6MWT
distance at presentation has been shown to predict survival (46) in patients with
idiopathic PAH and to correlate with clinical improvement with various therapies,
including intravenous Epoprostenol (68-70). The 6MWT is easy to undertake, cheap

and reproducible, it also the only measure of exercise capacity that has been approved
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by the US Food and Drug Administration for use in clinical trials of therapy for PAH

(67).

Nevertheless, the 6MWT 1is not specific to either the pulmonary circulation or RV.
Deterioration in a patient’s 6MWT performance can occur for reasons other than the
progression of pulmonary vascular disease or the development of RV failure, e.g.
arthralgia or muscle weakness. A recent study has also reported poor correlation
between 6MWT and cardiopulmonary exercise test results in patients enrolled in
clinical trials of therapy for PH (71). Therefore, an alternative means of assessing
disease severity in PH at presentation and over a period of time is desired. Recent
research conducted in patients with diseases of the systemic circulation has
established a potential role for natriuretic peptide hormones in the detection and

monitoring of RV dysfunction in PH patients.

1.34 Natriuretic peptides

The natriuretic peptides share a common 17-amino acid ring structure. Atrial
Natriuretic Peptide (ANP) was discovered first, in the early 1980s (72), followed by
Brain Natriuretic Peptide (BNP), now termed B-type natriuretic peptide and C-type
Natriuretic Peptide (CNP). Both ANP and BNP bind to Natriuretic Peptide Receptor-
A (NPR-A) and promote salt and water loss (natriuresis and diuresis) (73). CNP
binds to NPR-B and is a potent vasodilator; however, it has no practical clinical role.
ANP and BNP are synthesised within cardiac myocytes as high molecular weight
precursor proteins which are then cleaved into an active hormone and an inactive N-

terminal component. BNP, for example, is secreted as proBNP 1-108, which is
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cleaved by enzymes such as Prohormone Convertase and Corin within cardiac
myocytes into proBNP 1-76 (known as N terminal-pro Brain Natriuretic Peptide (NT-
proBNP)), which is inactive and BNP 32 (known simply as BNP), which is the active

hormone (74, 75).

BNP is secreted from both cardiac ventricles in response to raised chamber pressure
or volume overload (76). In contrast, ANP release is dictated by atrial, rather than
ventricular, filling pressures. The secretion of both ANP and BNP is influenced by
other physiological factors, most notably blood pressure, salt intake and renal
function. The secretory mechanisms of the two peptides dictate the effect these
variables have on serum levels. ANP can be released rapidly in response to
physiological stimuli because it is stored in secretory granules within atrial myocytes
(77). In contrast, the secretion of BNP is constitutive because ventricular myocytes
do not contain secretory granules (78). Therefore, serum ANP levels are more easily
influenced by other physiological factors than BNP, making the former less attractive
as a potential biomarker. The assay required to measure serum ANP levels is also
extremely complex and expensive and so ANP is not used in clinical studies. Because
the secretion of BNP is more predictable and its measurement is more straightforward,
both BNP and NT-proBNP have become established as useful biomarkers in various

cardiovascular diseases.

1341 Natriuretic peptides and left heart disease

Elevated serum BNP levels have been reported in patients with LV systolic

dysfunction (79), acute myocardial infarction (MI) (80), systemic hypertension (81)
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and valvular heart disease (82). BNP and NT-proBNP concentrations below assay-
specific thresholds have a powerful negative predictive value for a subsequent
diagnosis of heart failure in patients presenting with symptoms suggestive of the
diagnosis (83-85). In addition, serum BNP and NT-proBNP levels have proven useful
as population-wide screening tests for LV systolic dysfunction in asymptomatic
individuals (86). This diagnostic utility has led to the incorporation of natriuretic
peptide testing into the standard diagnostic algorithms for heart failure recently
published by both The National Institute for Clinical Excellence (NICE) (87) and the
European Society of Cardiology (88). Furthermore, the provision of NT-proBNP
results, in addition to clinical findings and the results of ECGs and echos resulted in a
significant improvement in diagnostic accuracy in patients referred to their general

practitioner with symptoms suggestive of heart failure (89).

1.3.4.2 Natriuretic peptides and Pulmonary Hypertension

The natriuretic peptide system is known to be up-regulated in PH patients (90, 91).
For example, serum levels of BNP have been shown to correlate with invasive
pulmonary haemodynamics and RV function (91, 92) in earlier studies. A close
relationship has also been identified between NT-proBNP concentration and
pulmonary haemodynamics (134), RV systolic function (163) and survival (135) in
patients with PH. However, the diagnostic utility of NT-proBNP has yet to be tested
in PH patients. In contrast to LV systolic dysfunction, where the large volume of
data summarised above has been collected on the negative predictive value of NT-
proBNP levels below certain thresholds, no attempt has yet been made to identify an

NT-proBNP threshold indicates RV failure in PH. As a direct result, although high
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NT-proBNP levels are considered a ‘bad sign’ in PH patients, conclusions regarding
RV systolic function cannot yet be drawn from NT-proBNP measurements made in
individual patients. Rather, clinicians remain reliant on invasive (right heart
catheterisation) and potentially inaccurate (echocardiography) tools for an objective
assessment of RV function. This makes the identification of ‘at risk’ patients with RV
failure difficult and appears fertile ground for further study in PH patients. This topic

is the subject of Chapter 3 of this thesis.

1.35 Summary

The methods used to assess RV function in PH have changed little over the last three
decades. The significant limitations of these techniques reduce either their usefulness,
their accuracy, or both in routine clinical practice. A novel alternative to the existing
methods is now required. Such an alternative should be accurate, reproducible and,
most importantly, non-invasive. A capacity to perform measurements during stress
would an additional, and considerable, advantage. The ability of Cardiovascular
Magnetic Resonance (CMR) imaging to deliver these qualities in PH patients is tested
throughout this thesis. In the next section, the evidence that has established CMR as
the ‘gold standard’ for non-invasive RV assessment in PH is presented. This is
preceded by a review of basic MR theory and the factors that dictate tissue contrast on

CMR images.
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14 Cardiovascular M agnetic Resonance (CM R) imaging

141 Magnetic resonance theory

1411 Nuclear magnetic resonance fundamentals

Magnetic resonance imaging is based upon the principle of ‘nuclear magnetic
resonance’ which was discovered in 1946 by Bloch and Purcell. ~ Working
independently in the US, they discovered that certain atoms absorbed and then
released radiofrequency (RF) energy when moved in and out of a magnetic field.
They demonstrated that individual atomic elements responded to RF energy of the
same frequency that their own nuclei naturally spun at. The term ‘resonance’ was
used to describe this effect as it is defined as ‘an amplified response to a stimulus of

the same natural frequency’.

MR images are constructed using energy absorbed and then emitted by the spinning
nuclei of hydrogen atoms. Hydrogen is a suitable element for this purpose because it
is absorbs energy within the RF range and is abundant in the human body. The
average 70kg male contains 45 litres of water, comprised, of course, of two hydrogen
atoms bound to a single atom of oxygen. Proteins and lipids contain even more
hydrogen atoms, albeit within a different molecular environment. Each hydrogen
atom is made up of a nucleus, containing a proton but no neutron, and an orbiting
electron. Since the electron is redundant in this context and no proton exists,
hydrogen nuclei will be referred to simply as protons in this thesis. Each proton has a

positive charge, and therefore, spins naturally around its own tiny magnetic axis. The
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orientation of proton spins is normally entirely random, see figure 1.3 overleaf.
However, in the presence of a strong magnetic field protons will align themselves
parallel to the direction of the field (identified by the symbol Bg), and are said to
‘precess’ at a characteristic frequency (the precession frequency). Precession
frequency is dependent on the element, its environment and the strength of the

surrounding magnetic field. This relationship is described by the Larmor equation:

n=0xB

where p is the precession frequency, 6 is the gyromagnetic constant (a characteristic
of a nucleus in a given environment) and B is the magnetic field strength. For
example, hydrogen protons in water have a precession frequency of 63 megahertz in a
1.5 Tesla magnet. Under these conditions, the majority of protons spin, or precess, in
the same direction as the magnetic field (Bg), while a slightly smaller number line up
in the opposite direction to the field, see figure 1.4 on page 67. Those protons lined up
with the magnetic field are said to be in a low energy state while those lined up
against it are said to be in a high energy state. By applying a radiofrequency pulse at
the precession frequency the low energy protons can be made to absorb energy and
move to the high energy state (against the magnetic field). Then, when the RF pulse
is switched off these protons will relax back to the low energy state (with the
magnetic field) emitting detectable RF energy. Thus, the alignment of hydrogen
protons spins, in hydrogen atom-rich tissue, placed within a strong magnetic field is a
source of detectable RF energy. This is the basis of nuclear magnetic resonance, or

magnetic resonance imaging (MRI) as it has come to be known.
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Figure1.3

Random natural orientation of hydrogen proton spins. Reproduced with the

permission of Dr. John Foster
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Figurel4

Precession of protons within a strong magnetic field (the direction of which is
indicated by the standard nomenclature: Bg). The majority of protons line up parallel

to the magnetic field. Reproduced with the permission of Dr. John Foster.
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1412 Magnetic fields and magnets

The purpose of the strong magnetic field in all diagnostic MRI systems is to produce
precession of the protons within the target tissue. Although a minority of protons will
line up anti-parallel to the magnetic field, the net alignment of protons under these
conditions will always be in the direction of the magnetic field and arranged
longitudinally. Therefore, the ‘overall’ effect of the magnet on the tissue, at
equilibrium (i.e. before any RF pulse is applied to excite protons), is to generate a
small secondary magnetic field, described as the net tissue magnetisation vector, see

figure 1.5 overleaf.

Modern MRI systems use resistive electromagnets (as opposed to permanent magnets
containing ferromagnetic material) to generate an electrical field perpendicular to an
electrical current, flowing around a central coil. The orientation of the resulting

magnetic field and its relationship to a patient is shown in figure 1.6 on page 70.

The magnetic field strength that a resistive magnet can generate greatly exceeds that
of a permanent magnet but is limited by the resistance of the material in which the
current flows. This can be reduced by the use of modern filaments to carry the current
(e.g. Niobium) and by super-cooling the coil, e.g. by bathing it in pressurised, liquid
Helium at approximately -250°C. Using these techniques contemporary MRI systems
can generate field strengths of up to 7 T (Tesla) (70,000 times stronger than the

earth’s magnetic field), although most clinical systems operate at 1.5 T.
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Figure1.5

The net magnetisation vector (in yellow) of protons within a strong magnetic field
(Bg) is produced because the majority of protons line up parallel with the main field
(i.e. pointing north; in red), while the rest of the protons line up anti-parallel (i.e.

pointing south; in green)
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Figure 1.6

Magnetic field orientation (By) in a superconducting electromagnet. Note the
orientation of the longitudinal and transverse magnetisation vectors relative to the

patient (lying within the bore of the electromagnet).
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1413 Radiofrequency pulses and transverse magnetisation

Radiofrequency pulses are used to stimulate tissue protons and alter net tissue
magnetisation. This process is described as excitation. The RF energy released by
the excited protons when the RF pulse is switched off can then be used to construct
MR images. However, with the net tissue magnetisation vector in the longitudinal
plane (i.e. aligned with the main magnetic field) changes in tissue proton alignment
cannot be detected because they are dwarfed by the strength of the main magnetic
field. MRI systems circumvent this problem by producing magnetisation in tissue
protons in the transverse plane by the following method, which is presented

graphically overleaf in figure 1.7.

An appropriate RF excitation pulse (delivered at the precession frequency of the tissue
protons in that strength of MR field) causes the protons in the tissue to resonate and
results in rotation of the axis around which they spin. This rotation out of the
longitudinal plane has the effect of ‘tipping’ a component of the net magnetisation
vector out of the longitudinal plane into the transverse plane. When the excitatory RF
pulse is switched off, any RF energy released from the excited tissue protons in this
transverse plane will produce a change in flux in a receiver coil in this orientation.
This produces a voltage and thus a detectable signal from the tissue protons. This
signal is relatively pure as it is unaffected by the background ‘noise’ of the main
(longitudinal) magnetic field. The strength (or amplitude) of the RF pulse and the
length of time it is applied for determine how far out of the longitudinal plane the net
tissue vector is tipped. A 90° pulse will covert all longitudinal magnetisation into

detectable transverse magnetisation, as shown in figure 1.7.

71



Figurel.7

Schematic representation of a 90° excitation pulse which converts all longitudinal
magnetisation in the imaged protons into transverse magnetisation. At equilibrium,
shown on the left, the net magnetisation vector of the tissue protons is orientated in
the same plane as the main magnetic field (Bg). Once a RF excitation pulse is
applied, as shown on the right, the net magnetisation vector is tipped out of the
longitudinal plane, into the transverse plane, in which the transverse receive coil is

located.

Excitatory RF pulse

\
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1414 Relaxation

Once the excitatory RF pulse is turned off, the tissue magnetisation vector drifts back
from the transverse plane into the longitudinal plane, under the influence of the main
magnetic field. This process is described as relaxation; during relaxation RF energy is
released and results in a MR signal in the transverse receive coil. The rate of
relaxation is an important determinant of tissue contrast in MR imaging and is
dependent on the molecular environment of the water protons that were excited.
Relaxation is rapid in highly cellular tissues containing a lot of ‘bound’ water. This is
a term used to describe water molecules in close proximity to macromolecules (e.g.
intracellular organelles, proteins, DNA). These larger molecules restrict the
movement of the smaller water molecules. However their juxtaposition makes energy

transfer more efficient in bound water compartments.

Conversely, relaxation of transverse magnetisation is slower in ‘free’ water solutions
containing randomly orientated and rapidly tumbling water molecules because energy
transfer is less efficient in this less structured environment. Thus, the molecular
environment of water protons has a profound influence on the rate of RF energy
release and therefore the MR signal received from different tissues. For example,
free water solutions (e.g. cerebrospinal fluid, urine, glandular structures or cysts) look
different to ‘bound’ water solutions (e.g. brain, liver) on MR images. This is,
however, an oversimplification of the factors involved in MR tissue contrast. The
return of tissue magnetisation from the transverse to the longitudinal plane, and the
release of RF energy (and an MR signal) are dictated by two further characteristics of

the imaged tissue. These are defined as T1 and T2 relaxation. T1 relaxation describes
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the recovery of longitudinal magnetisation, while T2 relaxation describes the decay of
transverse magnetisation. Clearly, these processes are related but they are not

interchangeable and are completely independent.

14141 T1 relaxation

T1 relaxation describes the recovery of longitudinal magnetisation after an excitatory
RF pulse is switched off, see figure 1.8 overleaf. Therefore, it can also be described
as T1 recovery or ‘longitudinal relaxation’. The time required for T1 relaxation is
dependent on the efficiency with which RF energy can be dissipated from the excited
protons to surrounding tissues, and the strength of the main magnetic field. The
dependence of T1 upon the surrounding environment allows the alternative
description of T1 relaxation as ‘spin-lattice’ interaction. T1 relaxation time is defined
as the time taken for 63% of longitudinal magnetisation to recover to its original
value; it is a constant for any given tissue, within a given MR field. Examples of T1
relaxation times for different tissues in a 0.5 T and a 1.5 T MR field are given in table

1.2.
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Figure1.8

Schematic representation of T1 relaxation. Once the excitatory RF pulse is switched
off, the net magnetisation vector of the imaged protons relaxes back from the
transverse plane, shown on the left, into the longitudinal plane, shown on the right.
By this process, RF energy is released in the transverse plane and can be detected by
the transverse receive coil. T1 relaxation time is defined as the time taken for 63% of

longitudinal magnetisation to recover.

Excitatory RF pulse Release of RF energy
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Table1.2 T1 relaxation times (msecs) of commonly imaged tissues

Tissue T1@05T Tl1@15T
Fat 215 260

Liver 323 490
Muscle 600 870

Grey Matter 656 920

CSF >4000 >4000

Pure free water has the longest T1 relaxation time because it dissipates RF energy
slowly (around 3 seconds, depending on magnetic field strength). Conversely, the T1
relaxation time of adipose tissue is extremely short. This reflects the restricted
movement of fatty acids protons, which translates into extremely efficient energy
transfer. Protons within protein macromolecules dissipate energy so quickly, because
of their organised structure and size, that most MR scanners cannot detect signals
directly from them. However, biological tissues are not comprised of pure protein and
it is the effect of the protein content on water protons around them that determines the
T1 relaxation times of tissues other than free water and fat. For example, viscous
protein-rich solutions, e.g. pus, have a shorter T1 relaxation time than pure free water
because of the increased amount of bound water protons (i.e. protons lying adjacent to
protein macromolecules). Muscle, liver and brain contain variable proportions of free
and bound water protons. This is reflected in the individual and characteristic T1
relaxation times of these, and all other tissues, which lie in the spectrum in between

those of free water and adipose tissue.
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In practice, this means that it will take a long time to receive an adequate signal back
from a pure water solution. Since most MR sequences aim to detect a signal in less
than a second, ‘free’ water solutions (e.g. cerebrospinal fluid) appear dark and adipose
tissues (e.g. brain) appear bright on images that rely on T1 contrast, see figure 1.9
overleaf for an example. This type of image is known as a T1-weighted image which

will be discussed in more detail in section 1.4.1.8.
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Figure1.9

T1 weighted sagittal image of the lumbar spine. Note that cerebrospinal fluid, which
is a ‘free’ water solution, appears dark because of its long T1 relaxation time resulting
in a low MR signal at the time of image acquisition. Adipose tissue, in contrast,

appears bright reflecting its short T1 relaxation time.
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1.4.1.4.2 T2 relaxation

T2 relaxation describes the decay (or dephasing) of transverse magnetisation
produced by an excitatory RF pulse. Contrast this with T1 relaxation which describes
the recovery of longitudinal magnetisation after the same event. If T2 relaxation (also
described as T2 decay) was automatically translated into T1 recovery the use of
individual terms to describe these processes would be unnecessary. However, the rate
at which transverse magnetisation is lost (T2 decay) is greater than the rate at which
longitudinal magnetisation returns (T1 recovery) in most tissues because of energy
dissipation amongst individual protons (described as ‘spin-spin interaction’, contrast
this with T1 relaxation, or ‘spin-lattice’ interaction, which is largely dependant on the
dissipation of RF energy to surrounding tissues). A schematic representation of T2
relaxation is presented overleaf in figure 1.10. T2 relaxation rate is described by T2
relaxation time. Individual tissues have a characteristic T2 relaxation time, see Table

1.3 overleaf for examples.
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Figure1.10

Schematic representation of T2 relaxation which describes the dephasing of transverse
magnetisation once the excitatory RF pulse is switched off. Note that this process

results in the release of RF energy.

Excitatory RF pulse Release of RF energy

80



Table1.3 T2 relaxation times (msecs) of commonly imaged tissues

Tissue T2 @ 15T
Fat 85

Liver 43

Muscle 47

Grey Matter 100

CSF 1400

In contrast to T1 relaxation times, T2 times are relatively independent of magnetic
field strength and influenced by different factors when compared with T1. T1 and T2
relaxation times are similar for pure free water and for adipose tissue because the
unstructured arrangement of water protons in these environments makes energy
transfer between individual protons (spin-spin interaction) inefficient. Therefore, the
majority of transverse magnetisation decay is converted directly into longitudinal
magnetisation recovery. In more organised molecular environments, particularly
those containing a significant proportion of bound water (i.e. water molecules closely
associated with protein macromolecules), spin-spin interaction is more efficient. This
results in T2 relaxation times for tissues such as muscle and liver that are significantly

shorter than their T1 relaxation times

Additional T2 decay occurs if there is any inhomogeneity in the magnetic field. In
practice, tiny inconsistencies in the structure of the electromagnet are inevitable, even
in modern superconducting systems, but also occur around paramagnetic material
implanted in the imaged tissue. Common examples include ferrous metal joint

replacements and foreign bodies. The term T2* relaxation is used to describe the total
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decay of transverse relaxation as a result of both tissue relaxation and these local

inhomogeneities.

Because significant T2 decay results in incomplete recovery of longitudinal
magnetisation it is easy to consider T2 decay a form of ‘energy loss’. This is not the
case as a) RF energy is still released during T2 decay and is, therefore, detectable and
b) longitudinal magnetisation never, in practice, recovers completely because the
logarithmic scale on which it is plotted makes 100% recovery a theoretical
impossibility. Rather, T1 and T2 decay should be considered independent processes

of RF energy release following cessation of an excitatory RF pulse.

1.4.15 Tissue contrast

Contrast in MR imaging results from the different T1 and T2 characteristics of
adjacent tissues. Detailed understanding of T1 and T2 relaxation and the effect on
tissue magnetisation of different RF excitation pulses allows the design of sequences
that optimise tissue contrast and maximise signal intensity. Before discussing these
concepts it is useful to first review basic MRI sequence structure: Most MRI
examinations require a repeating cycle of RF excitation pulses (producing multiple
‘echoes’ from tissue protons) to generate a data set rich enough for image
construction. Each cycle is comprised of an excitation pulse, a time delay of varying
length (during which precessing protons relax back into the longitudinal plane and
release RF energy) and a period of data collection, immediately preceding a further

excitatory pulse. Various parameters within this basic structure can be altered to
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accentuate differences between the T1 (or T2) relaxation times of adjacent tissues,

producing T1 (or T2) contrast and T1- (or T2-) ‘weighted’ images.

14151 T1 contrast

T1 contrast results from differences between the T1 relaxation times of adjacent
tissues. These differences can be accentuated, and T1 contrast increased, by reducing
the ‘Repetition Time’ (TR) of the excitatory RF pulse, which describes the time gap in
between excitation pulses. When the TR is short, tissues which have a short T1 time
will have recovered more longitudinal magnetisation than those with a long T1 time
by the time data is collected (immediately before the next excitatory RF pulse). Thus,
shortening the TR of a pulse sequence enhances contrast between tissues that have a
difference in T1 relaxation time. However, shortening the TR of the pulse sequence
reduces the time available for the recovery of longitudinal magnetisation, energy
release and data collection. This has the effect of reduced overall signal intensity on
images with a short TR. While this is helpful in producing T1 contrast it can result in
poor image quality if compensations are not made in other aspects of the pulse
sequence. The most important of these is the ‘Flip Angle’, which describes how far
out of the longitudinal plane the net tissue magnetisation vector is tipped (a 90° flip
angle converts all longitudinal magnetisation to transverse magnetisation). The flip
angle is a product of the strength and duration of the excitatory RF pulse. A lower
flip angle tips less of the net magnetisation into the transverse plane. This has the
effect of further lowering signal intensity on resulting MR images because energy can
only be detected from protons precessing in the transverse plane. However,

increasing the flip angle too much on a T1 weighted MR image can also be
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detrimental. A large flip angle will convert a large proportion of longitudinal
magnetisation into transverse magnetisation, e.g. a 90 ° pulse tips the net
magnetisation vector completely into the transverse plane. While this produces a
large amount of potential MR signal on the first RF pulse, it means that longitudinal
magnetisation will only have time to partially recover if the TR is short. Therefore,
there will be little longitudinal magnetisation for subsequent excitatory pulses to tip
out into the transverse plane and signal intensity ultimately decays. Thus, there is an
optimum flip angle for each tissue, based on its T1 time, which produces optimum
signal intensity and compensates for the TR reduction necessary for T1 contrast. This
is known as the Ernst angle. Ernst angles tend to be small for tissues with long T1
times (because any transverse magnetisation takes a long time to recover) and larger

for those with short T1 times.

Therefore, for T1 weighted imaging, where contrast between tissues with different T1
times is the goal, a short TR and a small flip angle should be used. The flip angle
should be above the (small) Ernst angle of the long T1 tissue and ideally around the
Ernst angle of the short T1 tissue. This ensures high signal intensity from tissues with

a short T1 time and low signal intensity from tissues with a long T1 time.

1.4.15.2 T2 contrast

For various reasons, transverse magnetisation cannot be measured immediately after
its creation by an excitatory RF pulse. Rather, an echo must be produced of the
original signal using magnetic field gradients (see next section). The resulting delay

between the creation of transverse magnetisation and signal measurement is called the
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Echo Time (TE). The TE is defined as the time from the RF excitation pulse to the
resulting echoes used as the MR signal. It is an important determinant of tissue

contrast, particularly, T2 contrast.

Inevitably, transverse magnetisation decays during this interval, at a rate defined by
the T2 relaxation time of each tissue in the image block. This results in reduced
signal intensity from tissues with short T2 times as a significant proportion of their RF
energy potential is released before signal measurement. Sequences with TEs long
enough to allow significant T2 decay from tissues with short T2 times, but short
enough to minimise decay from tissues with long T2 times result in T2 contrast, or,
T2-weighted images. TE is, however, constrained by the progressive nature of T2
decay; if TE is too long, little or no signal will remain when measurements are made
and signal intensity will be low. Contrast on sequences with TEs shorter than the T2
of any of the tissues of interest will be determined by other factors, e.g. T1 contrast.
T2 weighted images, therefore, tend to have a long TE. Since TR is a component of

the TE, they also tend to have a long TR.

This concept of contrast weighted can be appreciated by comparison of T1- and T2-

weighted images of the brain, presented overleaf in figure 1.11.
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Fiqure 1.11, below

Comparative T1- and T2 -weighted images of the brain. The T1-weighted image, acquired using a short repetition time (TR), results in contrast
between white (T1 = 780 msecs at 1.5 T) and grey matter (T1 = 920 msecs at 1.5 T) but no signal from the surrounding cerebrospinal fluid (T1 >
4000 msecs at 1.5T). The T2-weighted image, acquired using a long TR and long echo time (TE) results in a bright signal from the

cerebrospinal fluid (T2 = 500-1400 msecs) but a lower signal from the white (T2 = 90 msecs) and grey matter (T2 = 100 msecs).
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Figure1.11

T1-weighted image of the brain T2-weighted image of the brain
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1.4.1.6 Magnetic field gradients and spatial localisation of tissue

So far we have discussed, in broad terms, how an MR signal is produced from
different tissue samples and explored the basic reasons behind tissue contrast on MR
images. The MRI signal used to form these images is, however, a radio-wave, which
carries no directional information. A number of complicated techniques are therefore
used to resolve the location of individual tissue protons and produce a useful MR
image. The most important of these are the three magnetic field gradients or imaging
gradients. These are weak supplementary magnets embedded in the inner core of the
main electromagnet. Relative to the patient they are arranged in the sagittal, coronal
and axial planes. They are used as a) dice selection gradients; to identify the block of
tissue to be excited by the RF pulse and b) as phase and frequency-encoding
gradients; to resolve the source of the MR signal detected and localise it to an

individual voxel within the tissue block.

For the purpose of this discussion, we can assume that all of the tissue protons
surrounded by the main magnetic field are spinning, or precessing, at the same
frequency (since their precession frequency is directly proportional to the magnetic
field strength they experience, as described earlier by the Larmor equation earlier, see
section 1.4.1.1). If an additional, graded magnetic field is applied to these protons the
total magnetic field they experience is altered; protons at the stronger end of the
gradient field (which, therefore, experience the strongest total magnetic field) are
made to spin faster than those at the weaker end. This effect of a gradient field can be

used in two ways, as indicated above.
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14.16.1 Sice-selection gradients

A magnetic field gradient can be applied at the same time as an excitation RF pulse to
alter the precession frequency along a section of tissue protons. The excitation RF
pulse will then only produce transverse magnetisation (and an MR image) in a small
section of tissue protons which have been made to precess at exactly the right
frequency, see figure 1.12 overleaf. Thus, a ‘slice-selection’ gradient is combined
with the excitatory RF pulse to define the tissue to be imaged. This block can be
selected in almost any plane using either, one of the gradients directly for axial

imaging, or several of them in combination, for oblique imaging.
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Figure1.12

Diagrammatic representation of a slice-selection gradient. Protons at the stronger end of the gradient field precess at a higher frequency,
proportional to the strength of gradient field. An excitation pulse frequency is chosen that matches the precession frequency of protons in the

desired tissue slice (126 MHz in the example shown below) resulting an axial slice selection

— —7

Main Magnetic Field

RF excitation pulse delivered at 126MHz excites or
‘selects’ only protons precessing at 126 MHz

Slice-selection Gradient
Field

TT

Resulting Precession 130 128 126 124 122 120 118 116 114 112 (MH2)
Frequency of protons in

that slice of tissue
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1.4.1.6.2 Frequency and phase encoding gradients

Magnetic field gradients can also be used for the spatial localisation of tissue within
the selected, one-dimensional, tissue slice. If a magnetic field gradient is applied
along one axis of this tissue slice during MR signal measurement (contrast this with
the slice-selection gradient which is applied during the excitation pulse) it will cause
protons at the stronger end of the magnetic field to precess more rapidly than those at
the weaker end. By this method the previously selected protons, which can already be
localised in one-dimension via the slice-selection gradient, are ‘encoded’ in a second
direction by their precession frequency during image measurement. This method is

known as ‘Frequency encoding’.

For a useful MR image a means of localising tissue in a third dimension is required.
The method used for this purpose is known as ‘Phase encoding’. It alters the phase
(i.e. the position of individual protons as they spin around their axis at any one point,
for example, 90° 180°, 270°) of a portion of protons and uses this to identify their
location within the tissue slice. The necessary alteration in phase is achieved by
applying a brief gradient pulse in an axis perpendicular to the slice-selection and
frequency encoding gradients. This produces a brief increase in the precession
frequency of protons at the stronger end of the magnetic field and relative decrease in
the precession frequency of those at the weaker end. Although these protons return
back to a uniform precession frequency when the phase-encoding gradient is switched
off, the phase of each one will be slightly different. The shift in phase produced is
proportional to the strength of phase encoding gradient. Phase encoding pulses, or

steps, are repeated for each column of tissue along this third dimensional plane to tag
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each individual voxel of tissue. Strong frequency encoding gradients are a powerful
method of resolving spatial differences between adjacent structures. Therefore, they
play an important part in the production of the high fidelity, detailed images that MRI

has become known for.

Thus, the combination of the slice selection (applied during the excitatory RF pulse),
frequency encoding and phase encoding gradients (applied during MR signal
measurement) provides a method uniquely tagging each proton in the imaged tissue
block. This raw data that results must then be reconstructed to produce an actual MR

image.

1.4.1.7 K-space

K-space can be described as temporary image space, in which digitalised data is
deposited and stored during an MRI examination prior to image construction. K-
space can be represented as a two-dimensional grid of points, on which the x-axis
represents the frequency encoding gradient and y-axis is the phase encoding gradient
see figure 1.13 on page 94-95. Although the two-dimensional K-space grid resembles
a two-dimensional image of physical space it is essential to remember that K-space
does not correspond directly to physical space. The analogue signal received during
an MR examination is converted into digital information and encoded into grey scale
blocks. Data is collected and deposited in K-space in horizontal lines, starting at the
centre of the grid. Each line represents data collected during a single phase encoding
step, or repetition time. As phase encoding steps are repeated with an alternating

increases or decreases in the strength of the phase encoding gradient, a complete data
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set is collected. Although the two-dimensional K-space grid resembles a two-
dimensional MR image, individual data points in K-space do not correspond to
individual image voxels. Rather, each data point in K-space contains information
about every voxel of the tissue. Data points towards the periphery of K-space contain
information on fine detail and edge detection, while those in the centre of K-space
contain information on overall image intensity and tissue contrast. This reflects the
fact that strong phase- and frequency-encoding gradients, which are represented at the
extremes of the phase and frequency encoding axes in K-space are required to detect
fine detail. Therefore, the data collected using these strong (positive or negative)
phase encoding steps are laid down around the edges of K-space as data collection
begins in the centre of the matrix and fans outwards. Once K-space has been ‘filled’,
i.e. all of the required digital information has been collected, a detailed mathematical
method known as Fourier Transform Image Reconstruction is used to convert the

digitalised into a recognisable MR image.

The arrangement of data in K-space has implications for clinical MR imaging,
particularly concerning spatial resolution and field of view (FoV). Higher spatial
resolution requires an increased amount of data to be collected in the periphery of K-
space. This is achieved by increasing the number of phase encoding steps and results
in an increased size of K-space. Somewhat counter-intuitively, increasing the size of
K-space does not result in an increased FoV. Rather, an increased FoV is achieved by
filling K-space more densely, or reducing the space between data points. Since no
data any further away from the centre of K-space are collected spatial resolution is

unaffected.
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Fiqure 1.13, below

Diagrammatic representation of K-space. On the K-space grid, shown on the left, the x-axis represents the frequency encoding gradient and y-
axis represents the phase encoding gradient. Data is deposited in K-spac