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SYNOPSIS

Whilst pulmonary hypertension is a relatively uncommon condition, it is associated
with a poor quality of life and poor survival.lt is therefore important that we correctly
identify patients who suffer from pulmonary hypertension, assessthe underlying
cause (an essential step for treatment) and seek those who are at risk of death.
Current guidelines centreon right heart catheterisation as the recommended tooto

answer these important clinical questions

Snce it was first described in the mid-1950s, there have been significant
improvements in the survival of patients with pulmonary hypertension, mainly due
to the introduction of vasodilator therapiesand surgical procedures. Thre havebeen
parallel improvements in imagingtechnologies, the most tangible of which is cardiac
MRI, allowing time resolved assessment of cardiac structure and functioespite
these improvements innon-invasive methodologies, there remains heavy reliance
upon invasively measuredpressures and flow for the diagnosis, phenotyping and

assessment ofisk in patients with pulmonary hypertension.

The aim of this PhD thesis is t@valuate, and hopefullyincrease the role of cardio
pulmonary vascularMRI inthe non-invasive assessment gbulmonary hypertension.

| show that cardiac MRI metrics, particularlywhen combined in a regression model,
are able to predict mean pulmonary arterial pressureSuch models are able to identify
with reasonable accuracythe presence of pulmonary hypertension in patients
referred to a tertiary referral centre. The role of cardio-pulmonary MRI in the
assessment ofthe underlying group of pulmonary hypertension,such as chronic
thrombo-embolic pulmonary hypertension and PHleft heart diseaseis then explored
as identification of patients who may respond to PH specific therapy is an important
step. Finally, the role of MRI in the assessment pfognosis, concentrating specifically
on patients with PH left heart diseaseand PHin patients with chronic obstructive

pulmonary diseaseis assessed
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1 PULMONARYHYPERTENSION

Pulmonary hypertension is a heterogenous collection of disordersthat are
characterised by elevaéd mean pulmonary arterial pressure (mPAP).Whilst

considered to be relatively rare (n the UK theprevalenceis 97 cases per million) (1),

it is associated with a poorquality of life and survival: Median survival in untreated

idiopathic pulmonary arterial hypertension is 2.8 years (2). 4EA OAAT T OI Al
muscularisAOET 16 1T £ OEA DHOI i 11T AOU AOOAOEAIT xAIl |
Sheffield pathologist Donald Heatl{3) and medical interest in the conditiongrew in

OEA pwxmO AOA O1 A1l APEAAI BAOETA 60HOGHIxA QA BE
by the term pulmonary arterial hypertension) due to Aminorex, an appetite
suppressant(4,5). Since th@, a numbe of therapies that reversepulmonary arterial

remodelling have significantly improved outcomes in certain forms of thelisease;

however, there remains poor survival and quality of life in selectedpatient groups.

1.1 THEPULMONARYQRCULATION

The human cardiovascular systentcomprisestwo circuits in series: the systemic and
pulmonary circulations. The main role of the pulmonary circulaion is gas exchange;
carrying oxygen absorbed by the lungs to the rest of the body and returning carbon

dioxide to be expired.

= Ao

==

E=mgg~
—

=

=

IvVC

Figure 1.1: Diagrammatic representation of the cardiopulmonary circuit.
SVC: Superior vena cava, RA: Right atrium, IVC: Inferior Vena Cava Ryt ventricle, PA: Pulmonary

artery, PV: Pulmonary veins, Ao: Aorta, LA: Left atrium, LV: Left ventricle
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In health, the pulmonary circulation is a low pressure, low resistance, highly
compliant system, with a normal mean pulmonary aerial pressure of 143mmHg
(6). Pulmonary hypertension may be caused byntreased pulmonary vascular
resistance orhigh pulmonary venous pressures ulmonary venous hypertension,
which can be idiopathic or related to multiple cardiag respiratory or systemic
diseases These increased pulmonary arterial pressures cause increased right
ventricular afterload, leading to right ventricular dysfunction, remodelling, failure

and eventual death.

Right ventricular and pulmonary arterial pressures and flowsare measuredon right
heart catheterisation, an invasive technique that usestaalloon tipped thermodilution
catheter inserted into the jugular (or less commonly femoral) vein (7). The tip is then
advanced into the pulmonary artery, pulmonary artery wedge position, right ventricle
and right atrium (1). It has a 1.1% risk of morbidity and 0.6% risk of mortality (8).

From the pulmonary arterial pressure waveform, the systolic pulmonary arterial
pressure (sPAP) and diastolic pulmonary arterial pressure (dPAP) can be measured.
The mean pulmonary arterial pressure (mPAP is then defined asa 0 6 0

. The upper limit of normal is considered20mmHg, but PH is defined as a
OAOOET C | 0'!.mterestingly, pagieGts with mPAP 2124mmHg are followed
up closely due to apotential increase in mortality rates, although there is little
AGEAAT AA &£ O EIT x Ol OOAAO OEAOA BDHAOEAT OO

EUPDAOOAT OET 16 EO AOOOK) OI U TTO0 OOAA ET COE.

syc J

7Y

) RN

RV

IvVC

Figure 1.2. Diagrammatic representation of thePAWP measurement.
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Figure 1.3: The typical pulmonary arterial and pulmonary arterial wedge pressure waveforms.

Note the degree of variation with the respiratory cycle. Reproduced under creative commons license from
Rosenkranz S, Preston IR. Right heart catheterisation: best practice and pitfalls in pulmonary hypertension.
Eur Respir Rev. 2015 Dec;24(138):64252.

= z

Making assumptions that exclude compliance of the vasculatur®, T EOAOEIT 1 A8 O

describes the relation$ip between resistance (R), length (L) and radius (r) of a
cylinder and viscosity of the fluid (W), in this case bloodY ¢ —. Thus, small changes

in vessel radius have a large impact on resistance. In the lung, this resistance can be
characterised as the pulmonary vascularesistanced @YY ———— Where

QO is cardiac output (L/min) and LAP is left atrial pressure(mmHg), estimated
through measuring pulmonary arterial wedge pressure (PAWP)Left atrial pressure
is estimated wing PAWPR, where athreshold of >15mmHgdefinesthe presence of left

heart disease
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1.2 THEDIAGNOSIS OFPULMONARYHYPERTENSION

Pulmonary hypertension (PH) is defined at right heart catheterisation as a mean
PDOI T TTAOU AOOAOEAIT b QR OtGadgedrom mildl elévalionsaf v | | ( C
pulmonary artery pressure, frequently due to cardiac and respiratory disease, to often
severe elevations of pressure in patients with a pulmonary arterial vasculopath{®).
Regardlessof aetiology, it has a signitant negative impact on both quality of life and
survival. The current classification identifies 5 groups with similar clinical and
pathological characteristics; Group 1: Pulmonary arterial hypertension (PAH), Group
2: PH due to left heart disease (PHHD), Group 3: PH due to lung disease and/or
hypoxia (PHlung), Group 4: Chronic thrombeembolic PH (CTEPH), and Group 5: PH
with unclear/multifactorial mechanisms, which are outlined below (1). Key aspects
of PH management include establishing the diagnasi identifying the form of PH
(which defines the optimal treatment strategy) and the serial assessment of disease

severity.

The diagnosis of PH is usually suggested by an echocardiogram performed in the
breathless patient (9). However, the diagnosis isncreasingly suggested following
other imaging investigations, such as computerised tomography (CT)0), which may

identify a dilated pulmonary artery or right ventricle.

Once a diagnosis of PH is suspected it is important to identify the cause as this defines
the optimal treatment strategy (1). Forms of PH (PAH and CTEPH), for which
therapies directed at the pulmonary vasculature have been pwen effective are
uncommon, whilst for commoner forms (PHLHD and PHresp), treatment is

currently aimed at the underlying cardiac or lung disease.

As the diagnosis is made using invasive methodologies, diagnostic strategies are
dependent on the physiciarensuring that further investigation is in the best interests

of the patient. An important part of this strategy is an appreciation of factors that
increase the pretest probability of identifying forms of PH for which therapies
directed at the pulmonary vasculature are likely to be beneficial. Features from the
history are important; a previous history of thromboembolic disease raises the
probability of CTEPH. Alternatively, features known to increase the likelihood of PAH,
such as the presence of an undiing connective tissue disease (e.g. systemic

sclerosis, with a prevalence of PAH 9%d.1)), portal hypertension (prevalence of PAH

Dr CS Johns Cardio-Pulmonary MRIlin PH 16



2-6%(12z14) ) and HIV (prevalence of PAH 0.5¢45)) should also be sought. In
contrast, mild elevation of pulmonary artery pressures, in patients with severe
respiratory or cardiac disease, may not require further investigation where there are
no red flag features (such as, severe elevation of pulmonary artery pressures or

severe impairment of right ventricular function).
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1.3 THEQLASSIFICATIONOF PULMONARYHYPERTENSION
Pulmonary hypertension is classified in5 groups based upon sharedlinical features,

pathological findings, haemodynamicsand managementdecisions(1,16,17).

1.3.1 Group 1: Pulmonary arterial hypertension (PAH)

Group 1lpulmonary arterial hypertension (PAH) may be idiopathic (IPAH) heritable
(such as BMPR2 mutation), associated with drugs/toxin®r due to an underlying
condition (connective tissues disease, HIV, portal hypertension, congenital heart
disease or schistosomiasis)(1,16,17). These conditions are all characterised
pathologically by remodelling of the precajlary arterioles, and respond to treatment

with pulmonary vasodilator therapy (see treatment of PH section on page6).

] Work/
afterload

Figure 1.4: Diagrammatic representation of the haemodynamic effects of group PAH

Pre-capillary pulmonary arteriolar remodellingleads to increased pulmonary vascular resistance (PVR). This
increases the load on the right ventricknd also reduces pulmonary venous flow to the left atrium, impairing

LV filling. Inset, is a histopathology slide of a vessel with severeim@#oal formation, there is thickening of the
smooth muscle layer. Histology reproduced with permission from WiatKluwer Health. Rabinovitch et al,
Inflammation and Immunity in the Pathogenesis of Pulmonary Arterial Hypertension Circulation Research, 115,

2014. http://circres.ahajournals.org/content/115/1/165
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The underlying pathological mechanism of elevatedydmonary vascular resistance
in patients with PAH is due to a number of pathological processé¢Bigure 1.5) (18):

1 Sustained pulmonaryvasoconstriction
Obliteration of small and large arteries and arterioles
Formation of plexiform lesions
In situ thrombosis
Concentric thickening of arteriolar wall from
0 Smooth muscle proliferation (Medial hypertrophy)
o Intimal fibrosis

= =4 =4 A

FImmune cell infiltration &
lymphoid neogenesis

Figure 1.5: The pathophysiological changes of pulmonary vascular remodelling in PAH.

Reproduced with permission from Wolters Kluwer Health. Rabinovitch et al, Inflammation and Immunity in the
Pathogenesis of Pulmonary Artetiddypertension Circulation Research, 115, 2014.
http://circres.ahajournals.org/content/115/1/165 (19)
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1.3.2 Group 2: Pulmonary hypertension due to left heart disease (PH -LHD)

Pulmonary hypertension is most commonly seen in patients with left heart disease
(1,9,20,21), definedd OECEO EAAOO AAOEAOAO AU i1o0!'o0 |
arterial wedge pressure >15mmHg22). It is beingincreasingly recognised(23), and

is associated with a poor prognosi$24z27) and high levels of health cae utilisation.

Patients with left heart disease due to valvular disease, systolic, or staften diastolic

dysfunction may develop pulmonary hypertension (28). This initially results from

passive backward transmission of high left ventricular filling pressures through the

pulmonary circulation, POAOET 001 U OAOI AA ODPAOOEOAG T ¢
pulmonary hypertension (29). Where the pulmonary hypertension issolely due to

passive backwards transmission ohigh left ventricular filling pressures,it is now

termed isolated post capillary pulmonary hypertension (IpePH).

Pressure

Pressure

Work/
afterload

IVC

Figure 1.6: Isolated post capillary pulmonary hypertension(lpc-PH).
This results from the backward transmission of high left ventricular filling pressures. It is defined on right heart
cathAOAO AO 0!70 Juvwii(c ATA A AEAOOITEA POIITTTAOU COAAEAI
Some patients with postcapillary pulmonary hypertension may develop a degree of
pre-capillary vascular remoddling. It is likely that this is dueto prolonged elevation
of pulmonary arterial pressures (22,30z737) causng stress related pulmonary
capillary endothelial injury (38,39). Previously, the difference betveen mPAP and
PAWP (thetransD O1 I T T AOU COAAEAT Oh 40'q xAO OOGAA O
I £ POT BT OOET 1T 6 OAstudy hyEeergds AtlalOdentified Bl dladidlic
pulmonary pressure gradient (DPG = diastolic pulmonary artery pressuree mean

PAWP) as a superior prognostic parameter in patients with postapillary disease as
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it is not dependent upon cardiac outpu{30). The 3 world PH symposium therefore,
introduced the classification of combined pre and post capillary pulmonary
hypertension (CpcPH), defined as mPAP cuv i i ( Ch 0! 7 0DPE pfu7

and/or pulmonary vascular resistance (PVR) >3 W(22).

Ao

[—

PV LA

Pressure

] Work/
afterload

Figure 1.7: Combined pre and postcapillary pulmonary hypertension (CpePH).

IvC

This results from precapillary pulmonary vascular remodelling in the presence of high left ventricular filling

pressures.

Patients with CpePH are at greater risk of deterioration than those with isolated post
capillary PH (IpcPH), but may benefit from PAKspecific therapy, especially inthe
context of randomized controlled trials (37,40,41) (also see ClinicalTrials.gov
identifier: NCT02070991). It would be of clinical benefit to increase the role of non
invasive identification and phenotyping of this patient groupfor identification of

potential vasodilator responsive cases in randomised control trials

The patient with CpePH has precapillary remodelling that is similar to that in IPAReprinted from Diastolic

Pulmonary Vascular Pressure Gradie@hest 2013Gerges C, Gezg M, Lang MB, Zhang Yakowitsch J, Probst

P, et @) with permission from Elsevier
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1.3.3 Group 3: Pulmonary hypertension due to lung disease or hypoxia (PH -
Lung)

There is strong interaction between lung and heart diseasemediated by the
pulmonary vascular system This is particularly evident in patients with chronic
obstructive pulmonary disease (COPD), where the presence of pulmonary
hypertension is a predictor of death and hospitalisatior(42z46). There is an inverse
relationship between mPAP and survival andCOPD patients with mPARP 25mmHg
have a 5year survival rate of only 36%(47). Furthermore, patients with COPD are
more likely to die or be hospitalised due to cardiovascular rather than respiratory

complications (48).

The prevakence of pulmonary hypertension in lung disease is difficult to assess, but it

EO T EEAIU OEAO OEAOA EO A EECpImdayAOAl AT
hypertension in COPDreportedly 90% of patients with Gold stage IMCOPDhave

mPAP 20-35mmHg. A signiicantly lower proportion of patients with COPD have

severe pulmonary hypertension reported to be around 5%of GOLD stage NCOPD

patients (44,49,50). Pulmonary hypertension in COPD is thought to result from

multiple different mechanisms: hypoxic pulmonary vasoconstition, polycythaemia

(from chronic hypoxia), destruction of the pulmonary vascular bed by emphysema,
hyperinflation causing high intrathoracic pressures (above pulmonary venous

pressure) and endothelial dysfunction and remodellind43,51,52).

Idiopathic pulmonary fibrosis (IPF) is a condition with median survival of only 35
years (53). The incidence of pulmonary hypertension in interstitial lung disease
increases with severity: up to 60% of enestage idiopathic pulmonary fibrosis
patients have pulmonary hypertesion (54). Again, hcreasing mean pulmonary

arterial pressure has been shown to be associated with poor outcome in [IF33).

Patients with combined pulmonary fibrosis and emphysema (CPFE) aralso at
significantly increased risk of developing pulmonary hypertension. Interestingly,
these patients have severe PH and impaired diffusing capacity of the lungs for carbon
monoxide (DLCO) but relatively normal lung volumes and little or no airflow

obstruction (55).
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Pulmonary hypertension in lung disease is categorised intihree distinct categories:

1. COPD/IPF/CPFE without PH: mPAP <25mmHg
2. #/ 0$T)0&TH#H0&% xEOE 0(q 1 0!0 Icguii(cC
3. COPD/IPF/CPFE with severe PH: 0! 0 | ocuvi i (C T O 10!/0 | ouvul

1T x AAOAEAA B AA@ j#) Sc¢8mnQ

This classification isused, as there are important, clinically relevan differences
between patients with mPAP 2535 and |35mmHg. The severe pulmonary
hypertension group represents the minority of patients, so the majority of cases fall
into the 25-35 group. There is an important physiological difference between patients
in each group: patients with COPIPPH show a respiratory limitation to exercise
(PaCQ elevation), whereas patients with severe PH have a cardiovascular limitation

to exercise (Sv@reduction with normal PaCQ) (56).

These differences raise interesting possibilities regarding the phenotyping of lung
disease associated with pulmonary hypertension. The firspossibility is whether
these patients represent a different respnse to COPD with more cardiovascular
involvement. COPD patients show rapid elevation in mPAP with moderate exercise,
suggesting a loss of pulmonary vascular distensability and vessel recruitme(&?),
similar to patients with idiopathic pulmonary arterial hypertension. The other
possibility is that these patients may actuallyhave pulmonary arterial hypertension
and coexistent lung disease mislabelled as pulmonary hypertension due to lung
disease(50). Both of these argumentsaise a possible role for vasodilator therapy,
although so far no survival advantage has been show8). As such, the identification
of PH in COPD is made from a prognostic viewpoint, so reducing the requirement for

invasive investigation would be useful in this regard.

Assessment of outcome may be challenging in patients with COPD and lung disease as
a whole as they are a heterogenous colt. Evidence of PA dilatation on CT has been
linked with increased risks of exacerbation(59) and patients with COPD have
increased levels of coronary heart diseasé0), making assessment of the cause of

death potentially erroneous
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1.3.4 Group 4: Chronic thromboembolic pulmonary hypertension  (CTEPH)
Chronic thromboembolic pulmonary hypertension (CTEPH) is a potentially curable
form of pulmonary hypertension (PH)(61). The diagnosis requires a mean pulmonary
AOOAOU DPOAOOOOA jioroq Ilcguv ITi(¢ AO OEGCEO
presence of at least one segmental defect on perfusion imaging or filling defects on
computed tomography pulmonary angiography (CTPA), &dr at least 3 months of
effective anticoagulation(62). The true incidence and prevalence of CTEPH is not
known, but the cumulative incidence of CTEPH after survival from an acute
pulmonary embolus is reported as 3.8% at 2 year(3). The pathological process is
thought to be due to ncomplete lysis of the acute pulmonaryembolus. The
subsequent organisition of the obstructing thrombus lead to obstruction of the
pulmonary vascular bed(64). This ultimately causesincreased pulmonary arterial

pressure, right ventricular dysfunction and untreated, the prognosis is poor(65).

Figure 1.9: Pulmonary end arterectomy
specimens from CTEPH.

This shows the different patterns of clot that are
surgicaly operable.

Reproduced with permission froolters

Kluwer Health Lang IM, Madani M. Update on
chronic thromboembolic pulmonary
hypertension. Circulation. 2014;130(6):5Q88.
(314)

Patients with CTEPH usually have a history of either pulmonary embolis@E) or
deep venous thrombosis(DVT) although, a significant proportion may present with
unexplained breathlessness or pulmonary hypertension of unknown caugé6,67). It

is important that the diagnosis of CTEPH is made as pulmonary endarterectomy is
associated with increased survival and a fawsable functional outcome in CTEPH
(61).
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1.3.5 Group 5: Pulmonary hypertension due to unclear or multifactorial
mechanisms

This is a heterogenous group of pulmonary hypertension with multiple pathologies

and aetiologies, including haematological disorders, systemic disorders, metabolic

disorders and other rare causes of pulmonary hypertension. These are grouped

together as they share porly understood mechanisms of development of PH and

there is no evidence for the use of pulmonary vasodilators in this group.
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1.4 TREATMENT OFPULMONARYHYPERTENSION
The treatment of pulmonary hypertension is related to the underlying cause, so it is
important that once the diagnosis of PH is made, the correct group is identified to

ensure timely and effective treament.

Defined treatments Optimal treatment not clear

3. Pulmonary hypertension owing to
lung disease/hypoxia
Chronic obstructive pulmonary disease

Q. A

N
$ / \

berd \/ 1 Interstitial lung disease
1. Pulmonary arterial hypertension f»/ a4 Sleep disorder o
Idiopathic / gy \/ Alveolar hypoventilation
Heritable \\ ’.
Drugs A S
Connective tissue disease  / s - 5. Multifactorial/unclear

mechanisms

Haematological
Chronic haematolytic anaemia
Myeloproliferative disease
Splenectomy

Systemic disorders
Sarcoidosis
Langerhans cell histiocytosis
Lymphangioleiomyomatosis
Neurofibromatosis

HIV

Portal hypertension y
Congenital heart disease |
Schistosomiasis

1
Pulmonary veno-
occlusive disease
Pulmonary capillary
haemaglomatosis

Vasculitis
Metabolic disorders
4, Chronic thromboembolic |, Glycogen storage disease
pulmonary hypertension Gaucher's disease
Operable 7 Thyroid disorder

Others
Tumour obstruction
Fibrosing mediastinitis
Chronic renal failure

Inoperable 4

'3y T 2.Pulmonary hypertension owing to left
heart disease

* Systolic dysfunction
( Diastolic dysfunction

Valvular disease

Figure 1.10: A diagrammaticrepresentation of the causes of pulmonary hypertension

Those on the left have therapies directed at the pulmonary vasculature, in distinction to those on the right.
Reproduced from Pulmonary hypertension: diagnosis and managemkily et al, BMJ, 203ith permission
from BMJ Publishing Group Lt¢D)

There are a number of facets to the treatment of patients with PH in addition to the
pulmonary vascular therapies outlined below, which include psychaocial support
regarding a life threatening disease, supervised rehabilitatioand supportive therapy
with oxygen and long term Q. The pulmonary vascular therapies used in PAH are
outlined below (1,9,68,69).

1.4.1 Pulmonary vascular therapies

1.4.1.1 High dose calcium channel blockers
Approximately 10% of patients with IPAH show positive vasoreactivity to inhaled

-
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Stni i OftBese patients a small number will respond to long term calcium

channel blocker,and those that do have a significantly improved prognosi§’0,71).

1.4.1.2 Endothelin receptor antagonists
Endothelin receptor antagonists lead to vasodilatationacting on the pulmonary
vascular smooth muscle, and have been shown to improve exercise status and prolong

the time to clinical deterioration (72).

1.4.1.3 Prostanoids
Prostacyclin causes vasodilatation and reduces precapillamemodelling. These are

generally given either intravenously (iloprost) or subcutaneously (Trepostinil)
(73)(74).

1.4.1.4 Phosphodiesterase inhibitors
Phosphodiesterase5 inhibitors (sildenafil or tadalafil) cause pulmonary vascular

dilatation via cyclic GMP and also reduce cellular proliferatio(75).

The molecular targets of approved PH therapies

Figure 1.11: The mechanism of PAH therapies the
are currently approved.

(PDES5: Phosphodiesterase 5 inhibitors)
Reproduced with permission frordumbert M,
Ghofrani HA. The molecular targets of approved
treatments for pulmonary arterial hypertension.
Thorax. 2.6 Jan;71(1):7383.

1.4.2 CTEPH

Patients with CTEPH have a significant improvement in survival from pulmonary
endarterectomy, when surgically accessible. For those who do not have surgically
accessible disease, medical therapy as outlined above has also bskeown to confer

an improvement in survival (61).

1.4.3 Other causes of Pulmonary Hypertension
There is currently no body of evidence to support the use of pulmonary vascular

specific therapies in the other causes of PH, although there is specific interest in
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certain groups of PHlung and in PHIleft heart disease in the context of clinical trials.

The current roles of therapy in these groups is directed at the underlying disease.
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2 |IMAGINGOFTHE CARDIOPULMONARYORCULATION THE

QURRENTCLINICAL PICTURE

The following chapter summariseghe imaging methodologiesthat are currently used

in the investigation of pulmonary hypertension.

2.1 CHESTRADIOGRAPHY(CXR)

The chest radiographis a wellestablished first line imaging technique for the
assessment of known or suspected lung disease, providing a general overview of the
lungs and pimonary vasculature. It is helpful in providing a guide to further
investigation in patients with unexplained breathlessness, but is insensitive for the
detection of pulmonary hypertension, particularly, where pulmonary artery pressure
elevation is modest It provides limited information on causes of pulmonary
hypertension, but may identify the presence of significant lung disease such as
emphysema, pulmonary fibrosis or sarcoidosis. It has the advantageat is widely
available, utilises minimal doses ofradiation and is easily interpreted by medical
practitioners. Typical findings in pulmonary hypertension are shown inFigure 2.1,
these include dilatation of the pulmonary arteries, right atrium and ventricle,
although the latter are features of severe disease. In a historical studf/gatients with
IPAH, an abnormality on CXR or ECG was found in 90% of patients at diagn¢s,
however, this represents a highly selected population of patients with severe disease
and the accuracy of CXR in an unselected population of patients with suspected

pulmonary hypertension has not been evaluated.

"TM & OKIF LJGSN) KIa 0SSy Lzt AaKSR Fa (62 NBGASE | NIA O
GKS RAIF3Iy2aiAa yR Ay@Sal A IBxpenk ReyiewdRespidabryeditf@iii® | & LIS NI
FYR Gtdzf Y2Y I NB aw Fy3IA2 TN revew of ¥ §FiRK 2LBSNIF ldzA R 2 ¥ LIAIEY & Q1A §
European Journal of Radiolo(®p).
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Figure 2.1: The typical chest radiographic features of pulmonary hypertension in a patient with IPAH

The chest radiograph shows cardiomegaly with dilatation of the main pulraop artery. There is dunnelled

central linefor intravenous delivery of iloprost.
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2.2 ECHOCARDIOGRAPHYECHO

Echocardiography is widely available and is usually the first neivasive imaging
investigation to suggest a diagnosis of pulmonarfirypertension. It has the advantage
of being portable and easily performed at the bedside. Echocardiography has high
temporal resolution, with direct visuali sation of cardiac motion, allowing assessment
of right and left ventricular function and estimation of pulmonary artery pressure.
Systolic pulmonary artery pressure can be measured using Doppler
echocardiography; the peak tricuspid regurgitant jet velocity (v), measured from
Doppler echocardiography, is used to calculate th&ans-tricuspid gradient (TG)
(pressure difference between right ventricle and right atrium) using the modified
Bernoulli equation, TG=4¢(77). This is added to an estimate of right atrial pressure
to give right ventricular systolic pressure, which in the absence of pulmonary
valvular disease,should be equivalent to systolic pulmonary artery pressure. Right

atrial pressure is estimated as either 5, 10 or 15mmHg based on the diameter and

respiratory variation of the inferior vena cava(78).

Currently, the non-invasive estimation of pulmonary arterial pressure is made using
Doppler echocardiography. Whilst this has the advantage of being cheap and portable,
it has a number ofimitations, which include inter-operator variability, a requirement

for tricuspid regurgitation and over-estimation of pulmonary arterial pressures in
certain patients groups. 8veral studies have identified a strong correlation of echo
derived sPAP and right heart catheter measured mPAP in cardiac diseg3®,80),
however, the diagnostic utility of echocardiography derived pulmonary artery
pressure is less accurate in  pulmonary hypertensionin certain conditions,
particularly in the presenceof respiratory disease. A prospective study of unselected
patients with PH, identified the inaccuracies of Doppler echocardiography derived
mPAP, with limits of agreement ranging from -40 to 38.8 mmHg (81).
Echocardiographic estimation of sPAP can only be performed in the presence of
tricuspid regurgitation and where this is absent, mean pulmonaryartery pressure
may be estimated using systolic time intervalssuch as pulmonary acceleration time
(77,82).
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TR Vmax 2.64 m/s
TR max PG 27.93 mm Hg

Figure 2.2: Echocardiographic assessment of PH
Doppler echocardiograph showing the peak tricuspid regurgitant velocity, which can be usedtimate

sPAP. Reproduced under creative commons license {if

Echo can identifymorphological characteristics of chronic right ventricular pressure
overload including flattening of the inter-ventricular septum (IVS), increased
thickness of the right ventricular free wall and increased left ventricular eccentricity.
In addition, tissue Doppler is helpful in the assessment déft ventricular diastolic
function (83). Echocardiography also allows an assessmenttbe cardiac valves and
may identify congenital heart defects. Injections of agitated saline (bubble echo) can
be used tolook for right to left shunting and can identify whether this occurs at an
intra-cardiac or pulmonary level (84,85). Transoesophageal echocardiography is
particularly helpful in the assessment of suspected intra&zardiac defects such as atrial

septal defects, oftemot well visualised on transthoracic echocardiography(86).
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2.3 RADIONUCLIDEIMAGING

2.3.1 Ventilation/Perfusion single photon emission tomography (SPECT
Ventilation/perfusion (V/Q) SPECT is currently recommended by the European
Society of Cardiology (ESC) aseffirst line screening test for chronic thromboembolic
pulmonary hypertension (CTEPH)(1). The perfusion imageentails injection of
100MBg of 99mTc labelled macroaggregated human albumin, exposing the patient to
ionising radiation with an effective doseof approximately 0.017mSv/MBq(87). The
macro-aggregated albumin is trapped within the small pulmonary arterioles, and a

3D image of pulmonary perfusion is acquired over around 10 minutes.
Figure 2.3: Single coronal slice from perfusion SPECT

Patient A has a normal SPECT, patienhBsCTEPH Note the typical wedge shaped perfusion defebts are

seenin patient B.If ventilation imaging is performed these are mimatched.

In CTEPH?there arecharacteristic wedge shaped perfusion defectd-igure 2.3). When
ventilation imaging is performed, the perfusion defects are mismatched to the
ventilation. Whilst the recommendation from the ESC/ER is to perform V/Q
scanning, many centres (including Sheffield) have removed the ventilation portion of
the V/Q scan, relying on the assumption of normal ventilation from a normal chest
radiograph or CT. Ventilation MRI using hyperpolarised gas and perfios lung
imaging (as outlined later in this chapter) provides the potential to image both

ventilation and perfusion in a single scar{88).
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The advantaye of thisV/Q scanningover CT is that image interpretation is relatively
straightforward , and a normal scanessentially excludes the diagnosis of CTEPH. In
contrast, the absence of perfusion due to attenuated vessels and the presence of endo
luminal chronic thromboembolic disease may not be appreciated on CT by less
experienced observers. Initial studies demonstrated that scintigraphy was
significantly more sensitive than CT although, more recent studies have
demonstrated that in expert hands that CT andD MR perfusion techniques are
equally sensitive when compared with scintigraphy(89z91). In addition, imaging of
systemic vascular beds (kidneys or brain) can be used to quantify the size of a right to
left shunt and can be considered in a patient with unexplained hypoxemia and

pulmonary hypertension (86).
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2.4 CoMPUTEDTOMOGRAPHY(CT)

Computed tomography (CT) is the main imaging modality for the assessment of
pulmonary parenchymal abnormalities(1). CT can be performed either unenhanced,
or after the administration of intra-venous contrast. The intravenous contrast, which
may be iodinated or less commonly gadolinium based, increases the density of the
blood. Depending upon the delay after the injection, the scan may be performed with

the contrast in the pulmonary arterial, arterial, venous or excretory phase.

2.4.1 Computed Tomography Pulmon ary Angiography (CTPA)

In suspected pulmonary hypertension, a CT pulmonary angiogram (CTPA)usually

performed: a bolus of iodinated contrast is administerednto a large proximal vein

(typically into a vein inthe antecubitalfossa)and the scan is acqued at the point of

optimal opacification of the pulmonary arteries.In Sheffield, CTPA is performed with

pnmi 1O 1T &£ )I PAIEAAT jO0. EIPAI6q onn ET EAAO
injector pump. The national diagnostic reference level (DRL) for CTPA & dose length

product (DLP) of 440 mGy cn{92).

CTPA provides information on the pulmonary vasculature and the size of cardiac
chambers, and aids identification of the form of pulmonary hypertension. In patients
with PAH there are characteristic CT findings, which reflect disease severity. In a large
cohort of patients with pulmonary arterial hypertension a systematic assessment of
vascular, cardiac, parenchymal and mediastinal features demonstrated characteristic
features of various forms of PAH and also identified important prognostic markers,
outlined below (93).

A well-established feature of pulmonary hypertension is increased pulmonary artery
(PA) size. A number of thresholds have been used to identify the presence or absence
of pulmonary hypertension. In one study, a transverse PA diameter of >29 mm on CT
was shown to have a high positive predictive value (97%}94), whereas another
study useda value of 33 mm(95), and a pulmonary artery with a larger diameter than
the adjacent ascending aorta (pulmonary arteryaorta ratio >1) has also been shown

to be predictive of PH(94). In patients where there is a high prevalence of pulmonary
hypertension, such as systemic sclerosis, interrogation of the CT can be helpagan
enlarged PA may be the first indicator of the presemcof pulmonary hypertension.

Dilatation of the PA in this setting, in particular a pulmonary to aortic ratio of >1.0,
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can be highly predictive (96,97). Serpiginous vessels within the pulmonary
parenchyma are seen in severe pulmonary hypertensiofFigure 2.4), particularly
%E OAT I AT CA OandIPAHUAndageithbudiht to represent neovascularitf8).

Figure 2.4: Coronal reconstruction of a CTPA from a patient with Eisenmenger syndrome.
The left image is presented in lung windows and shows corkscrew neovascularity (blaol) that can be
seen in patients with group 1 PAH. The right image is presented in soft tissue windows and shows dilatation of

the bronchial arteries (white arrow).

CTPA is particularly useful in CTEPH, where the distribution of vascular webs,
stenosis and mural thrombus allows for treatment planning and aessment of
suitability for pulmonary endarterectomy. Figure 2.5 shows the typical CT findings in
a patient with CTEPH. CTPA is sensitive to the diamgis of CTEPH in expert hands

(99,100), although there are concerns regarding lower sensitivity with less

Figure 2.5: Selected images from @TPA, showing the typical features of CTEPH

Coronal reconstruction of a CTPA, showing mural thrabus in the right pulmonary artery and reflux of

contrast into the IVC. B shows marked dilated of the RA and RV. C shows a dilated pulmonary artery with
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experienced radiologists(1,101). It can also be used to assess the burden of clot
(102)(103).

Pulmonary hypertension causes remodéihg and eventual failure of the right
ventricle. Whilst right ventricular dilatation and features reflecting its failure are
visible on CTPA, these are not features of early disease. CTilings of right
ventricular compromise include dilatation of the right heart chambers, right
ventricular hypertrophy (wall thickness >4mm) and displacement of the
interventricular septum towards the left ventricle (104). Changes of right ventricular
hypertrophy are usually best appreciated in the right ventricular outflow tract, likely
reflecting the reduced quantity of trabeculation. Reflux of conast into the inferior
vena cava and hepatic veins on contrast enhanced CT has been considered to be a
marker of the severity of tricuspid regurgitation, commonly seen in pulmonary
hypertension (105), often in PHLHD, althaugh anecdotally, it correlates poorly with

the severity of pulmonary hypertension. In severe precapillary pulmonary
hypertension such as PAH, CTEPH and PH associated with respiratory disease (where
there is severe pulmonary hypertension) the left ventriok is under filled and
compressed by the dilated RV, causing a small volume left atrium and ventricle. There
may also be features of cardiac decompensation visible on CT, such as pleural and
pericardial effusions, and an increase in inferior vena cava sizall of which are

associated with a poor prognosi¢93).

After the administration of IV contrast, 4D (time resolved) CT has the potential to
provide detailed information about lung perfusion(106,107), and has been shown to
identify abnormal perfusion after acute PE, despite apparent resolution of clot burden
(108). Technologies such as iodine mapping have the potential to allow for CT
assessment of a single time point of perfusionyithout significant increases in dose
(109).
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2.4.2 Unenhanced Computed Tomography

Pulmonary parenchymal changes may help to identify the cause of pulmonary
hypertension, and can be assessed on CTPA or amontrast enhancedvolumetric
computed tomography (HRCT). In patients with pulmonary hypertension due to lung
disease, CT can identify the underlying lung disease and monitor changes in severity.
Patients with PAH including IPAH, PAH with systemic sclerosis and PAH associated
with congenital heart disease often have centrilobular ground glass opaciti€$10)
(Figure 2.6). This is also described in patients with pulmonary veneocclusive
disease, where additional featuressuch as septal lines and lymphadenopathynay
also be presen{111). Patients withCTEPH often have regions of supleural scarring
from infarction, and a mosaic pattern of lung attenuation due to perfusion
heterogeneity. Although not in routine clinical use, more specialized methodologies
in CT such as ECG gatir{12) and dual energy CT for perfusion imaging are useful
tools for phenotyping diseasg113z115).

Figure 2.6: SelectedCTPAmMage
showing centrilobular ground glass

opacitiesin a patient with PAH

In patients with PAH, CT imaging may also give a clue as to #mtiology of the PAH
(93). Features seen in patients with systemic sclerosis and PAH include dilatation of
the oesophagus and a ground glass pattern that frequently spares the periphery of the
lung. Patients with congenital heart disease frequently hee very significant
pulmonary artery enlargement (often with mural thrombus and calcification of the
pulmonary vasculature) and abnormalities such as pulmonary anomalous venous

drainage (frequently associated with a sinus venosus defect) may be identified.
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Dilatation of the left atrium is also suggestive of the presence of left heart disease
(116).

2.4.3 Dual Energy Computed Tomography (DECT)

With dedicated dual or multienergy CT scanners, it is possible to simultaneously
image the lungs and pulmonary vasculature at different kVp, either using different x
ray tubes(115), or oscillating kVp systemg117). This allows images of low and high
Ee OPAAOOA OI AA DpOi AGAAA ATl-ddgefofdifferadtx AECEO
materials (118,119). Scanning at 80kV and 120kV after the administration of
intravenous (V) iodinated contrast medium can be used to provide iodine maps, as a
marker of pulmonary bloodvolume at the time point of the scar{120), which may be
useful in the assessment of patients with chronic thromb@mbolic pulmonary
hypertension (121,122). Dual energy CT may also increase the opacification of the
pulmonary arteries as it produces photons wih kinetic energy closer to the kedge of
iodine (122) and provide insights into the perfusion of the left and possibly right
ventricle (118,120,123). Despite these promising applications in patients with
pulmonary hypertension, routine clinical use of dual energy CT is limited by

requirement of expensive specialist CT sysins.
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2.5 MAGNETICRESONANCEMAGING(MRI)

MRI is considered the gold standard for functional and morphological assessment of
the heart. Standard sequences implemented in pulmonary hypertension include two
and four chamber cardiac cine steady state free precession imaging (SSFP), black
blood imaging (dual inversion recovery fast spin echo), contrast enhanced MR
angiography and 3D dynamic contrast enhanced MR imaging. Cardiac MRI can be used
to diagnose pulmonary hypertension (124,125), assess prognosis and serial

measurements can be used to assess response to therapy.
2.5.1 The Principles of MRI

2.5.1.1 The MRI signal

Magnetic resonance imaging uses the inherent spin properties of protons to generate
images. The patient is placed inside the bore of a large magnet, which genesa
strong, constant magnetic field (B), in this case at 1.5T. Each proton within the
magnetic field have their own magnetic moment, which aligns with the theoBield,
either parallel or antiparallel (although a slight majority will lie parallel, as this
requires less energy. When placed in an external magnetic field all of the protons
precess around their own axis, in a similar motion to a spinning top, at a speed that is
specific to each nuclear species (the Larmor frequency, in this case protons, aHni
spin at 42.6MHz/T). At this point, the sum magnetiation is parallel to the B field as
the transverse moments are random and cancel each other otiyjs state istermed

longitudinal magnetisation.

Radiofrequency (RF) energy is emitted by the RF cowgithin the scanner. When the

RF pulse has the same frequency as the precession of the protons it can deposit energy
in them (resonance. This energy deposition causes some protons to flip to the higher
energy state of being antiparallel, and also causedie protons to precess in phase (in
the same directionsimultaneously). As the protons are precessing in phase, there is a
magnetisation vector in the transverse direction, which moves with the precession of

the protons.
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B. The RF pulse creates transverse magnetisation
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D. Longitudinal recovery (T1 relaxation)

Images reproducedReproduced fronUnderstanding
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_ .y By 2013 With permission from BMJ Publishing Group

N Ltd.

As this is a moving magnetisation vector, a current will be generated in any receiver
coil near the precessing protons, alternating at the Larmor frequeng¢forming the MR
signal. After the RF pulse switchesff there are 2 relaxation processes that take place:
the transverse magnetisation disappears (transverse or T2 relaxation) and the
1 TT CEOOAET Al i ACT AOEOAOGETT OAOGOOT O Oi
relaxation).

T1 relaxation occurs due to enggy deposition in the surroundings of the protons,
which results in a return to their original parallel magnetization, and this occurs at
different rates for different molecules. The T1 time is the length of time for
longitudinal magnetisation to return frol 1  O'. T2pr&Mekation is due to the
protons falling out of phase, which results from inhomogeneity in the magnetic field
due to the inherent properties of the B field and interaction with the magnetic fields
from neighbouring nuclei. T2 time is thetime taken for transverse magnetisation to

return to el

After the RF pulse, the net magnetisation decays following a spiral path, which creates
a signal in the RF receiver coils. The signal received is termed the free induction decay
(Figure 2.8, next page) which has a constant frequency (Larmor)initial magnitude

related to longitudinal relaxation and reducing magnitude due to transverse
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relaxation (T2* effects) 4 EAOA 4c¢e AZEEAAOO AAT AA

refocussing echoes, such as in gradient echo imaging.

|

U Figure 2.8: Free induction decay signal

2.5.1.2 Image reconstruction

The MR signal is localised irBD space using 3 magnetic field gradients: the slice
selection gradient, the phase encoding gradient and the frequency encoding gradient.
The slice is selected through applying a gradient in the z direction (parallel tooB

altering the Larmor frequency d the protons in the z axis, so only the protons in the

selected slice are excited by the RF pulse. The slice thickness can be manipulated by

adjusting the RF pulse bandwidth or the steepness of the gradient. A gradient applied
in the phase encoding diredbn causes the spin phase to vary linearly and the
frequency encoding gradient causes the protons to spin at different frequencies

allowing spatial position of the signal to be assessed.

Whilst all protons in the selected slice are simultaneously ex@tl by the RF pulse, only
a single echo signal is recorded for each phase encoding stéporder to complete the
image for each slice, the pulse sequendherefore, has to be repeated many times.
During this repetition, the slice selection and frequencymcoding are kept the same,
but the phase encoding gradient is incrementally increased. Each of these repetitions
creates a signal echo, which is stored in a datmatrix referred to as kspace k-space

is used tostore the data of the MR signal in the sigh@aomain. The data stored in k
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space is converted to an imagén the spatial domain) using Fourier transformation,

as demonstrated by an image of the Polaris team Kigure 2.9, below(126,127).

Figure 2.9: A demonstration of the spatial and the frequency domains.

Left is an image of the Polaris team demonstrated in the spatial domain. Right is the same image in the
frequency domain (after Fourier transformation).&pace iste placeholder for the frequency information

acquired by the MRI scanner.
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2.5.2 Cardiac Cine MR Imaging

Retrospectively ECG gated cardiac cirsteady state free procession imaging (SSFiR)
the two and four chamber views allow for qualitative and quantitative assessmeof
the structure and function of the ventricles(128). Segmentation of the ventricular
endocardium quantifies the right and left ventricular enddiastolic and endsystolic
volumes from which stroke volume and ejection fraction can be calculateBaseline
RV enddiastolic volume and RV ejection fraction and the change in RV ejection
fraction over time are both predictive of outcome(129,130). RV stroke wlume
measured using cine imaging is less reproducible due to inaccuracies in contouring
the ventricles (131), although new software allowing for thresholding of
trabeculation may improve reproducibility (132). In addition, due to the variable
nature of tricuspid regurgitation, RV stroke volume measured by volumetry is a poor

reflector of forward pulmonary arterial flow (131).
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Figure 11: The 20 phases from a miechamber slice of the short axis SSFP ciimeages

This patient has IPAHhote the flattening of the interventricular septum and dilatation of the right ventricle.

The myocardium of the left and right ventricles can be segmented, giving right and
left ventricular mass. The ratio othese is the ventricular mass index (VMI = RV mass
/ LV mass), which correlates with mean pulmonary arterial pressure in patients with

pulmonary hypertension (133).
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EndsDiastole

Figure 2.11: Measurement of the epicardial and endocardial contours.
Diagrammatic representation of the endocardiglvhite) and epicardial(red) contours from the sharaxis
images at end diastole and systole. In this patient with IPAH, the muscle mass of the right ventricle is

significantly thickened.

In health, left ventricular pressure is significantly greater than right ventricular
pressure, giving a characterist circular shape to the left ventricle, and a crescentic
shape to the right ventricle on short axis views. The angle of the inteentricular
septum can be measured, it is increased (deviating towards the LV) in patients with
pulmonary hypertension (134). This has been shown to correlate with pulmonary
artery pressure although in the presence of left heart disease septal angle
measurements are less accurate due to theonfounding effect of elevated left

ventricular diastolic pressures.

EndsDiastole End-SyStole

Figure 2.10: Measurement of the interventricular septal angle

Single slice forna patient with IPAH left at end diastole and right, at enslystole showing the septal position
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2.5.3 Functional Imaging of Pulmonary Arter ial Flow and Motion

Dual inversion recovery fast spin echo (DIFFSE)Black blood imaging is usedo
provide a morphological assessment of the pulmonary arteries and aortéhe protons
within the field of view are excited. Anyspins that remain in the field of view return
signal, any protons that flow out of the field of vieware replaced by nonexcited
protons and return no signal. In health, this results in high contrast between the
flowing blood in the pulmonary arteries (no signal/black) and the pulmonary artery
wall (high signal/white). A reduction in blood velocity and turbulent flow results in
high signal within the pulmonary arteries, a strongly diagnostic and prognostic
feature of PH, described as black blood flow artefa¢il35). Black blood slow flow
artefact imaging is potentiallylimited; as the degree of artefact may be related to the
slice thickness, angle of acquisition and field strength, although these are all
controllable variables. Care is also required as thrombus also returns high signal, so
it is important to look at other sequences to ensure that the signal is due to slow flow

rather than clotted blood.

Figure 2.12: Two examples of black blood imaging

The image on the left is patient with very mild black blood flow artefact in the lobar artery on the right

(grade 1), the image on the right is a patient with severe black blood flow artefact (grade 4).

Phase contrast MRA with velocity sensitising gradients can besed to quantitatively
map the blood flow in the major vessels in the lungs in-8imensions and can provide
insight in to pulmonary vascular resistance and nossteady and turbulent flow in the
pulmonary arteries (136,137). Typical velocity encoding settings ofVenc 150cm/s

would be used to map flow in the pulmonary artery but this may need adjustment for
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slower flow in diseases such as pulmonary hypertension where flow velocity is slower
and directionality is helical. Pulmaary arterial flow, velocity and area change can be
calculated and have been shown to have clinical value in the assessment of patients
with PH.

Recent developments with 3D view shared phase contrast methods allow for the
acquisition of 4D flow in the mlmonary arteries (138,139). This can be
retrospectively interrogated to analy® flow in multiple regions of interest in the heart
or pulmonary vasculature. In pulmonary hypertension, vortices can be seen within
the pulmonary atery (140), and the duration of these vortices have been shown to
be predictive of the presence of Pil141,142). Further research examining thelinical

utility of 4D flow MRI is warranted.

Figure 2.13: Vortical flow in the main pulmonary artery.

Sequential images from 2D phase contrast imaging of the main pulmonary artery &3 year oldpatient
with pulmonary hypertensiomPAP = 5inmHg). a), b), c) and dare fromcardiac phase= 5, 8, 11 and 14

respectively Images courtesy of Dr G Collier and Prof JM Wild.
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2.5.4 Magnetic Resonance Angiography and Perfusion Imaging

MRA:

e High spatial resolution
e Lower temporal resolution
e Structural information

Perfusion MR:

e Lower spatial resolution
e High temporal resolution
e Functional information

Figure 2.14: A diagrammatic representation of the basic principles of MR angiography against perfusion !

2.5.4.1 Contrast Enhanced MR Angiography

T1 shortening contrast agents can be used to produce high spatial resolution images

of the pulmonary arteries and veins with 3D acquisitions within a single breatinold.

Currently, this method is the mainstay of pulmonary MRA in the clinical setting.

Typically, a bolus of gadoliniumchelated agent is administered into a large vein,

usually in the antecubital fossa followed by a saline flush. Typical contrast doses are

0.1 mmol/kg body weight Gadovist followed by a 20ml saline flush injected at

5ml/sec. In order to reduce venous contamination and gain greatest arterial and

venous separation a single dose of gadolinium at a high injection rate should be used.

The contrast administration is followed by acquisition of a T1 weighted 3D gradient

echo dataset. Typical imaging parameters are: TR=23%ms, TE=1.6p 8 v

i G40°, | Eo Tt

matrix=40x192x256, FOV=460 mm, parallel imaging factor R=@L43). In order to

synchronise image acquisition with peak contrast enhancement in the pulmonary

vessels, a bolus tracking technique can be employed: a test bolus with a time resolved

test scan is used to assess the optimal terfrom injection to acquisition of central k

space, resulting in images from a single time poirfL43). An important consideration

in pulmonary MRA is the rapid transit of blood through the lungs (& seconds).

Centric elliptic phase encoding, with the scan acquisitionstarting at peak

enhancement ensures maximum SNR and optimal separation of arterial and venous

phases.
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Figure 2.15: Examples of Magnetic Resonance Angiogphy.

These are reconstructed as a maximuntensity projection (MIP) in a patient with CTEPH (left) and a

normal example (right) Reprinted with permission from European Society of Radiology: Springer. European
Radiology. Diagnostic accuracy of contrashhanced MR angiography and unenhanced pnotelR imaging
compared with CT pulmonary angiography in chronic thromboembolic pulmonary hypertension, Rajaram et
al. 2012.

The contrast bolus passage may also be imaged with time resolved 3D view sharing
acquisitions, such as TRICKS (Time Resolved ImagwigContrast KineticS), allowing
for haemodynamic assessment of the pulmonary circulatiorifFigure 2.16). These
view-sharing methods undersample kspace and share missing {space between
datasets, giving a higher nominal temporal resolution, albeit with the risk of spatio
temporal interpolation artefacts. Other methods for kspace sampling, such as spiral
acquisition and view sharing can further reducescan times, with some centres
producing high spatial resolution MRA images with temporal resolution of 1 second
through spiral-TRICKS acquisitior{144). These methods are useful in the assesant

of shunting.

Whilst the majority of clinical MRA is currently performed using extracellular contrast
media such as gadobutrol (Gadovist TM) and gadobenate dimeglumine (Multihance
TM), there is also the potential to perform pulmonary MRA using intravasitar (blood
pool) media such as Gadomet7, Gadofosveset trisodium and ferumoxyto{145).
The long residency time of these agents can enable high SNR and spatial resolution
with averaging over several breath-holds, however arterial and venous phase

separation is sacrificed(145). Blood pool agents for clinical pulmonary MRAre very
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Figure 2.16: Selected images from a patient with IPAH with a patent foramen ovale

The top row (A) shows the images from the time resolved TRICKSs (time resolved contrast kinetics), with
increasing time to the right of the image. On the early images, there is contrétiin the aorta at a time

point before filling of the pulmonary arteries, in keeping with a right to left shunt. This was confirmed with
quantitative perfusion single photon emissidomography (SPECT) over the kidneys (D), which shows uptake
of tracer in the capillary bed of both kidneys. The black blood imaging (B) shows dilated pulmonary arteries
with slow flow/turbulent blood artefact and the2-chamberimage (C) shows significant flattening of the

interventricular septum.

helpful in patients that camot hold their breath as nonbreath hold, heavily averaged

MRA acquisition methods can be used.

2.5.4.2 Dynamic Contrast Enhanced Perfusion MRI

With a similar methodology to contrast enhanced MRA, but using lower spatial and
higher temporal resolution image acqusitions, Tl-weighted dynamic contrast
enhanced (DCE) perfusion images of the first pass of a gadolinium contrast bolus can
be performed. Typical imaging parameters would be: TR=2D.5ms, TE=0.81.0ms,

| E @4fi°, matrix=32x96x128, FOV=460mm. A lower dosef @ontrast is needed e.g.
0.05ml per kg patient weight of gadobutrol (Gadovist TM). Again, the nominal
temporal resolution of the acquisition can be increased with parallel imaging and

view sharing (136) but this can result in spatictemporal blurring of the signal. In
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clinical practice, images acquired with a frame rate of arouh0.5 s per 3D lung volume

can preserve spatial resolution sufficient for diagnostic purposeslhis data is often
DOAOAT OAA AO OEA DPAAE OECGCI Al A£ 0O AAAE Ol @2
has been subtracted, giving a peak perfusion imag@0). This is particularly useful in

the assessment of CTEPH and has been shown to be of equivalent sensitivity to
perfusion SPECT imging (89). Dynamic contrast enhanced MRI can also be quantified
(143,1467148), potentially allowing for easier longitudinal follow up of perfusion

abnormalities in pulmonary hypertension (131).

Raw images

il el el el G VP O A

Subtracted images
x S ks O A
e R 2 2ls e
N\ 4 - TN/ N e
. ‘ LoE
Signal Intensity

4.5s 6.0s 7.5s 9.0s 12,

the bottom row shows the pulmonary parenchymal signal change over time. Please note that the images were
acquired with a temporal resolution of 0.5 secongsr 3D datasetbut are displayed with a temporalesolution

of 1.5 seconds.

Perfusion images can be qualitatively assessed by subtraction of the baseline dataset
from the peak enhancement dataset, allowing for a rapid assessment of perfusion
defects and their anatomical location. With more detailed pogprocessing of the
entire time resolved data, quantitative assessment of contrast passage kinetics can be
made. Pulmonary blood flow (PBF), pulmonary blood volume (PBV) and mean transit
time (MTT) can then be quantified and parametric maps of these metrics can be
generated from voxelwise analysis. For absolute quantitative analysis an arterial
input function (AIF) is measured in a large feeding artery, often the main pulmonary
artery for lung imaging (143). Once the AIF has been established, the signal time curve
of a voxel can be converted to cwentration time course from the assumption of a
linear relationship between signal intensity and contrast concentration. A model free

approach using the following equation can be used:
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Where S(t) is the signal timecourse, SO is the men signal before contrast
enhancement and k is an unknown constant. For absolute quantitative analysigl
mapping is required in order to convert signal intensity to contrast agent
concentration (mmol/litre (mM)). One method of T1 mapping used in quantitéive
perfusion analysis is the variable flip angle approach. Using a Levenbavarquardt
fitting algorithm tissue density at equilibrium (m0) and T1 relaxation at equilibrium

can be calculatedn a voxetby-voxel basisvia:

, . Ami P Op
I a ORI —
| i p Al O8Op
Where'Op = exp(-TR.RbD). TR = repetition time used in acquiring the Tdwveighted
Al ED AT GCI A Ei ACAOG8 -100 ATiiiTiu OEOAA OAI

the range of 20 v ® 8  T-ifljectibnl I6nGitudinal relation rates R1(t) are then

calculated:
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Gadolinium concentration maps can then be calculated using the equation:
Yo 0 Yp
PP
Where p pis the experimental relaxivity of Gadolinium (4.39s1mM-p A O (). 0 #
Following contrast concentration mapping the concentration timecurves are fitted

using the Gamma variate function:
60 00O 6" Q 6 6o
Where K is a constant scale factor, t is time after injection, AT is appearance time of
the contrast agent in the voxel and a/b are arbitrary parameterdt is worthwhile noting
that for gadolinium based contrast agents, unlike iodinated contrast agemi®sic
concentration and signal intensity are not linearly related at higher concentrations. Constant

K is related to tissue density, imaging sequence parameters, contrast agent and inspiration

level. Hence, it is important that these are kept constamglithe experimen{147)
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Following the indicator dilution theorf150), once the concentration time course of the
AIF is known, Gye(t), pulmonary blood flow (PBF) can be cdlted:

6 o 0606 T80 tQt 606G 035 YO

Where Gro(t) is the contrast time course of the region of interest, R is the
concentration of contrast remaining at time t and denotes the convolution integral
(146,147). Pulmonary blood volume (PBF) and mean transit time (MTT) are defined
as(146):

06w ———andl "YY —

Noise filtering is required before these calculations can be reliably madd47) since
the inherent image SNR is low. In order for perfusion quantification, it is assuméeidat
there is a linear relationship between signal and concentration. This is not a true
assumption and linearity is only seen in a small range of low concentrations of
contrast. This is a particular problem for the AIF as the contrast passes in a compact
bolus (i.e. high concentration)(151). A robust contrast administration protocol is
therefore paramount. One method for overcoming this is to use a smaller dose of
contrast such as 0.05ml/kg at a rate of 4ml/second asuggested above. This has the
advantage of only requiring a single injection, but with a reduction in SNR in the
perfusion image. Another method is to use 2 boluses: a low dose injection to calculate
the AIF and a second larger dose to give better SNRle lung perfusion image(152).
When using this split bolus technique the AIF must be oalculated to match the bolus
used in the lung imaging part of the sequence. As contrast kinetics are involved, the
AT 1 66 OOAA O1 AAI AOI ACGA OEA AT OQBHOAA 1) &
i

6 0 6 o0 nt

It is also important to ensure that there is sufficient time between the first and second

bolus to allow for washout of contrast.
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SPECT Peak enhancement  Relative blood volume Relative blood flow Mean transit time

Figure 2.18: Quantitative analysis of Perfusion imaging
Matched slices from a single patient with CTEPH showing the SPECT and the peak enhancement image from a
DCE perfusion MRI scan used clinically, alongside ssmantitative perfusion maps (pulmonary blood volume,

flow, and mean transit time) from a DCE perfusion MRI.

2.5.4.3 Non-contrast enhanced MRA and Perfusion imaging

Long acquisition times and problems with artefacts, such as motion, have limited the
use of norrcontrast enhanced MR\.. Improving MR technologies, concerns about the
use of gadolinium from the risk of nephrogenic systemic fibrosi€l53) and the desire
for non-invasive techniques for paediatrics have increased ghmotivation for non-

contrast enhanced methodology for MR perfusion and angiography.

ECG gated 3D partiaFourier Fast Spin Echo (FSE) sequences utilise the difference
between fast flow and slow flow on T2 signal. In systole, arterial flow is fast and cses

a void of T2 signal, whereas in diastole, flow is reduced and returns high T2 signal.
Venous systems have slow flow in systole and diastole. Hence, a subtraction image of
the systolic from diastolic image gives high T2 signal in the arterial syste(@37). This
method requires ECG gating to allow separation of the diastolic and systolic images,

and brings with it the risk of mis-registration.

Balanced steadystate free procession (bSSFP) produces images with the signal
proportional to the T2/T1, through refocusing gradient echoes and alternating phases
of RF pulses to create a coherent steady state. The TR must be kept \&@1grt as
bSSFP is susceptible to field inhomogeneitfl54). bSSFP is particuldy useful in
imaging the blood, which has long T2 when compared to the surrounding tissues
(143) and has short acquisition times allowing for short breatkholds (154). The high
contrast between pulmonary blood pool and lumen make bSSFP an effective tool for
assessment of thrombus when MRA and CTPA are inconclus{i®5) and a fast 3D
bSSFP acquisition provides a quick and contrast free means of generating a

pulmonary angiogram(156).
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Arterial spin labelling (ASL) images are produced by radiofrequency excitation of the

water protons in blood upstream of the imaging field of view through annversion

pOl 0A8 4EAOA OOACCAA6 DPOIOITO OEAT A1

(137,151,157). A control image is also taken and the images tetm be presented as a
subtraction of the control image from the tagged image. ASL in the lungs is challenging
as ECG gating requires a regular heartbe151) and spin tagging with selective
radiofrequency pulses is onfounded by B and Bi field inhomogeneity. Newer
labelling techniques including continuous arterial spin labelling (CASL), pulsed
arterial spin labelling (PASL) and a combination as pseudoontinuous arterial spin
labelling (pCASL)have the potential to increase the use of ASh thoracic imaging
(158). ASL using the spin echo entrapped perfusion image (SEEPAGHE)vwa for a
single shot acquisition within 5 seconds. SEEPAGE completely supresses the
AAAECOI OT A OEOOOAR OF 111U OEA OOACCAAG
signal. This has the advantage of requiring no subtraction (so no misgistration) and
allows rapid acquisitions within short breath-holds (159). All of these spinlabelling
techniques are by nature slice selective methodologies, and therefoage currently

limited in terms of lung volume ®verage.

Time of flight (TOF) MRA is commonly used in neurovascular and peripheral vascular
imaging, but poor spatial resolution, sensitivity to motion (cardiac or respiratory),
multi-planar flow directionality, insensitivity to slow flow and sensitivity to
susceptibility artefacts limits the utility of TOF MRA in the lung$160).

Time resolved imaging of the lungs during free breathing with Fourier decomposition
(FD) analysishas also beenused as a surrogate method to image lung perfusion
without the need for contrast or ECG gating. Fourier decomposition has recently been
applied to lung ventilation and perfusion imaging(161). Duringinspiration, the lungs
increase in volume, reducing parenchymal signal, increaginagain in expiration.
During systole, high blood velocity causes dephasing of the MR signal, reducing signal.
The respiratory changes occur at a rate of 220 beats per minute and the cardiac
changes at a rate of 680 beats per minutes on average. Theftierence in frequencies
allows for separation using Fourier Decomposition (FD), to give ventilation weighted
or perfusion weighted images (162) which have been used for perfusion

guantification (163).
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2.5.5 Magnetic Resonance Imaging Tissue Characteris ation

Late gadolinium imaging is in common usage in the assessment of patients with
myocardial infarction, to identify myocardial scar tissug(164). The technique utilizes
an ECG gated'1l-weighted inversion recovery sequence performed 10 to 15 minutes
after injection of gadolinium (a T1 shortening agent). Normal myaardial tissue
enhance early, but waskout. Abnormal cardiac muscldraps gadolinium, remaining
enhanced on delayed imagingither due to an increase in the extraellular space or

a break down in the cell membrane of myocyteq164,165). In patients with
pulmonary hypertension, late gadolinium enhancement is seen in the right
ventricular insertion points and in the interventricular septum (166). It is likely that
these areas are exposed to mechanical stress. The extent of right ventricular insertion
point and interventricular septum late gadolinium enhancement has been shown to

correlate with right ventricular function (167).

A similar pattern of disease can be seen on native T1 mapping (i.e. non contrast
enhanced T1 values), with high native T1 valuesiithe RV insertion points(168),
which correlates with right ventricular dysfunction (169). This allows the potential to
characterize myocardial tissue, without the use of contrastnedia and provide a
method for the identification of patients at risk of adverse right ventricular

remodelling and right ventricular failure.
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2.5.6 Reproducibility of Cardio -Pulmonary Vascular MRI metrics

Measures of the structure and function of the right ventricle, left ventricle and #n
pulmonary artery have been shown to have high inter and intrabserver
reproducibility. Table 2.1 summarizes the previously calculated inter and intra
observer reproducibility metrics for commonly measured MRI metrics of the right
and left ventricle and the pulmonary artery in 30 patients with pulmonary

hypertension (170).

Table 2.1: Reproducibility of cardiepulmonary vascular MRI metrics in pulmonary hgpension.

Inter Intra
ICC 95% CI ICC 95% CI

Right Ventricle

RVEDV 0.988 0.974-0.994 | 0.996 0.991-0.998

RVESV 0.991 0.981-0.996 | 0.988 0.974-0.994

RVEF 0.957 0.910-0.979 | 0.940 0.875-0.972

RVSV 0.928 0.848-0.966 | 0.990 0.979-0.995

RV mass 0.947 0.763-0.980 | 0.990 0.979-0.999

VMI 0.959 0.910-0.981 | 0.984 0.966- 0.992
Left Ventricle

LVEDV 0.991 0.981-0.996 | 0.996 0.992-0.998

LVESV 0.959 0.810-0.986 | 0.986 0.970- 0.993

LVEF 0.918 0.718-0.968 | 0.973 0.942-0.987

LVSV 0.979 0.922-0.992 | 0.973 0.903-0.990
Interventricular Septal Position

IV septal angle systole 0.972 0.907-0.989 | 0.988 0.975-0.995
Pulmonary Arterial Structure/Function

PA systolic area 0.995 0.990-0.998 | 0.996 0.992- 0.998

PA diastolic area 0.986 0.957-0.995 | 0.986 0.957-0.995

Phase contrast MRI forward flow 0.999 0.997-0.999 | 0.999 0.997-0.987

Phase contrast MRI backward flow 0.902 0.795-0.953 | 0.997 0.992-0.999

Reproduced with permission from Dr AJ SWI70).
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2.6 DIGITAL SUBTRACTIONPULMONARYANGIOGRAPHYDSA)

Digital subtraction angiography (DSA) of the pulmonary artery is an invasive test, in
which iodinated contrast is administered through acatheter in the pulmonary artery
under fluoroscopic visualisation. DSA is used in many centres in patients with chronic
thromboembolic disease to guide surgical intervention(171) and is currently
recommended in the ESC guidelines as a final step in the surgical assessment of
CTEPH. It can be performed in conjunction with balloon pulmonary angioplasty, a
treatment methodology for non-surgical CTEPHvhich hasincreasing interest(172z7
175). The advent of CTPA and MR angiographic techniques provide an alternative
non-invasive approach to assess suitability for pulmonary endarterectomyAs a
result, digital subtraction angiography is reserved for problem solving in the Sheffield

Pulmonary Vascular Disease Un{tl76).

2.7 RESEARCH BASED METHGR.OGIES

2.7.1 Positron Emission Tomography (PET)

Fluorodeoxyglucose (FDG) is a glucose analogue, which is typically bound t® 1
Fluorine, a positron emitter. 3D images of the uptake of FDG can be produced using a
PET scanner (positron emission tomography), which allows for qualitative and
guantitative assessment of tissue glucose uptake and therefore, an assessment of
metabolic activity. As the spatial resolution of PET scanning is relatively low (typical
voxel sizes are 5mm(92)), the scan is performed at the same time as CT, for
anatomical location. In IPAH, there is heterogenous uptake within the lung
parenchyma and significantly increased FDG upka within the right ventricle, a
prognostic marker (177z180). In a few centres the availability of PEEMRI scanners
allows anatomical location of the uptake on cardiac MRI181), providing clearer
anatomical detail from the soft tissues and simultaneous assessment of cardiac

function.

In addition, PET may be used in patients with proximal CTEPH, particularly when
extendinginto the pulmonary trunk when conditions such as pulmonary sarcoma are
suspected. Whereas, tumour would be expected to show increased uptake of FDG this
would not be the case with chronic clot:rror! Reference source not found113,182). T

his information can be used to inform discussins with patients prior to surgery.
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Figure 2.19: A selection of images from a patient with a pulmonary artery angiosarcama

There is a soft tissue density filling defect on the CTPA within the proximlthpnary artery, extending into
both left and right pulmonary arteries (A), and also extending into the right upper lobe (B). This is hot on the
PET-CT scan (C+D). SSFP cine cardiac MRI demonstrates the mass as an isodense filling defect in the pulmonary

arteries (E) and there is a perfusion defect in the right upper lobe (F).

2.7.2 Optical Coherence Tomography (OCT)

CTPA and DSA are frequently used in the assessment of vascular defects in patients
with CTEPH;however, they only provide information on the lumen, with limited
information about the vessel wall. Optical coherence tomography is an invasive
technique, performed at pulmonary angiography, which uses near infreed light to
image the vessel wall, with resolutions of 120um (183). OCT can demonstrate the
intimal thickening that is characteristic of PAH(184,185), subclinical precapillary
remodelling in patients with borderline pulmonary arterial pressures (mMPAP 21
24mmHg) (184) and reversal ofremodelling after vasodilator therapy (184,186). In
CTEPH, OCT can be used as an adjunct to balloon pulmonary angioplasty and allows
for the assessment of the underlying morphology of vascular lesiorf$87). It has the

pi OAT OEAT O1 OAPAOAOA EOAOE OOAAGBUSHEOI T AOD
identifying suitable targets for balloon angioplasty. Due to the invasive nature of this
test and requirement of specialist eqyiment and expertise, it is currently confined to

a small number of centres.
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2.8 QLINICAL APPLICATIONS ORMAGINGPH
The key steps for the investigation of patients with suspected pulmonary
hypertension are: i) diagnose, ii) identify the cause, iii) identifyat risk patients, and

Iv) assesgesponseto treatment. The role of imaging in this regard is outlined below.

2.8.1 Making the Diagnosis of Pulmonary Hypertension

The possibility of pulmonary hypertension is wusually first suggested by
echocardiography although it may be made incidentally by an imaging investigation
performed for unexplained breathlessness (e.g. demonstrating enlargement of the
central pulmonary arteries on chest radiograph or CT). The diagnostic approach for
patients with suspected PH was highlighted ithe mostrecent ERS/ESC guidelingl),
however, the approach is dependent in part on local availability of imaging and

expertise.

CLINICAL ASSESSMENT

ECG, lung function, exercise testing, echocardiography, chest radiograph
Review of available imaging”

l l

Not for further investigation
Potentially treatment responsive PH Unlikely to be treatment responsive
Eg. Mild PH-resp, PH-LHD

| l ] l I

Unexplained PH Suspected CTEPH Suspected PAH Suspected LHD Suspected Resp

Risk Factors: None Risk Factors: Previous Risk Factors: SSc, HIV or Risk Factors: LHD (but Risk Factors: COPD or
PE/DVT liver disease, HPAH features of pre capillary ILD (but features of pre

PH) capillary PH)

Q SPECT QSPECT

HRCT + CTPA HRCT + CTPA HRCT + CTPA HRCT + CTPA HRCT + CTPA

CMR + MRA + TRICKs CMR + MRA + TRICKs CMR CMR CMR

RHC® RHC RHC® RHC RHC

| | I l l

Additional investigations should be considered in specific circumstances:

Quantitative renal Q-SPECT If hypoxaemic and right to left shunting is considered
Liver USS with portal Doppler If suspected porto-pulmonary pulmonary hypertension
Digital subtraction angiography In CTEPH cases with non-diagnostic CTPA/MRA/Q SPECT

Other additional imaging may be required based upon the results of the initial investigations:
" local imaging should not be repeated unless suboptimal
2in patients with suspected IPAH, a vasodilator challenge should be performed, ?in CHD RHC is not always mandatory

Figure 2.20: Investigation flow chart in the Sheffield Pulmonary Vascular Disease Unit

ECG: Electrocardiogram, PH: Pulmonary Hypertension;R#s$p: Pulmonary Hypertension Due To

Respiratory Disease, REHHD: Pulmonary Hypertension Due To Left Heart Disease, CTERBnICT hrombo
Embolic Pulmonary Hypertension, PAH: Pulmonary Arterial Hypertension, Q SPECT: Perfusion Single
Positron Emission Computed Tomography, HRCT: High Resolution Computed Tomography, CTPA: Computed
Tomography Pulmonary Angiography, CMR: Cardiacdviatic Resonance Imaging, MRA: Magnetic

Resonance Angiography, Tricks: Time Resolved Imaging Of Contrast Kinetics, RHC: Right Heart Catheter,
USS: Ultrasound, IPAH: Idiopathic Pulmonary Arterial Hypertension, CHD: Congenital Heart Disease.
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Diagnostic straegies to confirm or refute the diagnosis of pulmonary hypertension,
including deciding on the need for cardiac cathetesation and the approach to
imaging is dependent on the physician ensuring that further investigation is in the
best interests of the paient. An appreciation of factors that increase the praest
probability of forms of PH likely to benefit from therapy is crucial in this respect. In
the Sheffield Pulmonary Vascular Unjta tertiary PH referral centre for pulmonary
hypertension, patients are initially assessed in an oupatient clinic with an
electrocardiogram, execise and lung function testing andechocardiography. For
appropriately identified patients, a multimodality approach is used combining
radionuclide imaging, CT, MRI and cardiacatheterisation as shown inFigure 2.20. As
many patients travel long distances for their investigations, this multimodality
approach is taken to redue the requiremen for repeat visits and recognigs the
complementary information provided by different imaging investigations. In other
centres, a stepwise approach may negate the need for some of the diagnostic tests
advocated by current ESC/ERS guatines.

2.8.2 ldentifying the Cause of Pulmonary Hypertension

One of the major values in using a multimodality approach is the provision of detailed
information to aid phenotyping pulmonary hypertension. The identification of the
cause of PH is key in defininjeatment: patients with PAH kenefit from drug therapy
and patients with CTEPH can be potentially cured by pulmonary endarterectomy.
Whilst invasive haemodynamics are the gold standard for the measurement of
pressure, imaging features can also give an irddition as to the likelihood and severity
of PH in addition to providing detailed information on the likely underlying cause.
Information from imaging is integrated with other investigations including blood

testing and lung function testing.

Group 1: The typical imaging findings in patients with idiopathic pulmonary arterial
hypertension (IPAH) arepulmonary artery enlargement,right ventricular and atrial
dilatation, right ventricular hypertrophy (usually most apparent in the outflow tract)
and septal bowng, as shown inFigure 2.22. In addition, the left atrium and left
ventricle are often reduced in volume due to poor filling. On CT, patients with PAH
often have centrilobula ground glass nodules Figure 2.6), and if this is seen

centrally may suggest systemic sclerosi®AH, especially if the oesophgus is dilated
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Figure 2.21: Typical imaging features in gatient with idiopathic pulmonary arterial hypertension .

The chest radiograph shows cardiomegaly with dilatation of the pulmonary artery, faient has a PICC for
intravenous delivery of iloprost. Black blood imaging (B) and CTPA (D) confirm the dilated pulmonary
artery. Further features of pulmonary hypertension are shown with slow flow artefact on black blood (B),
flattening of the interventicular septum (C) and dilatation of the right sided chambers (C and D). Note is

also made of poor filling of the left sided chambers and a moderate pericardial effusion.

A diagnoses of IPAH requires and exclusion of other causes. Time resolved contrast
imaging such as TRICKs might be of use in the identification of right to left shunts, as
shown in Figure 2.16, which demonstrates a right to left shunin a patient with IPAH

and a patent foramen ovale.

Group 2: Patients with PH due to left heart disease often havbiatrial dilation and a
varying amount of left ventricular, right ventricular and right atrial enlargement
(figure 3). Features of pulmonaryhypertension seen in IPAH, such as septal flattening
may be masked due to high left ventricular filling pressures, and the presence of a

flattened septum in addition to features of left heart disease suggests a peapillary

Figure 2.22: Typical features of pulmonary hypertension due to left heart disease

A chest radiograph (A) showing moderate cardiomegaly and upper lebaous distension. Subsequent
magnetic resonance imaging (MRI) showsddrial dilatation (B), flattening of the interventricular septum
(C) and slow flow black blood artefact (D). The flattening of the interventricular septum suggests that there

is a precapillary component to the pulmonary hypertension.
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component to the PH. There maye features of previous cardiac surgery or valvular
replacement. Patients with left heart disease may also have features of cardiac
decompensation such as pleural effusions, septal lines, ascites and reflux of contrast

into the IVC/hepatic veins.

Group 3: Imaging evidence of lung disease is helpful in ensuring that patients with
PHLung are not misclassified as IPAH and characteristic features of the form of
parenchymal lung disease are easily appreciated. It is important to recognizkat

patients with severe emphysema may have normal spirometry (although these
patients usually have a severe reduction in gas transfer) and in patients with
interstitial lung disease (particularly in the setting of connective tissue disease) the

spirometry may be normal.

Figure 2.23: Coronal reconstruction of CTPAs from patients with pulmonary hypertension due to

respiratory disease

Az Emphysema, B idiopathic pulmonary fibrosis (IPF), € combined pulmonary fibrosis and emgkema

(CPFE)
Group 4: The diagnosis of CTEPH may be suggested by a mosaic attenuation pattern
on CT, due to underlying perfusion abnormalitiesand sub-pleural scarring due to
pulmonary infarction. These features should trigger a thorough assessment of the
pulmonary arteries for features of chronic thrombaembolic disease, shown ifrigure
25. It should also be appreciated that patients may have overlapping features of

different forms of pulmonary hypertension.

Group 5: Conditions such as sarcoidosis, lymphangioleiomyomatosis and Langerhans
histiocytosis have classical radiological features andaematologicalconditions may
also have typical changen CT, such as expansion of the medullary cortex of bones

in patients with thalassemia.

Dr CS Johns Cardio-Pulmonary MRIlin PH 63



Table 2.2: Specific imaging features present in each World Health Organization classification of PH

1. PAH 2. Left Heart Disease 3. Lung Disease 4, CTEPH 5. Misc

RHC Yt!tY mmh Yt!ltY m Yt!ltyY Yt!ltY mmh Yt!ltY m 2N mmh
tl2tyY 71 t!12tYm tl2tYrT tl2tyYT 2NJ YAfFt!2tYT
/'hY 12 @ 2N @@/hY T 2N Q@ /'hyY 1 2N @ /'hyY 1% @ 2N @@/ hY T@GQANI
w!'Y 1 2Nl w!'Y m 2N mnp w!Y 1 2N b w!'Y 1 2N b w!'Y 13 b 2N mn

CT tlY m 2N mn tl'yY 1 2N m tlY m 2N mn tlY m 2N mn tlY m 2N mnp
wxyY m 2N mh wxY T 2N m wxY m 2N mn wxY m 2N mb wxY m 2N mb
[+ YR [!YQQ [ ! Y
Flattened IVS Parenchymal lung disease Chronic emboli: webs, CT evidence of disease
Centrilobular nodules Pleural or pericardial effusions e.g.Emphysema or fibrosis  stenoses, mural thrombus e.g.sarcoidosis
Neovascularity Mosaic perfusion

CMRI tlY m 2N mn tl'yY 1 2Nl m t!lY m 2N mnp t!lY m 2N mn t!lY m 2N mn
wxY m 2N wxY T 2N m wxY m 2N mb wxzY m 2N b wxzY m 2N
[+ YR [!YQQ [£Y T 2N mZ [!)

Flattened IVS

Septum only flattened in CgeH
Pleural/Pericardial Effusions

Flattened IVS
Chronic emboli on MRA

V/Q SPECT No segmental defects

Renal uptake in R shunt

No segmental defects

No segmental defects
Abnormal due to lung disease

Segmental perfusiodefects

No segmental defects

PAH: Pulmonary arterial hypertension, CTEPH: Chronic throrgmobolic pulmonary hypertension, mPAP: Mean pulmonary arterial pressure, PAWP: Pulmariamnal wedge pressure,

CO: Cardiac output, RA: Right atrium, LV: Left ventricle, LA: Left atrium, IVS: Interventricular septal angle, MRA: Maggmtince angiography, V/Q SPECT: ventilation/perfusion

single photon emission computed tomography.
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2.8.3 Prognostic evaluation of patients with pulmonary hypertension

The assessment of prognosis is important when counselling patientand planning
treatment, in particular when considering interventions such as initiation of
parenteral prostanoid therapy and triggering referral for transplantation. This
assessment is usually based on an assessment of clinical status, exercise capacity and
right ventricular function. Increasingly imaging has been used to aid assessment of
ventricular function and aid the classification ofPH, whichalsoinfluencesprognosis.

An important question surrounds the benefit of increasingly complex tests in the

prognostic assessment of PH.

Helpful prognostic information can be gained from a simple assessmernttbe clinical
status of the patient, and World Health Organization (WHO) functional class is a useful
tool in this regard. A historical study showed that patients with WHO functional class
IV had median survival of 6 months, class Ill had a median survivaf 2.5 years and
class | and Il had a median survival of 6 yeassithout treatment (2). In the modern
age, pulmonary vascular therapies have improved median survival in PAH to 4 years
and 100 days(189,190). Older age, male sex are associated with a worse prognosis
and the cause of pulmonary hypertension also impacts on outcome. Exerctsgacity,
which was traditionally used as enepoint for many of the pivotal drug trials,has also

been shown to be an important prognostic indicator(191z7196).

Right ventricular function may be measured in different ways. Traditionally a riigt
heart catheter has been used to provide prognostic information on right ventricular
function, including right atrial pressure, cardiac output/index, stroke volume index
and mixed venous oxygen saturation. A number of echocardiographic measures have
prognostic value including, tricuspid annular plane systolic excursion (TAPSE)97),

RV Doppler index(198,199), interventricular septal displacement(200) and right
atrial area index(200). Serum levels of NproBNP are also linked to right ventricular
dysfunction, and have been shown to have prognostic value in PA201). Cardiac MRI

is also auseful tool in the assessment of prognosis, an@lable 2.3 provides the
evidence for assessment of prognosis using cardiac MRI parameters. Multipledits
have identified that stroke volume, RVEF, LV and RV end diastolic volumes are

associated with outcomg202,203), particularly when adjusted for age and se{04).
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The strength of RVEF as a predictor of outcome in PAH was highlighted in a recently
published systematic review(205). More recently, a larger study of 576 patientgdm
Sheffieldshowed that right ventricular end systolic volume (indexed for age and sex)
and pulmonary arterial relative area change were independent predictors of
mortality, providing added prognostic value to patient age, sex, subgroup diagnosis
and WHO functional class (124). The presenceof a pericardial effusion on
echocardiography, CT or cardiac MRI is also associated with a poor progna&80),
and other features of cardiac decompensation such as pleural effusions and ascites

are predictive of a poor outcome.

A number of parameters have been identified as important for assessing disease

OAOAOEOUh OOAAEI EOU AT A EI BT OOAT AA AT A EAOD
prognosis in patients with PH, as outlined ifFigure 224 AA1 1T x8 4EA 1 01 AAO

- A e < . P

OEOE6 ZAAAOOOAO EAO AAAT OEI x1 O p@RAEAO O

Determinants of prognosis*

< >
(esti - ity) Low risk <5% Intermediate risk 5-10% High risk >10%

Clinical signs of right heart failure Absent Absent Present
Slow Rapid

Progression of symptoms

Syncope Occasional syncope® Repeated syncope®
WHO functional class Al 1] v
6MWD >440 m 165-440 m <165 m

Peak VO, >15 ml/min/kg Peak VO, Peak VO, <I 1 ml/min/kg
Cardiopulmonary exercise testing (>65% pred.) 11-15 ml/min/kg (35-65% pred.) (<35% pred.)

VENCO; slope <36 VENCO,; slope 36-44.9 VENVCO; slope 245
BNP <50 ng/l BNP 50-300 ng/l BNP >300 ng/l
NT-proBNP <300 ng/l NT-proBNP 3001400 ng/l NT-proBNP >1400 ng/l

RA area 18-26 cm?
No or minimal, pericardial
effusion

NT-proBNP plasma levels

RA area <18 cm?
No pericardial effusion

RA area >26 cm?

Imaging (echocardiography, CMR imaging) Pericardial effusion

RAP <8 mmHg RAP 8-14 mmHg RAP >|4 mmHg
Haemodynamics Cl 22.5 I/min/m? Cl 2.0-2.4 U/min/m? Cl <2.0 /min/m?
SvO, >65% SvO, 60-65% SvO, <60%

Figure 2.24: Parameters that have been established for the assessment of prognosis, severity and prognosis

in PAH.

Reproduced with permission fror@alieé N, Humbert M, VachiersL) Gibbs S, Lang |, Torbicki A, et al. 2015 ESC/ERS
Guicklines for the diagnosis and treatment of pulmonary hypertension: The Joint Task Force for the Diagnosis and
Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European Respiratory
Society (ERS): Endor. Eur Heart J. 8QIan 1;37(1):67119 (1).
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Table 2.3: CardiopulmonaryMRI predictors of outcome in PH

Author Number of Follow up CMR Hazard
patients metric Ratio (confidence interval)
Van de 110 PAH 1 year Baseline 0.938 (0.9020.975)**
Veerdonk RVEIf A
(130) hyS &SI NJ pwz* 0.929 (0.8760.985)*
RVESVI (ml/m2) 1.014 (1.0011.027)*
LVEDVI (ml/m2) 0.962 (0.93%0.994)**
LVESVI (ml/m2) 0.942 (0.8880.998)*
Van Wolferen 64 IPAH 1 year SVI (Phase contrast ¢ 0.32(0.130.84)*
(129) pulmonary artery) (ml/m2)
LVEDVI (ml/m2) 0.31 (0.120.81)*
RVEDVI (ml/m2) 4.2(1.31-8.30).*
Gan(207) 70 4 years RAC (%) right main PA 0.87(0.760.96)**
Swift (208) 134 20 months RAC (%) main PA 0.85 (0.740.98)*
Hagger(209) 40 PAHSSc VMI N/A ¢ Kaplan Meier analysis
Rajaram(210) 81 RVEDV 1.02 (1.011.03)**
VMI 5.56 (1.5685.5)*
Freed(211) 58 10 months RVIPLGE 10.0 (1.3 to 77.1)*
Swift(212) 79 2 years FWHM lung perfusion MRI  1.08 (1.01 to 1.16)*
PTT 1.10 (1.03 to 1.18)*
Daweg(213) 256 4 years 3D RV motion 2.75 (1.73 to 4.35)**
Swift (124) 576 30 months RVESVI (%pred) 1.217 (1.06 to 1.54)**
RAC 0.76 (0.623 to 0.93)**

RVEF: right ventricular ejection fraction, RVESVI: right ventricular end systolic volume index, LVEDVI: left
ventricular end diastolic volume index,VESVI: left ventricular end systolic volume index, SVI: stroke volume index,
RAC: relative area change, VMI: ventricular mass index, R\GE: right ventricular insertion point late gadolinium
enhancement, FWHM: full width half maximum, PTT: pulmonaryrts# time, RV: right ventricle, * p <0.05, ** p
<0.001

The challenge facing clinicians is how to incorporate large amounts of data from
various imaging modalities and how best to integrate these with other data from the
clinic to aid treatment decisions h a way that is meaningful and beneficial to patients
and is cost effective. The lack of a current consensus reflects a paucithedd-to-head
comparisons of different prognostic approaches and the recent emergence of new

tools such as MRI.
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One area of gowing interest is in modelling methods to streamline the decision
making pathway, with the increasing implementation of automated methodologies
(2147z216). There is interest in the use of empirical linear regression models
(125,217) and more physiologically linked models, such as the Windkessel model
(218,219), which are likely to aid the diagnosis of pulmonary hypertension and refine
assessment of progressioror response to therapy. As computing processing power
and research datasets increase, it is likely that we will see machine learning
approaches, either from large volumes of prior measurement220) or directly from
images themselveq213). There is great interest in precision medicine and tailored
drug therapy (221)h OEA ET OACOAOEI 1T 1T £ Ei ACET C
likely to be driving factors (222).

2.8.4 Follow -up of patients with pulmonary hypertension

Currently, several parameters are used to assess patients, including WHO functional
class (195), exercise tests(223z225) and widely available blood test such as N
terminal BNP (226,227). There has been someonicern regarding the ability of the
6MWT to reflect changes in pulmonary vascular status and this has led to a drive to
explore other markers that are more likely to be sensitive to change. Consequently,
there has been a lot of recent interest in cardiac Rl as a highly reproducible, non
invasive, nonionizing tool to assess right ventricular function. Van de Veerdonk and
colleagues, showed that cardiac MRI is sensitive to change, with right ventricular
volume changes preceding clinical deterioration in aparently clinically stable
patients with idiopathic pulmonary arterial hypertension (228). The same group also
showed that changes in stroke volume were a marker of clinical improvement in
patients after 1 year of treatment(202). Furthermore, measures of right ventricular

function on cardiac MRI have ben shown to be highly reproducible(124).

In SPVDU a multr-modality approachis usedto assess response to treatment based
on clinical assessment, exercise testing and MRI to assess right ventricular function,
given its excellent reproducibility and sensitivity to change. Cardipulmonary
vascular MRI is not readily available in all centres, so the choice of follow up modality
is based on real life local availability of tests. Echocardiography is an alternative for

follow up, able to objectively quantify right ventricular function using TAPSEright
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ventricular tissue Doppler and right ventricular free wall strain, although there are
concerns regarding the reproducibility of this technique and how it performs as a
follow-up tool in routine clinical practice (229z231). Recently a study has shown that
using a simple assessment of symptoms (WHO FC), exercise capacity (6 minute walk
test distance) and BNP at followup, could be used to risk stratify patients, with no
additional benefit provided by performing cardiac cathetergation (176), although in

this study MRI was not evaluated.

Quiality of life has consistently been identified by patients as an important goal of
therapy, so assessment of follow up should also take into account patient reported
symptoms, such as emPHAsi$0 (232). This is a 10 point questionnaire that has been

shown to be sensitive to changes in clinical parameters such as WHO functional class.

In summary, a number of approaches arused in the followup of patientsthat should
include a measurement of symptoms, exercise capacity, right ventricular function and

also patient reported outcome measures such as emPHA4IS.
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2.9 THECHOICE OHMAGINGMODALITY
As outlined above, therea number of imaging modalities available for the
investigation of patients with pulmonary hypertension. Each of these investigations

has their pros and cons and the choice of the correct modality can be challenging.

The chest radiograph is widely availablend easily interpreted by many practitioners.
It is however limited by low sensitivity and specificity for pulmonary hypertension

but can often be useful in the assessment of underlying lung disease.

Echocardiography has the advantage of being cheap anmdadily available and
provides useful information regarding pulmonary arterial pressures and is therefore

a useful tool to screen patients for the presence of PH.

Computed Tomography can give useful information regarding the pulnmary artery
and the right ventricle along with parenchymal lung disease as outlined above. It is
easily performed in centres across the world and is therefore a useful test in the
identification of patient with PH. It is also useful in the assessment of sgical options
in patients with CTEPH. Whilst MRI also provides useful structural and functional
information, it is currently limited to specialist centres due to limited availability and

expertise.

Figure 2.25: Diagnostic algorithm for
¢ ) } PHrecommended by the ERS/ESC
e guidelines,
! Reproduced with permission fror@alié
' N, Humbert M, Vachieryl], Gibbs S,

w o w Lang I, Torbicki A, et al. 2015 ESC/ER!
m m oo Guidelines for the diagnosis and

Yo Rebweto N treatment of pulmonary hypertension:
& e ¥
ol : Py il SRS . The Joint Task Force for thedgnosis
BMC o Pumonary Angeography [ ALY <15 sty PVR ») Wood wnits

y and Treatment of Pulmonary
a Hypertension of the European Society

[ o B - . of Cardiology (ESC) and the European

. T Respiratory Society (ERS): Endor. Eur
n ki [ @ Heart J. 2016 Jan 1;37(1):@719(1).
B a3 &
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3 RESEARCH QUESTIONSIMS ANDMETHODOLOGY

Whilst cardiac MRI is considered the gold standard for the assessment [ft
ventricular function (233), there remains heavy reliance upon invasive measures of
pressure for the diagnosis phenotyping and prognostic assessmenbf pulmonary
hypertension (1). The overall aim of this PhD thesis is tevaluate therole of cardiac
MRI in the non-invasive invesigation of pulmonary hypertension, ultimately aiming
to reduce the requirement for right heart catheterisation. The assessment gfatients
with suspectedPH can besplit into three distinct themes, as outlined in the previous
chapter: diagnosis phenotyping andrisk assessment which follows the pathway of
clinical decision making in patients with suspected pulmonary hypertensionThe

structure of chapters in this thesis follow thesekey themes and allocated as below:

1. Diagnosis
e |dentify PH

Chapter 4

2. Phenotype
¢ |dentify
treatable

causes

Chapter 5

3. Prognosis
e |dentify
patients at

risk

Chapter 6

4. Response to
LG E
 |dentify

patients who
respond to
treatment

Future work

Figure 3.1: The clinical decision pathway in suspected pulmonary hypertension.

3.1 HYPOTHESES

1. Quantifiable cardiac MRI metrics can be used to assess pulmonary arterial
pressure and therefore identify patients with pulmonary hypertension.

2. Dynamic contrast enhanced pulmonary perfusion MRI (DGHERI) can be used
to screen for patients with CTEPH in patients with unexplained PH.

3. Cardio-pulmonary vascular MRI can be used to phenotype patients with
pulmonary hypertension due to left heart disese.

4. Cardio-pulmonary vascular MRI is a useful tool for the assessment of prognosis

in patients with PH due to respiratory disease, and PH due to left heart disease.
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3.2 AIMS

3.2.1 Diagnosis (Chapter 4)

The first aim of this body of work is toimprove the non-invasive assessment ofnean
pulmonary arterial pressure using cardio-pulmonary vascularMRI,and assess its role
in the diagnosis of pulmonary hypertension.This is clearly key to the intiation of
treatment. Improvements in norrinvasive methodologies have the potential to reduce

the burden of late diagnosis in pulmonary hypertension.

3.2.2 Phenotyping (Chapter 5)
The second aim of this Ph to improve the non-invasive phenotyping of pulmonary
hypertension patientsusing cardiacMRI. The correct identification of the WHO group

of pulmonary hypertension isessential to initiate the correct therapy for each patient.

The key patiens to identify are those who haveOP-@ADET 1 AOUS6 DOI T T 1T AC
remodelling. In current clinical practise, this patient group mainly comprises patients

with group 1: pulmonary arterial hypertension. There is, however, increasing

evidence that patients with other forms of PH alsdave a degreeof pre-capillary

pulmonary vascular remodelling, in a model that is similar to that seen iRAH.Whilst

treatment with pulmonary vasodilators is currently only recommended in patients

with PAH and nonsurgical CTEPH, there is significant interest in the potential for

pulmonary vascular therapy in specific patients with PH due to left heart diseasand

lung disease.

Pulmonary
Vasculopathy

Figure 3.2: Multiple causes of PH share prapillary pulmonary vasclar remodelling.

Chanpter 5 exnlores the role of MRItime identification of each of these causes of PH.
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3.2.3 Prognostic Assessment (Chapter 6)

The third aim of this PhD thesis is todentify the role of cardiac MRI in the prognostic
evaluation of patients with pulmonary hypertension.The role of cardiepulmonary

vascular MRI in the risk assessment of patients with idiopathic pulmonary arterial
hypertension has been examined in previous work from Sheffiel@24) and other

centres(124,129,130,207z213).
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3.3 MATERIALS& METHODS

This chapter describes the methods that are used throughout this thesis. In order to
allow for chapters to be read in isolation, the relevant methodare repeatedin the
chapter specific methods sectionThe data that isanalysed in this thesis was acquired
as part of the routine clinical pathway of patients in the Sheffield Pulmonary vascular
disease unit. The MRI and clinical metrics were all measured at the time of the scan
by the clinical team. | collected all of thealevant databases and joined them together,

analysed the data and wrote all of the text for this thesis.

3.3.1 The ASPIRE PH MRI SufDatabase

Sheffield is one of seven UK tertiary referral centres for adult pulmonary
hypertension. In 2016, there were 1,67%active patients at the Sheffield Pulmonary
Vascular Disease Unit (SPVDU), representing 24% of 7,08Btive patients in the
United Kingdom(234).

All patients who underwent cardiac MRI at the Sheffield Pulmonary Vascular Disease
Unit from April 2012 to October 2017 were entered into an anonymised database.
Each patient was given a unique identifier, with a document linking the patient to the

identifier stored on a password protected departmental computer.

All patient data was downloaded from the clinical databasgInfoflex). Matlab
scripting was used tocreate a table of each investigation for each patient. These were
then joined to create databasef the incidentcardiac MRI data withclosestright heart
catheter, exercise teg§ pulmonary function test data allowing with diagnostic,
demographic and treatment dataA similar methodology was implemented to identify

the scan closest td.-year follow up.

Ethical approval was granted from a local ethics committee for this retrospective

study, written consent was waived (ref c06/Q2308/8).

3.3.1.1 Inclusion and Exclusion Criteria

All patients studied in this thesis were referred tothe Sheffield Pulmonary Vascula
Disease Unit with suspected pulmonary hypertension. In order to be included, the
patients were required to have had both MRI and right heart catheter. Any MRI that
was not of diagnostic quality was excluded from analysis. Study specific inclusion and

exdusion criteria will be explained, as relevant, in each chapter.
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3.3.1.2 Incident Cases

The ASPIRE MRI sulegistry contains 2437 MRI scans for patients with suspected or
confirmed pulmonary hypertension. Within this database,there are 1272 incident
cases with sispected pulmonary hypertension, of which 95775%) had RHC and MRI
within 14 days.

PH MRI scans
2437
Prevalent cases
1165

Incident cases }

1272

MR — RHC >14days
315

MRI— RHC £14 days
957

Not PH 1: PAH 2: PH-LHD 3: PH-Resp 4: CTEPH 5: PH-Misc
146 957 134 88 213 24

Figure 3.3: Flow chart demonstrating the split of incident cases within the ASPIRE MRireglstry

Y

There was no diffeence in survival(log rank chi-squared = 2.8, p=0.097pr in length
of follow up (p=0.661) between the cases who were included and those who were

excluded due to the catheter being more than 2 weeks from the MRI.
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Table 3.1: Baseline demographicsf the incident patients within the MRI ASPIRE stdgistry, mean with standard

deviation
All patients | Not PH 2:PHLHD 3:PHResp 4:CTEPH 5: PH Multi

Number 957 146 134 24
Age(years) 65 (13) 60 (16) 72 (8) 66 (10)
Sex (F/IM)  591/366 105/41 88/46 13/11
WHO 3,106,740,8| 1,52,78,3 1,14,113,6 0,0,22,1
functional 7
class
(LILILIV)
ISWT (m) 207 (182) | 293 (222) 145 (116) 164 (147)
mPAP 41.0 (14.6) | 19.7 (3.1) 40.0 (10.0) 46.5 (11.1)
(mmHg)
mRAP 10.4(5.8) | 5.8(3.3) 14.6 (5.3) 10.2 (5.7)
(mmHg)
PAWP 13.3(5.8) | 10.5(3.6) 22.6 (5.7) 12.7 (3.8)
(mmHg)
Cl 2.7 (2.6) 3.1(0.9) 2.7 (0.7) 2.8 (1.0)
PVRI 294 (242) | 80 (43) 169 (131) 369 (214)
(dyre.s/cm
5)
SvO2%) 64.9(9.0) 715 (7.4) 65.2 (9.0) 63.7 (8.5)
FEV1 (% 0.78 (0.23) | 0.88 (0.22) 0.72 (0.19) 0.68 (0.20)
predicted)
FvC (% 0.80 (0.23) | 0.83(0.19) 0.71 (0.16) 0.71 (0.24)
predicted)
FEV1/FVC 0.69 (0.12) | 0.73 (0.11) 0.68 (0.10) 0.68 (0.14)
TLCO 3.71(2.04) | 5.0 (1.7) 3.7 (1.3) 2.3(0.9)
Days 0(2) 0(2) 1(2) 1(3)
between
RHC & MR

WHO: World Health Organisation, RHC: right heart catheter, mPAP: right heart catheter measured mean

pulmonary artery pressure, mRAP: mean right atrial pressure, PAWP: pulmonary artery wedge pressure, Cl: cardiac

index, PVRI: pulmonary vascular resistee index, SvOmixed venous oxygen saturation, FEV1: Forced expiratory

volume in 1 second, FVC: Forced vital capacity, TLCO: transfer for carbon monoxide, 4 cases had no diagnosis of PH

group.
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3.3.2 Standard Cardiac and Pulmonary Vascular MRI Protocol

3.3.2.1 MRI Squences

MRI was performed as part of the routine clinical care on a GE HDx -I.whole body
scanner (GE Healthcare, Milwaukee, Wisconsin), using astBannel cardiac coil, with
the patient supine.

Table 3.2: Standard MRI sequences used in the Sheffield Academic Radiology Department for patients in the

Sheffield Pulmonary Vascular Disease Unit.

Cardiac Cine Black Blood Q Flow +/-
4 Chamber Pulmonary artery PulmonaryArtery Contrast enhancement
Shortaxis Aorta PulmonaryPerfusion
LIFOF Pulmonary Angiography
LVLA Late Gadolinium
RIFOF Enhancement
RVOT

LIFOF: Left ventricle inflow outflow, LVLA: Left ventricle long axis, RIFOF: right venirifilev outflow, RVOT:

Right ventricle outflow tract.

3.3.2.1.1 FIESTA (Fast Imaging Employing Steady State Acquisition)

Proton anatomical imaging was performed as a coronal stack of ZEBSFP images in
inspiration with a single breath hold of 12 seconds. The followig parameters were
used: TR 2.8 ms, TE 0.79mdlip angle 50°, FOV 48 x 43 cm, 256 x 256 Matrix, 125 kHz

bandwidth and slice thickness 10mm.

Figure 3.4: coronal and axial FIESTA images from a patient wilT EPH.

Note the change in signal in the right main pulmonary artery due to mural thrombus.
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3.3.2.1.2 Cardiac Cine

4 chamber, short axis, left ventricle long axis (LVLA), left ventricle inflow outflow
(LIFOF), right ventricle inflow outflow (RIFOF) and right venticle outflow tract
(RVOT) cardiac cine imaging was acquired using a retrospectively cardiac gated

multi -slice steadystate free precession (SSFP) sequen(llESTA)

A stack of axial images in the short axis (SA) plane with slice thickness of 8 mm with

a 2mm inter-slice gap or 10 mm with no interslice gap were acquired, covering both
ventricles from base to apex. The SSFP sequence parameters were: TR 2.8 ms, TE
1.0ms, flip angle 50°, field of view 48x43.2, 256x256 matrix, 125 kHz bandwidth, and

slice thickness 8 to 10 mm.

2. Chamber

Figure 3.5: Cardiac MRI SSFP cine views.
LIFOF: left ventricle inflow outflow, LVLA: left ventricle long axis, RIFOF: right ventricle inflow outflow, RVOT: right

ventricle outflow tract
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3.3.2.1.3 Black Blood Imaging

Axial black blood imaging of the pulmonary arteries was performed using a double
inversion recovery fast spin echo sequence (DIRSE), with a stack of 8mm slices with
10mm spacing taken through the long axis plane of the pulmonary t&@ry acquired
using an 8 channel cardiac coil during a breathold. There is a 18@non-selective
inversion pulse, immediately followed by a sliceselective 18 -iAv&rsion pulse.
The Tl is then calculated based on the-R interval on the ECG, it is 650mat 60bpm.
The other sequence parameters were: TR around 1000ms (dependent uponRR
interval), TE 40ms, FSE flip angle $echo train length 32 with approximately 2.5ms
between echoes, field of view 4cm, 256x256 matrix, 31.2 kHz bandwidth, ASSET

parallel imaging factor 2.

Figure 3.6: Black blood imaging.

Due to flow there is no signal returned from the pulmonary artery or aorta in health.
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3.3.2.1.4 Phase Contrastlow Sensitizd Imaging
Phase contrast imaging was performed perpendicular to the pulmonary trunk and

ascending aorta. The phase contrast imaginmgas performed using a 2D gradient echo

sequence, the imagingarameters were: TR 5.6 ms, TE 2.7 ms, slice thickness 10 mm,
FOV 48x28.8 bandwidth 62.5 kHz, matrix 256x128 and velocity encodingMeng 150

cm/s. The images were retrospectively ECG gated with 40 phases.

Figure 3.7: Phase contrast imaging of the pulmonary arterpagnitude (left) and flow (right) images of the PA.
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3.3.2.1.5 Dynamic Contrast Enhanced MRind MR Angiography

Dynamic contrast enhanced MRand MRAwas undertaken when there was a clinical
suspicion of CTEPHDCEMRI was performed using a entrast injection of a 0.05ml
per kg patient weight dose of GeBT-D30A (Gadovist, Schering, Berlin, Germany) was
injected at a rate of 4 ml per second with the injection rate controlled using an
activated pump injector (Spectris, MedRadwarrendale, Pennsylvaniatypically via a
vein in the antecubital fossa using an 18G cannula, followed by a 20ml saline flush.
Subsequently serial 3D gradient echo images of the chest were acquired. The
sequence parameters were: TE=1.1 ms, TR=2.5 ms, Flip angle 30°, FOV 48 cm x 48 cm,
parallel imaging in plane x 2, in plane resolution 200x80, bandwidth 250 kHz, slice
thickness 10 mm, approximately 32 slices, 48 time points with an overall effective 3D

frame rate of ~ 0.5 s. Images were acquired in a coronal orientation.

Figure 3.8: Contrast enhanced MRA and dynamic contrast enhanced MRI.

Note the wedge shaped perfusion defect in the DCE perfusion imaging in this patient with chronic pulmonary

emboli.
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3.3.2.2 Image Analysis

MR images were analysed manuallgnalysed by DC (a cardiac MRI radiographer of 9
years cardiac MRI experience) on a GE Advantage Workstation 4.4 using GE
Advantage Workstation ReportCard software, blinded to all clinical information and
other investigations. The MRI was considered nocdiagnostic if the volumetric
analysis could not be adequately performed. Reproducibility metrics for these cardiac
MRI metricsin our centre have beerpreviously published (124). Where appropriate,
these metrics were indexed to body surface arealn the future, increasingly
automated methods for the segmentation of cardiac entours are likely to be

implemented (235).

3.3.2.2.1 Biventricular Volumes

The endocardial surfaces of the left and right ventricles were traced on the short axis
images to give he left and right ventricular enddiastolic volume, endsystolic
volumes. The smallest volume was considered end systole and the largest end
diastole. Right and left ventricular stroke volume and mass were calculated as the

difference of end diastolic andend systolic volume. Right and left ventricular ejection

fraction were calculatedas'Y w OO

EndsDiastole

Figure 3.9: The endocardial contour on short axis images

The rightventricle is the chamber on the left, and in this patient with IPAH is markedly dilated.
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3.3.2.2.2 Ventricular Mass

On the short axis images, the endocardiahd epicardial contours were traced for the
left and right ventricles. The interventricular septum was consideregart of the left
ventricle. The myocardial volume was calculated as the sum of the myocardial area
multiplied by slice thickness. When multiplied by the assumed myocardial density
(1.05g/cm?3) this gave the myocardial mass. Ventricular mass index was calculatesl
RV mass divided by LV mad4.33).

EndsDiastole

Figure 3.10: Ventricular Mass.
The ventricular mass of the left and right ventrican be céculated as the difference between the
endocardial and epicardial contours. This is often expressed as ventricular mass index (VMI), the ratio of

right to left ventricular mass, elevated in this case with IPAH.

3.3.2.2.3 Interventricular Septal Angle

The interventricular septal angle was measured as the angle formed between the
insertion points of the ventricles to the midpoint of the septum, measured on anid-
chamber slice at endsystole (125,134,236). Page 123 shows this has a high
reproducibility.

Figure 3.11: Measurement of the
interventricular septal angle

The measurement is taken from the short
axis SSFP cardiac cine, from a mid
chamber slice. The angle between the RV
insertion point and the mid septum is
quantified. The patienbn the left has a

normal septal angle and the patient on

the right has a flattened septum.
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3.3.2.2.4 Pulmonary Arterial Area
On the magnitude phase contrast images of the pulmonary artery, the maximal and

minimal PA areas were manually traced. Pulmonary artery relative area change was

defined by the following equation:0 8Y 6 & (208). It is also

possible to perform this measurement on ECG gated CIIL2).

Figure 3.12: Images from

Min PA size Max PA size

the magnitude images of

4 phase contrast imaging

The images are taken
perpendicular to the main
pulmonaryartery. The left
image is taken at minimum
PA size, the right is taken at

maximum PA size.

3.3.2.2.5 Black Blood Flow Artefact

From the dual inversion recovery fast spin echo pulmonary arterial black blood
images black blood slow flow artefact was scored. A seRguantitative scale from O

to 5 was used (0 = absent, 1 = segmental, 2 = lobar, 3 = distal main, 4 = proximal main
and 5 = trunk) (135).

Figure 3.13: Scoring of black blood slow flow artefact
Adapted by permission from European Springer European Radiology, Black blood MRlidgsostic and

prognostic value in the assessment of patients with pulmonary hypertension, Swift et al, copyright 201%
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3.3.2.2.6 Left Atrial Volume

Left atrial volume was calculated using the bplane area length method, using the
LVLA and4-chambercardiac cined a0 € & 6 & iﬁ;jwhere Al is the area on

the 4Ch, L1 is length on the 4 chamber, A2 is the area on LVLA and L2 is length on
LVLA (237). Thresholds ofl T pi 1 Ti ¢ AT A 1 1toi 1 ¥i¢ EAOA

Figure 3.14: Calculation of left atrial volume using the bplane area length method

Area (dotted outline) and length (arrows) derivettom the four chamber and left ventricle long axis views.

diagnosis of PHleft heart disease(238,239).

3.3.2.2.7 Phase Contrast Flow Imaging

The contours of the vessel were automatically traced, with manual correction when
required. The software then calculated the velocity of all the pixels included within

the region of interest (ROI). Pulmonary artery average velocity was calculated as

QFlowforward PA velocity/diastolic PA size.

200 400 0} 0 1000

Time from R (ms)

Figur e 3.15: Phase contrast imaging of the pulmonary artery.

A: the magnitude image, Blhe phase contrast image, C: the flow time curve derived from #iloW data.
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3.3.2.2.8 Dynamic Contrast Enhanced MRI Transit Times

Signal enhancement time curves were generated from the dynamic contrast enhanced
MRI images, for a region of interest within the pulmonary artery and the left atrium.
Figure 3.16 shows the typical time signal curves for a healthy volunteerThe
pulmonary transit time (PTT) was calculated as the time delay from peak signal in the
pulmonary artery and peak signal in the left atrium. The fulwidth -half-maximum
(FWHM) of the contrast bolus passage was calculated as the time between half the
maximum signal intensity on the up and dowrslopes of the pulmonary artery time

enhancement curve as previously describe@12) (240).

Pulmonary Artery and Left Atrial
Dynamic Contrast Enhancement Curves

1000+

PTT

8004

6004

400+ FWHM

Signal Intensity

200+

Time point (s)

Figure 3.16: Signattime curves for dynamic contrast enhanced imaging.
The black line shows the contrast enhancement curve of the pulmonary artery and the grey line the left

atrium in a healthy volunteer. The calculations of PTT and FWHM are shown.
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3.3.3 Single Photon Emission Computed Tomography

Single photon emission computed tomography (SPECT) imaging was performed on a
General Electric Infinia SPECT system using a low eneggneralpurpose collimator.

100MBg 99mTc MAA was administered through a direct intravenous injection with a

needle of 21CGor larger. The image acquisition parameters were: acquisition matrix
128x128, 60 projections per detector and 7 seconds per projection. Images were
AANOGEOAA pPOiITAh AT A xEAOA BT OOEAI Ah xEOE

heads.

3.3.4 Computed Tomograp hy

In the chapter assessing phenotypes of pulmonary hypertension due to lung disease,
the CTPA was analysed to confirm the underlying cause of pulmonary hypertension.
This was used to classify the patients as chronic obstructive lung disease (COPD),
interstitial lung disease (ILD) or combined fibrosis and emphysema syndrome
(CPFE).

When performed at the local centre, CTPA images were acquired on asite MDCT
(Light-Speed General Electric Medical)during a single breathhold. Typical
acquisition parameters were: 100 mA with automated dose reduction, 120 kV, pitch

of 1, rotation time 0.5 s and 0.625mm collimation, field of view = 400x400 mm,
acquisition matrix 512x 512. 100 mL of intravenous contrast agent (Ultravist 300;
Bayer Schering, Berlin, Germanyjvas administered at a rate of 5 mL/s, typically
through an 18G cannula in the antecubital fossa. CT images from other centres were
also used when no local imaging was available, as long as they were considered to be

of diagnostic quality.
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3.3.5 Statistical Analysis

Statistical analysis was performed using SPS@rsion 22 (IBM, Chicagopand figures
were created using GraphPad Prisr{GraphPad Software, San Diegd)Vhen required
mathematical scripting was performed using Matlab R2017a (MathWorks, MAA p
value of <0.05 was considered statistically significant except when multiple
hypotheses were tested in which case Bonferroni correction was applied to reduce
the risk of type 1 error. The following sections detail the main statistical

methodologies used in ths thesis.

3.3.5.1 Group comparisons
Comparison of metrics between groups was performed using independertést for
continuous data and chisquared test for categorical data. When multiple groups were

analysed, ANOVA testing with Bonferroni correction was used.

3.3.5.2 Relationship between MRI and RHC metrics

#1 OOAT AGETT O AAOxAAT AT 1T OET O1 660 AAOA xAOA
coefficient and for discretedata,3 PAAOI AT 8O0 OATE xAO OOAAS
3.3.5.3 Linear Regression Fitting

To calculate predictive noninvasive equations for right heart catheter
measurements, multivariable linear regression curve fitting was used.This uses
multiple independent variables (MRI metrics) to predict a single dependent variable
(RHC measured mPAP). A least squares approach was used, which suddmodel
which serially reduces the sum of the squares of the residuals with eankw equation
produced. The analysis wagerformed using SPSS in a forward direction. Any metrics
that significantly correlated with mPAP at univariate analysis after Bonferoni
correction were entered into the linear regression analysisAs the linear regression
modelling requires/infers a linear relationship, a scatter plot between all
independent metrics and mPAP was examined to ensure linearity and where

appropriate the logio was taken for inclusion in the regression analysis.

3.3.5.4 Diagnostic performance
Diagnostic performance was assessed using receiver operator characteristics (ROC)
curve analysisROC curve analysis was first developed during World War 2 to analyse

radar signals after the attack on Pearl Harbour, but has now been widely adopted in
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medicine as a method to assess the diagnostic accuracy of a test. The curve is created

by plotting the sensitivity (true positive rate) against 1-specificity (false positive rate)

at each value of the variable that is being examined, as a predictor of a dichotomous
outcome/diagnosis. Ametric that does not predict the outcome will have a straight

ineat4o® AOI i mnm O p jEA8 AO AAAE OEOAOEITIT A C
it is not discriminatory). A perfect test will have a single point at X=0 and Y=1.

Diagnostic accuracys often quantified by the area under the ROC curve.

J Perfect test
100

Reasonable

test

Figure 3.17: An example of a ROCurves.
=
;‘E Non-diagnostic This diagram gives an example of a nodilmgnostic test, a
G 50~ test . .
3 reasonably diagnostic test and a perfect test.
0 T T
0 50 100

100% - Specificity%

When a threshold was derived this was first derived from the Youden index of the

ROC curvern a derivation cohortj 91T OAAT 6 0 * E OAFDEMREOEOU C
otherwise specified. An example of the Youden index is shown kgure 3.18. This

was then tested in a separate validation cohort.

ROC curve

Irf’_'—’j Figure 3.18: ROCcurve showing the Youden index.

75 An example of ROC analysis, the red cross shows the point

1004

which balances the sensitivity and specificity (as per
91 OAAT 80 ET AA@Qs

50

Sensitivity%

254

0 25 50 75 100

100% - Specificity%

Sensitivity, specificity, negative and positive predictive values were calculatdcbm a

2x2 contingency table and& E OE A 06 Q wdk @ised\t® deterinide the statistical
significance
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3.3.5.5 Prognosis

For prognosis, the interval between the MRI or right heart catheter to all cause of
death or census was considered the follow up period. Cox proportional hazards
regressions analysis was usd to generate hazard ratios for death for demographic,

MRI and right heart catheter data. In order to account for the scale of the variable, all
metrics were first standardised to the z score for the population studiedy —,

where p is the mean forOEA BT pOI AOETT AT A £ EO OEA
population.

Kaplan-Meier plots were generated using published thresholds, where available.
Where no threshold was available, patients were dichotomised by the rdien value.

Log rank ?2 was calculatedfor the Kaplan Meier data. ROC curve analysis was also

performed for the prediction at death at a time point that balanced patient numbers

and number of deaths.
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4 CARDIACMRI CANDIAGNOSEPULMONARYHYPERTENSION

The first step in the management of patients with suspected pulmonary hypertension
EO O EAAT OEAZU OEA DPOAOGAT AA T £ A OAEOAA bpOI
The first body of original research in this thesis centresn improving the non-invasive

diagnosis of pulmonary hypertension using magnetic resonance imagihg

4.1 RATIONALE

Pulmonary hypertension (PH) is a condition with a poor morbidity and mortality. It

has a varied aetiology, but is defined invasively at right heticatheterisation by a

i AAT POl i TTAOU AOOAOU bDPOAOOQDARIghtihearto q | ¢
catheterisation is the gold standard for the diagnosis of pulmonary hypertension,

although this is an invasive test with 1% serious complication rat¢3).

Current guidelines recommend echocardiography to screen patients with suspected
pulmonary hypertension: using an assessment of the risk of the presence of PH, a
either low, medium or high(1). Doppler echocardiographic measurement of systolic
pulmonary arterial pressure requires an estimation of right atrial pressure, and the
AOOOAT O AOOEI AOGET1T A&EO1TIT )Ye# OEUA AiAO1I 60
pressure on right heart catheterization (81). Assessment of pulmonary arterial
pressures on ehocardiography also requires the patient to have tricuspid
regurgitation. Whilst commonly seen in pulmonary hypertension it is not always
present, and severe tricuspid regurgitation causes erroneolys low or high
echocardiographic predictions of mean pulmonary arteal pressures(241). As such,
estimation of pulmonary arterial pressures shows only moderate agreement with
right heart catheter measured mean pulmonary arterial pressurg242), with 95%
limits of agreement on Bland Altman analysis ranging from +38.8 td0.0 mm Hg(81).

A large metaanalysis showed only modest diagnostic accuracy for the presence of
pulmonary hypertension with sensitivity and specificity of 83% and 72% respectively

(243). Furthermore, echocardiography is not possible in the context of severe lung

i The work presented in this chapter has been submitte®#diologyand is currently under review.

Dr CS Johns Cardio-Pulmonary MRIlin PH 93



disease, due to loss of acoustic windows, and when it is measurabteis often

erroneous (244).

A number of cardiac MRI metrics have been identified as predictors of raised
pulmonary arterial pressures, and a number of models (both empirical and
physiological), have been proposed. These are summarised irable 4.6. These

previously identified markers have been tested in single centres in relatively small

numbers, and often have modest diagnostic accuracy.

A specific test to identify raised mean pulmonary arterial pressures in patients with
suspected pulmonary hypertension would have the potential to reduce the number of
invasive right heart catheters that are performed and also allow for simultaneous

assessment of prognosis, such aight ventricular function (124).

4.1.1 Hypotheses
1. Quantifiable cardiac MRI metrics can predict right heart catheter measured
mean pulmonary arterial pressure in patients with suspected PH.
2. The prediction of mean pulmonary arterial pressure and diagnostic accuracy

of cardiac MRI can be improved bysing a linear regression modelling.

412 Aims

The aim of this chapter was to derive and assess a new regression model for
estimation of mMPAP using MRieasurements and assess the diagnostic accuracy of
this model in a different patient cohort. A secondary oicome was to assess the

accuracy of previously published MRI based metrics.
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4.2 MATERIALS ANDMETHODS

4.2.1 Patients

Consecutive incident patients with suspected pulmonary hypertension who were
referred to a tertiary PH centre from April 2012 to October 2016 weredentified from

the ASPIRE database (Assessing the Spectrum of Pulmonary hypertension Identified
at a REferral centre)(245). The first half were used as a derivation cohort and the
second half were used as a validation cohort. Only incident patients with MRI and RHC
xEOEET pt AAUO xAOA ETAI OAAA8 !'TU DPAOEAT O
excluded as this is a potetial MRl marker of PH due to left heart disease (RHHD)
(239). The 2015 ESC/ERS guidelines recommend that these patients are not referred
to tertiary referral centres, unless there are features of severe PH or RV dysfunction.
Furthermore, as septal angle and VMI are highly correlated with mPAP and previous
work has used these as a model for mPAP estimation, it was expected that patients
with left heart disease would potentially require a different model. Ethical approval
was granted from a local ethics committee for this retrospective study and written
consent was waived (ref c06/Q2308/8).

4.2.2 Image Acquisition

Cardiac MRI was performed on a GE HDx 1Tswhole body scanner (GE Healthcare,
Milwaukee, Wisconsin), with the patient sujne, using an 8channel cardiac coil. Four
chamber (4Ch) and short axis (SA) cine images were acquired using a retrospectively
cardiac gated multislice steadystate free precession (SSFP) sequence, as previously
published (217). A stack of axial images in the SA plane with slice thickness of 8 mm
with a 2 mm inter-slice gap or 10mm with no inter-slice gap were acquired, covering
both ventricles from base to apex. The SSFP sequence parameters were: TR 2.8 ms,
TE 1.0ms, flip angle 50°, field of view 48x43.2, 256x256 matrix, 125 kHz bandwidth,

and slice thickness 8 to 10 mm.

Phase ontrast imaging was performed perpendicular to the pulmonary trunk. The
phase contrast imaging parameters were: TR 5.6 ms, TE 2.7 ms, slice thickness 10 mm,
FOV 48x28.8, bandwidth 62.5 kHz, matrix 256x128 and velocity encoding 150 cm/s.
The images were retospectively ECG gated with 40 phases.
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Black blood imaging of the pulmonary arteries was performed using a double
inversion recovery fast spin echo sequence (DIRSE), with a stack of 8mm slices with
10mm spacing taken through the long axis plane of theupmonary artery acquired
using an 8 channel cardiac coil during a breathold. There is a 18@non-selective
inversion pulse, immediately followed by a sliceselective 18® -iAv&rsion pulse.
The Tl is then calculated based on the-R interval on the ECGt is 650ms at 60bpm.
The other sequence parameters were: TR around 1000ms (dependent uponRR
interval), TE 40ms, FSE flip angle 9echo train length 32 with approximately 2.5ms
between echoes, field of view 4cm, 256x256 matrix, 31.2 kHz bandwidth, ASKS

parallel imaging factor 2.

4.2.3 Image Analysis

MR images were manually analysed by DC (a cardiac MRI radiographer of 9 years
cardiac MRI experience) on a GE Advantage Workstation 4.4 and GE Advantage
Workstation ReportCard software, blinded to all clinicalinformation and other
investigations. Left and right ventricular enddiastolic volume, endsystolic volumes,
right and left ventricular stroke volume and mass were calculated (all indexed to body
surface area), right and left ventricular ejection fractionsventricular mass index (RV
mass divided by LV mass133) and interventricular septal angle were measurd as
previously described (125). Maximal and minimal PA areas were manually traced,
and relative area change was defined by the following equation: RAC= (maximu
areaminimum area)/minimum area (208). Pulmonary artery average velocity was
calculated as QFlow forward PA velocity/diastolic PA size. Reproducibility metrics for
these cardiac MRI metrics for DC and AJS have been previously publis(igtt) . Black
blood slow flow artefact was scored using a serguantitative scale fom 0to 5 (0 =
absent, 1 = segmental, 2 = lobar, 3 = distal main, 4 = proximal main and 5 = trunk), and
has been shown to have good inteobserver reproducibility (135). A diagram of the
key imaging metrics that were measured is shown ikigure 4.1. Multiple previously
published parametric models, developed for diagnostic assessment of pulmonary
hypertension, were derived from Cardiac MRI. These are summarised Tiable 4.6:

Previously published models and their diagnostic accuracy.
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A. Black Blood Slow Flow Artefact
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Figure 4.1: Multi-figure showing the MRI metrics used in this chapt
A, a diagrammatic representation of the serguantitative scoring of black blood slow flow artefact from the

dual inversion recovery fast spin echo black blood images, and inset an example of a case with a score of 1
and a score of 4. B, calculation of pubnary arterial relative area change (PA RAC) from the systolic and
diastolic steady state free procession (SSFP) images of the pulmonary artery. C, the ventricular mass index
(VMI), which is the ratio of muscle mass of the right and left ventricular mywidam taken from the 2

chamber SSFP cardiac cine. And D, the interventricular septal angle, taken from the 2 chamber SSFP images
at end-systole. Black blood slow flow scoring reprinted with permission from Springer Nature: Black blood

MRI has diagnostic ath prognostic value in the assessment of patients with pulmonary hypertension. Swift,

AJ., Rajaram, S., Marshall, H. et al. Eur Radiol (2Q1%).
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4.2.4 Right Heart Catheterisation

Right heart catheterisation was performed using a balloon tipped 7.5Fr
thermodilution catheter (Becton-Dickinson, Franklin Lakes, New Jersey). Pulmonary
EUPAOOAT OET 1T xAO AAEET AA AO A OAOOEIT C io0'oO

(1). Cardiac outputwas measured using thermodilution.

4.2.5 Statistical Analysis
Statistical analysis was performed using SPSS 22 (IBM, Chicago) and graphs were
produced using GraphPad Prism. Unless otherwise stated, a p value of <0.05 was

considered statistically significant.

4.2.5.1 Derivation cohort

The first half of the patients were used as a derivation cohort to derive a new model
of mean pulmonary artery pressure estimation. The Pearson correlation coefficient
between quantifiable cardiac MRI characteristics and RHR@PAP were calalated. As
multiple correlations were assessed, the risk of type 1 error was reduced using
Bonferroni correction and therefore ap-value of <0.002 was considered statistically
significant (30 different correlations were assessed). Scatter plots were constcted

to ensure linearity between the cardiac MRI metric andmPAP. Any statistically
significant correlations were used to calculate a linear regression equation for
estimation of mMPAP. An ROC curve was constructed to assess a suitable diagnostic
threshold for the new model, one that was highly specific and one that had a balance
of specificity and sensitivity (the Youden index). ROC curves were also constructed
for the CMRPARYV model to identify a threshold with high specificity, for assessment

in the validation cohort.

4.2.5.2 Validation cohort
The second half of the patients were used as a validation cohort. The correlation of
the new regression equation for mPAP prediction against RHC measured mPAP was

calculated and diagnostic performance was assessed usindO® curve analysis,
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sensitivity and specificity, negative and positive predictive values. The accuracy of the

model was assessed using Blardlitman plot.

The accuracy of the other previously published models was also assessed. The
Pearson correlation coeficient for each model with mPAP or PVR was calculatddOC
curve analysis, sensitivityand specificity, negative and positive predictive values
were also calculated for each of these models to assess their diagnostic performance.
Table 4.1 provides the equations for the calculation of the new and previously

published models.

Table4.1: Models referred to in this chapter.

Name Equation

h Ay R ¢ Minimum PA area/RVEF

R\emr ¢4.6 + (inter ventricular septal angle x 0.23) + (ventricular mass index x 16.3)
PAWRMR  6.43 + (LA Volume Index * 0.22)

PVRwmr (R\EmrG PAWRMR/CQomr

PARV¥umd! -21.806 + (IVS angle x 0.31) + (VMI x 11.5) + (diastolic PA areag(PABAC x 0.22)

RVBBwr -178.7 + (42.730 * log10 IVS angle) + (7.569 * log10 VMI) + (3.393 * BB)
PA: Pulmonary artery, RVEF: Right ventricle ejection fraction, LA: Left atriungM@@ardiac output calculated

from CMR = stroke volume * heart rate, IVS: Interventricusaptal angle, VMI: Ventricular mass index, BB: Black

blood slow flow artefact score.

il The PARMirmodel is discussed in Chapter 6, but in this chapter is tested in a separate cohort of all
patients with suspected PH.
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4.3 RESULTS

431 Patients

The ASPIRE MRI sulegistry contains 2437 MRI scans for patients with suspected or
confirmed pulmonary hypertension. Within this, there are 1272 incident cases with
suspected pulmonary hypertension, of which 957 had RHC and MRI within 14 days.
603 of thesecases had a left atrial volume index of <41, so were included in this study.
The first 300 patients were used as the derivation cohort and the second 303 were
used as a validation cohortFigure 4.2 shows the process of patient selection. The
baseline clinical and RHC characteristics of the patients are provided irable 4.2.
Aside from cardiac index, there were no significant differences in the clinical
demographics of patients betweerthe derivation and validation cohorts as shown in
Table 4.3. The difference in cardiac index between the two groups was very small and
unlikely to be of clinical significance. There were 93 cases with no pulmonary
hypertension, 264 cases with PAH, 11 with PHHD (even after exclusion of the
dilated left atria), 60 with PH due to respiratory disease, 157 with CTEPH and 18 with

PH due to unclear or multifactorial mechanisms.

[ PH MRI scans 2437 }

Ll

Follow up scan 1165 }

Incident cases 1272

No RHC or MR data or
>90 days 315

Ll

days 957

354

J

LA volume Index 241 }

{ MR and RHC within 14

LA volume Index <41 }

Derivation cohort Validation cohort Figure 4.2: Patient flow
300 303
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Table 4.2: Baseline demographics for all cases, mean with standard deviatiemalpe between each PH group,
calculated using ANOVA

All patients  Not PH PAH PH PHResp CTEPH PH P-value
LHD Multi
Number 603 93 264 11 60 157 18 <0.0001
Age (years) 61 (14) 56 (16) 60 (14) 62 (12) 66 (10) 64 (12) 62 (9) <0.0001
Sex (F/M) 365/238 63/30 188/76 10/1 25/35 70/87 9/9 <0.0001
WHO functional 1,64,459,63 0,33,48,3 0,7,216,37 1,2,8,0 0,542,143 0,17,130,9 0,0,15,1 <0.0001
class (1,11L,111,1V)
ISWT (m) 225(191) 296 200(182) 180 150 263 (199) 191 <0.0001
(218) (157) (115) (181)
mPAP (mmHg) 42 (16) 20 (3) 49 (13) 34(9) 40(11) 47(12) 47 (13) <0.0001
MRAP (mmHg) 10 (6) 6 (3) 11 (6) 12(3) 9(@4) 11 (5) 10 (7) <0.0001
PAWP (mmHg) 11 (4) 10 (4) 11 (3) 20(7) 12(4) 11 (3) 11(4) <0.0001
Cl 2.6 (0.8) 3.1(0.7) 25(0.8) 27 2.8(0.7) 2.4(0.7) 2.6(0.9) <0.0001
(0.5)
PVRI 336 (260) 75(40) 438 (268) 152 260 362 (234) 397 <0.0001
(dyn.s/cn¥) (114) (157) (251)
SvQ 64 (9) 71 (7) 63 (9) 71(9) 66 (6) 62 (8) 64 (8) <0.0001
FEV1 (% 78 (24) 87 (21) 76 (23) 66 (24) 60(29) 84 (22) 64 (22) <0.0001
predicted)
FvC (% 81 (24) 84 (19) 76 (22) 65 (15) 72(31) 92(22) 76 (28) <0.0001
predicted)
FEV1/FVC 69 (13) 74 (12) 71(12) 68 (15) 62(18) 67 (11) 65 (14) <0.0001
TLCO (% 46 (23) 62 (18) 37 (21) 44 (15) 29 (14) 58 (18) 34 (19) <0.0001
predicted)
Days between 1 (2) 1(2) 1(2) 1(4) 1(0) 1(2) 1(4) 0.076
RHC & MR

Table 4.3: Demographics of the training and validation cohorts

Derivation Validation P-value

Number 300 303

Age (years) 60 (14) 61 (14) 0.279
Sex (F/M) 189/111 176/127 0.243
WHO functional class (1,I1,111,1V) 0,34,223,33 1,30,236,30 0.084
ISWT (m) 228 (184) 223 (198) 0.776
mPAP (mmHg) 42 (16) 42 (15) 0.943
MRAP (mmHg) 10 (6) 10 (6) 0.317
PAWP (mmHg) 11 (4) 11 (4) 0.248
ClI (L/min/m2) 2.8(0.8) 2.5(0.8) <0.0001
PVRI (dyns) 326 (241) 345 (277) 0.389
SvQ (%) 64 (9) 64 (9) 0.934
FEV1 (% predicted) 78 (24) 78 (25) 0.885
FVC (% predicted) 82 (23) 80 (24) 0.864
FEV1/FVC (ratio) 68 (13) 70 (12) 0.240
TLCO (% predicted) 46 (23) 46 (21) 0.978
Days between RHC & MR 1(2) 1(2) 0.591

WHO: World Health Organisation, RHC: right heart catheter, mPAP: right heart catheter measured mean
pulmonary artery pressuremRAP: mean right atrial pressure, PAWP: pulmonary artery wedge pressure, Cl: cardiac
index, PVRI: pulmonary vascular resistance index, Su@ixed venous oxygen saturation, FEV1: Forced expiratory

volume in 1 second, FVC: Forced vital capacity, TLCOnstea for carbon monoxide
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4.3.2 Derivation cohort

Table 44 0ET xO OEA O0OAAOOI 160 AT OOAI AOGET 1T Al AEE
with right heart catheter measured mPAP and PVR. The strongest correlations with
mMPAP were for systolic interventricular septal angle, black blood artefact score, RV
ejection fraction, right ventricular end systolic volume index and ventricular mass
index (R=0.740, 0.694:0.602,0.585 and 0.529, respectively all p values <0.0001).
Increasing RV volumes (RV end diastolic and end systolic volumes), reducing LA
volume index and LV end diastolic volume, increasing PA size and reducing PA
relative area change and velocity all showed atistically significant correlations with
increasing mean pulmonary arterial pressure. Visual inspection of the scatter plots of
interventricular septal angle and ventricular mass index revealed an exponential

relationship, so the logo of these metrics wa used in further calculations.

Regression analysis, performed in a forwards direction for any metric that showed a
statistically significant correlation with mPAP (p<0.05) produced the following

equation:
Ywo o PX T&oOoTm) 63 X& @ wa € "0 0O o0& wad 6

where, IVangeis the interventricular septal angle, VMI is the ventricular mass index
and BB is the black blood slow flow artefact. ROC curve analysis in the derivation
cohort identified 41mmHg as a threshold that was highly specific (98%), with
reasonable sensitivity (72%). A separate threshold of 25mmHg was identified that
was a balance of sensitivity and specificity (Youden index), with sensitivity of 96%
and specificity of 73%. The R&vwr model has a previously published threshold for
diagnosis set at 25mmHg to mimi¢he threshold for mPAP. 36mmHg was identified

as a highly specific threshold (100% specific) within the derivation cohort.

Dr CS Johns Cardio-Pulmonary MRIlin PH 102



mPAP  PVR AUC

RVEDVI 0.480* 0.480* (.782
RVESVI 0.585* 0.611* (g54
RVEF -0.602* -0.623* (g35
RVSVI -0.101  -0.159* (573
LVEDVI -0.396* -0.502* (738
LVESVI -0.091 -0.107 @531
LVEF -0.302* -0.368* (703
LVSVI -0.491* -0.597* (.805
RV mass 0.535* 0.138* (gg2
LV diastolic mass -0.031  -0.227* (512
LVsystolic mass -0.145 -0.336* (508
IV Septal angle (systole; 0.740* 0.704* (.908
IV Septal angle (diastole 0.548* 0.530* (794
4Ch LA area -0.254* -0.380* (643
4Ch LA length -0.038 -0.115 535
2Ch LA area 0.04 -0.123 o566
2Ch LA length 0.102 -0.032  (.608
LA volume index -0.183* -0.277* (552
Aortic flow -0.290* -0.470* (653
PA flow -0.138  -0.330* (586
Systolic PA area 0.411* 0.234* (817
Diastolic PA area 0.504* 0.342* (g7s8
PA RAC -0.357* -0.382* (g4
Black blood score 0.694* 0.654 (.909
Diastolic VMI 0.529* 0.533* (g72
Systolic VMI 0.553* 0.563* (897
Av PA velocity -0.505* -0.548* 0.828
Threshold
(mmHg) Sensitivity (%)  Specificity (%)
20 100 32
25 96 73
30 92 87
35 85 98
40 75 98
45 59 100
50 41 100

Dr CS Johns

Cardio-Pulmonary MRIlin PH

Table 4.4: Training cohort correlations with
mPAP and PVR and area under tROC curve for
the diagnosis of PH.

RVEDV: right ventricular endliastolic volume,
RVESV: right ventricular endystolic volume,
RVEF: right ventricular ejection fraction, RV: right
ventricle, LVEDV: left ventricular enrdiastolic
volume, LVESV: left ventilar endsystolic
volume, LVEF: left ventricular ejection fraction, P£
RAC: pulmonary artery relative area change, VMI
ventricular mass index, IVS: interventricular

septum, *p<0.001

Table 4.5: Sensitivity and specificitglata from the
ROC curve in the training cohort for the RVBE
model.

A threshold of 25 was identified as the Youden
index to balance sensitivity and specificity and 41

was identified as a highly specific threshold.
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4.3.3 Validation cohort

The newly derived model for mPAP prediction correlated strongly with right heart
catheter measured mPAP (R= 0.798, p<0.001). It showed high diagnostic accuracy
(AUC = 0.951, p<0.001), and the more specific threshold (41mmHg) had 62% (56
68%) sensitivity, 100% (92-100%) specificity, 100% (98-100%) positive predictive
value and 32% (2440%) negative predictive value. The threshold that balanced
sensitivity and specificity (25mmHg) had 93% sensitivity, 79% specificity, 96%
positive predictive value and 67% negtive predictive value. BlandAltman analysis

showed a small bias (3.9%), with reasonable 95% agreemen#@ to 50%).

The next best model was the PARWrmModel, which strongly correlated with mPAP
(R=0.753, p<0.0001), and showed good diagnostic accuracy (AUC 0.914, p<0.001).
The highly specific threshold of 36mmHg identified in the derivation cohort had 57%
sensitivity, 100% specificity, 100% positive predictive value and 29% negative
predictive value. The threshold that was previously published as a balance of
sensitivity and specificity (25mmHg) had 91% sensitivity, 62% specificity, 93%
positive predictive value and 55% negative predictive value. Bland Altman analysis
showed a reasonable biag14%) with reasonable 95% agreement {35 to 64%).

Figure 4.3 shows the scatter and BlanéAltman plots for the RVBBvrand PARVMRr

models.
Correlation of RVBB¢cyr Correlation of PARVcur
and mPAP and mPAP
’a 804 a 80+
T I
E 604 £ so-
E E
o 40 v 40
= =
5] &
g 20- E 20
X o T T T T , o o T T r r ,
0 20 40 60 80 100 0 20 40 60 80 100
100 mPAP (mmHg)
[+ % * [
O so MR K 3]
c % x c
g e o
Q 0= e L]
£ Sl 80 £
o i R R (m]
BE -50 xg §: °\°
1004 Average -1004 Average

Figure 4.3 Correlation of the RVBBvrand PARYvrmModels with right heart catheter masured mPAP (top

row) and the corresponding BlanéAltman plot (bottom row) in the validation cohort.

The dotted line shows the bias and the dashed line the 95% levels of agreement.
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Table 4.6 shows how the previously published metrics and models perform as
diagnostic tools in pulmonary hypertension. The remaining models all had reasonable
diagnostic accuracy for the presence of pulmonary hypertensiofigure 4 shows the

diagnostic performanceof each of the models and the incremental benefit provided

by the newly derived RVBBvrmodel.

ROC curve for PH diagnosis Figure 4.4: ROC curve for

each of the model&ll p-

100+ values are statistically
significant.
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--- Alpha Index AUC=0.89
--- CMR-RV AUC=0.89
— CMR-PARV AUC=0.91
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Table 4.6: Previously published models and their diagnostic accuracy.

Author Year Cases RHC metric CMR marker Initial publication Validation cohort Diagnostic accuracy for PH

Correlation AUC Threshold Correlation AUC  Sensitivity Specificity PPV NPV p-value
Roeleveld246) 2005 44/0 mPAP VMI 0.56* 0.6 0.705** 0.887 25 (2030) 100 (92100) 100 (94100) 19 (1424) <0.0001
Sanz247) 2007 42/17 mPAP Average PA velocity -0.73** 0.9 11.7cm/s  -0.538** 0.858 4 (27) 73 (5984) 45 (2765) 12 (916) <0.0001
Diastolic PA area 0.67%* 0.95 6.6cm2 0.445* 0.871 81(7686) 80 (6689) 96 (9198) 43 (3354)  <0.0001
PVRI Average PA velocity -0.86** 0.92 11.7cm/s  -0.521* 0.802 4 (27) 73 (5984) 45 (2765) 12 (916) <0.0001
Diastolic PA area 0.64** 0.93 6.0cm2 0.235** 0.756 92 (8695) 40 (3148) 66 (5972) 79 (5972)  <0.0001
Gan(207) 2007 70/16 mPAP PA RAC 0.47* -0.352** 0.607 77 (7282) 36 (2350) 87 (8291) 21 (1432) <0.0001
GarciaAlvarez(248) 2011 100/0 PVR PVRwr 0.84** 0.97 4.2wWU 0.631** 0.878 96 (9398) 38 (2552) 90 (8693) 65 (4681)  <0.0001
Swift(208) 2012 194/39 mPAP VMI 0.78** 091 04 0.705** 0.887 55 (4961) 100 (92100) 100 (97100) 28(2135) <0.0001
Diastolic PA area 0.35* 0.82 6.0cm2 0.445** 0.871 88 (8391) 69 (5180) 94 (9096) 50 (3862) <0.0001
PA RAC -0.54** 0.87  XKm pil: -0.352** 0.607 77 (7282) 36 (2350) 87 (8291) 21 (1432) <0.0001

Moral (249) 2012 152/33 mPAP h AYyRSE 0.61** 097 7.2 0.528** 0.885 99 (97100) 13 (626) 87 (8290) 75 (4196)  0.0002
Swift(125) 2013 64+64/12+10 mPAP R\éwrmodel 0.82** 096 XO0HYYI 0.787* 0.911 88 (8492) 60 (4674) 93 (8996) 47 (3560)  <0.0001
PVR PVRvrmodel 0.87** 094 xo02 | 0.805 0.860 90 (8593) 45 (3260) 91(86-94) 43 (3658) <0.0001
Johns(217) 2017 87/15 (COPD) mPAP PARVAwrmodel 0.732** 0.93 25mmHg  0.753* 0.914 91 (8794) 62 (4875) 93 (8996) 55 (4168)  <0.0001
Johns 2017 300/302 mPAP RVBBwr N/A N/A  25mmHg  0.798 0.951 93 (8996) 79 (6589) 96 (9398) 67 (5378)  <0.0001

mPAP: mean pulmonary arterial pressure, VMeéntricular mass index, PVR(I): pulmonary vascular resistance (index), PA: pulmonary artery PA RAC: Pulmonary arterigbrafat change, LGE: late
gadolinium enhancement, * p <0.05, ** p <0.001. CMR PVR = 1@13*Ln average Pa velocity)(0.08*2 6 %& Qh 4 €1 ET Ei Oi cvemodelA=gn/ A finke6 igrriculaseptal angle x 0.23) +
(ventricular mass index x 16.3), P¥t&model = (mMPABwrz PAWRNMR/CO, PARMurmodel =-21.806 + (inter ventricular septal angle x 0.31) + (ventricular massdex x 11.5) + (diastolic pulmonary artery
area x 0.01) (PA relative area change x 0.22), RVvi#&=-178.7 + 42.730 * log10 IVS angle + 7.569 * log10 VMI + 3.393 * BB
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4.4 DISCUSSION

This chapter shows that multiple cardiac MRI metrics have high diagnostic accuracy
for the presence of pulmonary hypertension, which can be improved when combined
as regression model. We have derived a new linear regression model (in 300 cases)
and shown Hgh diagnostic accuracy in a large validation cohort of cases (a further
303). We have also validated previously published models for the prediction of PH,
and shown high diagnostic accuracyWhilst echocardiography is currently the
mainstay of noninvasive estimation of pulmonary arterial pressures, it has only
modest diagnostic accuracy and is limited in certain aetiologie@44,250). Cardiac
MRI is well established as a highly reproducible method for nemvasive assessment
of right ventricular function (251,252), which is sensitive to chang€130,253,254)
and does not require exposure to iorsing radiation and is therefore potentially

suitable as a screening tool for PH.

Currently, whilst echocardiography is recomnended for screening patients with
suspected pulmonary hypertension, the diagnosis is made invasively using mean
pulmonary arterial pressure, measured on right heart cathetef1). We have shown
that a model based upon easily measured cardiac MRI metri¢that have been
previously shown to be of high reproducibility) can be used to predict pulmonary
arterial pressure with reasonable accuracy. More importantly, for a diagnostic test,
we have shown that this model has very high diagnostic accuracy, and a teheld of
41mmHg on the model can identify patients with pulmonary hypertension with 98
100% specificity. Whilst this data requires validation in a different cohort of patients
with suspected pulmonary hypertension, identifying patients who have PH using a
threshold of 41 on this model would have the potential to reduce the number of
diagnostic right heart catheters performed in our centre by 333 over the 4.5 years
studied. Although clearly, further work is required in the assessment of cardiac and
pulmonary vascular MRI in this regard, as patients with PAH will still require
vasoreactivity testing and identification of patients with PH due to left heart disease
(who do not respond to treatment) requires pulmonary arterial wedge pressure
measurement. Increagig the use of nolET OAOEOA [ AOET AT 1T CEAO xE
cardiac MRI sequences, will also help with screening for patients with PH in the

clinical context of unexplained breathlessness, where a more sensitive threshold
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(such as the 25mmHg threshold psposed in this paper) may be useful in identifying
patients before referral to specialist centresThe newly defined model was derived in
a training cohort and tested in a validation cohort. There was a statistically significant
difference in the cardiac ndex between the 2 cohorts, although this was unlikely to
be of clinical significance (both had significantly reduced cardiac index) and is likely

to represent type 1 error.

Whilst not assessed in thighesis, the ability to norrinvasively predict pulmonary
arterial pressure would be useful at follow up and to assess response to treatment.
RHC is advocated for assessment of treatment response when clinical assessment,
exercise testing and echocardiography are equivocél). Some physicians follow an
approach combining both right heart catheter and cardiac MRI to identify when falls
in pulmonary vascular resistance (PVR) measured at RHC are actually due to failure
of the right ventricle, rather than response to treatment. Furthermore, a number of
cardio-pulmonary vascular MRI metrics which reflect right ventricular
structure/function and pulmonary arterial stiffness have been identified as strong
markers of prognosis in patients with PH, and can be assessed in the same sitting
(124). These markers are reproducible (251,252) and sersitive to change

(130,253,254), making them perfect candidates for assessment at follow up.

We recommend the use oftte RVBBmrmModel proposed from linear regression in this
paper as it is the most accurate predictor of right heart catheter measured mPAP. It
comprises measurement of displacemenaf the interventricular septum (a marker of
the pressure and volume differential between the left and right ventricle),
remodelling of the right ventricle (ventricular mass index - VMI) and slow or
turbulent flow artefact in the pulmonary artery on black blood imaging. These
measurements are easily acquired from standard MRI sequences, require little pest
processing time and are reproduddle (124). Black blood pulmonary arteral flow
artefact is a reproducible marker of outcome in PAH135). It is likely to be a
composite of slow flow and vortical or turbulent flow within the pulmonary artery.
The increasing use of 4D phase contrast flow imaging will likely allow this metric
within the model to be improved upon(140z142). The parameters of black blood
imaging that are susceptible to flow artefacts (slice thickness, Tl, TE, echo train length,

cardiac triggering point) were kept the same between subjects, and could basly
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adopted for standardized use in different centres. In centres where black blood
imaging is not available or adopted, a previously published model (PARM) using
the interventricular septal angle, ventricular mass index, diastolic pulmonary arterial
size and pulmonary arterial relative area change can be implemented with a threshold

(36mmHg) that has similarly high specificity of 100%.

In patients with pulmonary hypertension due to left heart disease, treatment is aimed
at the underlying cause (often left ventricular diastolic dysfunction) and not at the
pulmonary vasculature. As such, current guidelines recommend that patients with
suspected pulmonary hypertension, who have left heart disease and no features of
severe PH are not referred to specialist pulmonary hypertension centrgt). We have
considered this recommendation in our patient selection, using CMRI derived left
atrial volume index(255) (I 41ml/m 2) as a cardiac MRI marker for the presence of
left heart disease(239). Further work is required to improve the identification of
patients with PH due to left heart disease using cardiac MRI such as traméral flow

and left atrial and ventricular filling parameters.

This work presents data from a large cohort of incident patients with suspected
pulmonary hypertension. It is however, limited by its single centre, retrospective
design. In order to further assess the validity of the newly derived model it would be
useful to assess the diagnostic accuracy in a cohort of suspected pulmonary
hypertension in a diferent centre. The tertiary referral centre population potentially

L o~ oA 2N
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4.5 CONCLUSION

Cardiac MRI has high diagnostic accuracy in a cohort of incident patients referred to
a tertiary referral centre with suspected pulmonary hypertension. A model
comprising simple, reproducible and easy to obtain metrics (interventricular septal
angle, ventricular mass index and black blood score) is able to identify patients with
pulmonary hypertension with 100% specificity, potentially reducing the current

reliance upon invasve right heart catheterisation
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5 CARDIACMRI CANPHENOTYPEPULMONARY

HYPERTENSION

Once the diagnosis of pulmonary hypertension has been maddentification of the
underlying cause of pulmonary hypertension is key to initiating the correct treatment.
The following chapter explores the use of cardiac MRI in the phenotyping of patients

with pulmonary hypertension.

Patients with group 1: PAH and group 4: CTEPH can be successfullyatesl with
pulmonary vasodilators, and in the case of CTEPH, cured with pulmonary end
arterectomy. It is therefore vital that these patients are correctly identified from the
other groups of pulmonary hypertension. There aréwo key clinical questions in ths
regard. The first challenge is to identify those patients witlthronic thrombo-embolic
pulmonary hypertension, to correctly identify those patients who should be
considered for curative therapy with pulmonary endarterectomy. The secondbig
challenge is the identification of patients with group 1: pulmonary arterial
hypertension from those patients with pulmonary hypertension due to left heart
disease. This is particularly hindered by a phenotype of patients with pulmonary
hypertension with combined pre and post pulmonary hypertensiondue toadditional

pre-capillary pulmonary arteriolar remodelling.

The following chapter is split into three parts: i) identifying patients with pulmonary
hypertension due to left heart diseas€group 2), who have a precapillary component
to their pulmonary hypertension, ii) assessing the differences and similarities in
cardiac phenotype between PHung patients (group 3), and iii) identifying patients

with chronic thrombo -embolic pulmonary hypertension(group 4).

v Each section of this chapter makes up work in separate papers.

Cardiac NRICanldentify and Phenotype H n Left Heart Diseasis based upon a manuscript currently
undersecondreview withRadiology.

CardiePulmonary MRICan Screen FOfTEPH has been publishedrinthe Journal of Magnetic Resonance
imagingSy G A Gf SR a&[ MBI 3s. SPEQIFaizScke2niny in Suspected Chronic Thromboembolic
tdzf Y2Y I NBE | @DISNISyarzysé
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5.1 CArRDIACMRI CANIDENTIFY ANDPHENOTYPEPH IN LEFTHEART DISEASE

5.1.1 Rationale

Patients with left heart disease commonly develop pulmonary hypertension (PH)

(28). This initially results from passive backward transmission of high left vemicular

filling pressures through the pulmonary circulation. Current guidelines define this
post-capillary disease by a pulmonary arterial wedge pressure (PAWP) >15mmHg

(22). Some patients with postapillary disease may subsequently develop a degree

of pre-capillary vascular remodelling due to prolonged elevation of pulmonary

arterial pressures (22,30z37). Previously, the difference between mean pulmomg

arterial pressure (mPAP) and PAWP (the tranpulmonary gradient, TPG) was used

Oi EAAT OEAU DPAOEAT OO xEOE o0( OI OO0 1T &£ pPOI BI
study by Gerges et al identified the diastolic pulmonary pressure gradient (DPG =

diastolic pulmonary artery pressure - mean PAWP) as a superior prognostic
parameter in patients with post-capillary disease(30). The 5" world PH symposium

therefore introduced the classification of combined pre and post capillary pulmonary
hypertension (CpcPH), defined as mPAP ¢cuvli I (Ch 0! 70DPepfu7 |1 ( Ch
and/or pulmonary vascular resistance (PVR) >3 W(R2). Patients with CpePH are at

greater risk of deterioration than those with isolated postcapillary PH (IpcPH), but

may benefit from PAHspedfic therapy, especially in the context of randomized

controlled trials (37,40,41) (and ClinicalTrials.gov identifier: NCT02070991).

Previous nortinvasive techniques using MRI measured left atrial volume indg®55),
echocardiograptic  parameters (256) or a combination of clinical,
electrocardiographic and echocardiographic features(33) have been shown to
distinguish between pre- and postcapillary disease. However, there currently is no
non-invasive method for identifying patients likely to have CpePH. As the
interventricular septal angle is likely to represent a maker of the pressure differential
between the right and left ventricles we anticipated that the interventricular septal
angle was a marker of the diastolic pulmonary gradient,ral therefore the presence
of combined pre and post capillary pulmonary hypertension. We also aimed to assess

other cardiac MRI metrics as markers of the diastolic pulmonary gradient.
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5.1.1.1 Hypotheses
1. The interventricular septal angle is a marker of the pressw differential
between the left and right ventricle
2. Patients with combined pre and post capillary pulmonary hypertension have
flattening of the interventricular septum.
3. Left atrial volume index has limited diagnostic utility in the assessment of the

pulmonary arterial wedge pressure.

5.1.1.2 Aims

The aim of this chapter is to assess the interventricular septal angle, measured by MRI
as a diagnostic tool to differentiate isolated post capillary pulmonary hypertension
from combined pre and post capillary pulmonary lypertension in pulmonary

hypertension due to left hear disease.
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5.1.2 Methods

All consecutive, incident patients with suspected pulmonary hypertension, who
underwent cardiopulmonary MRI at a pulmonary hypertension referral centrg245)
from April 2012 to April 2017 were identified. Patients who had MRI and right heart
catheter performed on the same day were included in the study. Ethical approwabs
granted from a local ethics committee for this retrospective study, written consent
was waived (ref c06/Q2308/8).

5.1.2.1 Image acquisition and analysis

All patients underwent cardiac MRI at a pulmonary hypertension referral centre as
part of the routine clinical pathway. MRI was performed on a GE HDx 1I5whole
body scanner (GE Healthcare, Milwaukee, Wisconsin), with the patient supine, using
an 8channel cardiac coil. Short axis (SA) cine images were acquired using a
retrospectively cardiac gated multislice steadystate free precession (SSFP)
sequence during a breatkhold, with 20 phases per cardiac cycle. A stack of axial
images with slice thickness of 8 mm with a 2 mm inteslice gap or 10 mm with no
inter-slice gap was acquired, covering both ventrickefrom base to apex. The SSFP
sequence parameters were: TR 2.8 ms, TE 1.0ms, flip angle 50°, field of view 48x43.2,
256x256 matrix and 125 kHz bandwidth.

MR images wereanalysedon a GE Advantage Workstation 4.4 using GE Advantage
Workstation ReportCard sdtware by DC (a cardiac radigrapher with 9 years
experience),blinded to all clinical information and other investigations. Right and Left
ventricular mass, volumes and ejection fraction were measured as previously
described(257). The interventricular septal angle was measured as the angle formed
between the insertion points of the ventricles to the midpoint of the septum,
measured at endsystole (125,134,236). Figure 6 shows the measurement of septal
angle in a patient with a high DPG and in a patient with low DPG. Leftiak volume
was measured using the 2 and 4 chamber views and was calculated using thglaine

arealength method (258).

To assess the reproducibility of the interventricular septal angle measurement, | (a
OAAEIT 1T CEOO xEOE ¢ UAAOOG AgPAOEAT AAQ AT Al
first consecutive 20 patients with a raised pulmonary arterial wege pressure. In a

separate sitting, the same 20 patients were ranalysed.
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Systolic septal angle 127° Systolic septal angle 192°

DPG -3.0 mmHg DPG 30 mmHg
mPAP 33 mmHg mPAP 69 mmHg
PAWP 20 mmHg PAWP 18 mmHg

Cl 2.9 L/min/m? Cl 3.4 L/min/m?
PVRI 153 dyne.s PVRI 364 dyne.s
TPG 13 mmHg TPG 51 mmHg
SPG 37 mmHg SPG 52 mmHg

DPG: Diastolic pressure gradient, mPAP: mean pulmonary artery pressure, PAWP: pulmonary artery wedge
pressure, Cl: cardiac index, PVRI: pulmonary vascular resistance index, TPG: trans-pulmonary gradient, SPG:
systolic pressure gradient

Figure 5.1: Representative images from a patient with a negative DPG and normal septal angle (left) an

patient with an elevatedDPG with a high septal angle (right).

5.1.2.2 Right heart catheteri sation

Right heart catheterisation was performed at a pulmonary hypertension referral
centre using a balloortipped 7.5 Fr thermodilution catheter (BectonDickinson,
Franklin Lakes, NJ), introdiced using a SwanfGanz catheter, usually with vascular
access via the internal jugular vein. Left heart disease was defined as a pulmonary
arterial wedge pressure (PAWP) ob15mmHg (1). The diastolic pressure gradient
(DPG) was calculated as diastolic pulmonary arterial pressure mean pulmonary
artery wedge pressure(22), and a threshold off 7mmHg was considered diagnostic
for combined pre and post capillary pulmonary hypertension, as per recognized
guidelines (1,259). Cardiac output was measured by thermodilution. Pulmonary
vascular resistance was defined as (MPAFEPAWP)/cardiac output. Further analysis
was performed usingpulmonary vascular resistance, with a threshold of >3 Woods
units (or 240 dyne.s), in order to assess the interventricular septal angle as a marker

for CpcPH using both potential methods.
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5.1.2.3 Statistical analysis

To test the accuracy of cardiac MRl measuresiructural and functional quantitative
parameters in the assessment of diastolic pressure gradient, the correlation
coefficient was calculated to assess for the strength of correlation between each
variable with the diastolic pulmonary gradient, transpulmonary gradient and
pulmonary vascular resistance. Scatter plots of the metrics with strongest correlation
with diastolic pulmonary gradient, trans-pulmonary gradient and pulmonary
vascular resistance were interrogated to ensure linearity. Receiver operaiy
characteristic (ROC) curve analysis was performed to assess the diagnostic accuracy
of each MRI parameter as a potential diagnostic tool and to assess a suitable
diagnostic threshold. Analysis was also performed in the after exclusion of patients
with normal pulmonary arterial wedge pressure, to ensure that the results were valid

in the patients who had pulmonary hypertension due to left heart disease (PAWP
>15mmHg and mPAR 25mmHg).

To assess the hemodynamic basis of the interventricular septal angleapredictor of
the diastolic pulmonary gradient all incident patients were assessed. The correlation
of interventricular septal angle and diastolic pulmonary gradient with the mean,
systolic and diastolic pulmonary arterial to systemic pressure ratios wex analysed

In order to assess the underlying mechanism for the interventricular septal angle as
a marker of the trans pulmonary gradient linear regression analysis of significant
candidate correlates, including inter ventricular septal angle with other gjnificant
cardiac MRI volumetric data was assessed. In addition right and left ventricular end
diastolic and end systolic volumes and the ratio of right to left end diastolic and end
systolic volumes was calculated and were included in the regression ifgsiificant at

univariate analysis. The Z score from the left heart disease population was calculated

(& —, wherepis the mean and! is the standard deviation), to allow comparison

of the independent associations of MRI metrics with tranpulmonary gradient.

Census was performed on 16/06/17 and alcause mortality was used as the outcome.
The study period was defined as MRI to census or ahuse mortality. Survival
analysis was performed using Cox proportional hazards regression analysis and the
log rank test at KaplanMeier curve analysis. For ready comparison between the

measurements on Cox proportional hazards regression analysis, the measurements
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were standardized by the zscore. KaplanMeier plots were constructed using
recognized diagnostic tmesholds, where available. For interventricular septal angle,
the newly identified diagnostic threshold was used. ROC curve analysis was also used
O AOOAOO &£ O AAAE OAOEAAI AGO OOOAT COE
prediction of death waschosen at 2 years, as this had a balance of patient numbers
(n=122) and number of deaths (n=36). Analysis of the 2x2 contingency table and <hi
square test were used to determine sensitivity, specificity, positive and negative
predictive (PPV, NPV) values

The intra and inter-observer reproducibility using intra class coefficient (using twe

way mixed absolute agreement) and construction of Blandltman graphs.

In order to assess cardiac MRI as a nanvasive tool to identify patients with left heart
disease, the diagnostic accuracy of left atrial volume index was assessed in the entire
cohort of incident cases. This has previously been shown to identify patients with left
heart disease, with a threshold of 43ml/m 2 being identified to have 97% sensitivity
and 100% specificity (255). A scatter plot of left atrial volume index against PAWP

and ROC curve for the diagnosis of left heart disease were interrogated.

Statistical analysis was performed using SPSS 22 (IBM, Chicago) and GraphPad Prism
7 (GraphPad Software, San Diego). Avalue of <0.05 was considered statistically
significant. The data is presented as mean (standard deviation), unless otherwise

stated.
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5.1.3 Results

In the period studied, 2643 patients underwent cardiepulmonary MRI in pulmonary
hypertension service. 1315 were incident patients, of which 758 had their MRI and

right heart catheter on the same day. In 50 cases, the PAWP was not recorded. 171
patents haA A 0! 70 €puv AT A v ox FigueA52GHoWsOtheSp v i I (

algorithm for selection of patients.

PH MRI scans Figure 5.2: Patient
2643 flow

Follow up scan
1328

Incident cases
1315

MR and Catheter >1 day
557

MR and RHC same day
758

PAWP not recorded

v 50
PAWP recorded
708
PAWP >15mmHg PAWP <15mmHg
171 537

5.1.3.1 Prediction of a high diastolic pulmonary gradient

In the left heart disease cohort (PAWP >15mmHG), the average age was Z00|
years, 61% were female. Fiftysix (32%) had a diastolic pulmonary gradient (DPG)

| 7mmHg, 57 (33%) a DPG UmmHg and 58 (33%) a negative DPGlable 5.1
presents the demographic and right heart catheter data. Five patients had a wedge

pressure >15mmHg but did not have pulmonary hypertension (these all had a
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Table 5.1: Baseline patient demographics, haemodynamics and cardiac MRI metrics for the whole cohort split by
PAWP of 15mmHg.

PAWP<15 PAWP >15 p-value

Number 537 171

Demographics
Age (years) 63 (13) 70 (10) <0.001
Sex (FIM) 346/191 105/66 0.473
WHO functional class (1,11,111,1V) 3,75,404,46 0,18,144,9 0.166
ISWT (m) 224 (195) 158 (126) <0.001
Survival (years) 1.3(D) 2.1(1.3 0.945

RHC
mPAP (mmHg) 39 (15) 43 (12) <0.001
MRAP (mmHg) 9 (5) 15 (5) <0.001
PAWP (mmHg) 11 (3) 21 (5) <0.001
Cl (L/n3) 2.7 (0.9) 2.6 (0.7) 0.514
PVRI (dyne.s.h 997 (764) 720 (483) <0.001
SvVQ (%) 66 (9) 64 (9) 0.027
DPG (mmHg) 12 (10) 4 (9) <0.001
TPG (mmHg) 28 (15) 21 (11) <0.001
SPG (mmHg) 53 (26) 47 (21) 0.002

CMRI
RV EDV index (ml:#h 80 (30) 89 (31) 0.001
RV ESV index (mtn 48 (26) 48 (23) 0.44
RVEF (%) 43 (14) 46 (13) 0.006
RV mass index (ml:# 19 (11) 19(10) 0.623
LV EDV index (ml:# 54 (16) 68 (21) <0.001
LV ESV index (mk3n 18 (10) 24 (14) <0.001
LVEF (%) 68 (10) 65 (12) 0.014
LV mass index (ml:& 48 (11) 56 (20) <0.001
PA RAC (%) 12 (9) 12 (9) 0.691
VMI (ratio) 0.42 (0.24) 0.36 (0.19) 0.003
L+ aSwidrt Fy3ts 161(24) 154 (20) <0.001
LA vol index (ml.rf) 34 (16) 62 (28) <0.001
Stroke volume (ml) 67 (23) 82 (25) <0.001
Black blood score 3(2) 3(1) 0.853

WHGFC: World Health Organizatiofrunctional Class, ISWT: incremental shuttle walk test, mPAP: mean
pulmonary artery pressure, mMRAP: meamht atrial pressure, PAWP: pulmonary arterial wedge pressure, Cl:
cardiac index, PVRI: pulmonary vascular resistance index,.SMixed venous oxygen saturations, TPG: trans
pulmonary pressure gradient (INPAPAWP), SPG: systolic pressure gradient (SIPARP), RVEDV: right
ventricular end-diastolic volume, RVESV: right ventricular ersgstolic volume, RVEF: right ventricular ejection
fraction, RV: right ventricle, LVEDV: left ventricular emtiastolic volume, LVESV: left ventricular emsgstolic
volume, LVEFeft ventricular ejection fraction, PA RAC: pulmonary artery relative area change, VMI: ventricular

mass index, IVS: interventricular septum
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diastolic pulmonary gradient <7). 103 patients had pulmonary hypertension due to
left heart disease alone, 32 g#éents had combined pre and post capillary pulmonary
hypertension, 17 had coexistent lung disease and 19 had -eaistent chronic
thrombo-embolic disease, as defined by the multidisciplinary team meeting upon
review of all imaging and clinical details. Lefheart disease was due to left ventricular
diastolic dysfunction in 149 cases, left ventricular systolic dysfunction in 9 and valve
disease in 13 (mitral regurgitation z 5, aortic stenosisz 5, aortic regurgitation Z 1,
mixed mitral and aortic diseasez 1, unknown - 1). 127 of the patients with left heart
disease did not receive vasodilator therapy. 31 of the cases were treated with
sildenafil alone and 13 were treated with dual therapy (sildenafil with macitentan 8,

bosentan- 4 or ambrisentan- 1).

Systolic interventricular septal angle correlated with diastolic pulmonary pressure
gradient (r=0.739, p-value <0.001) and pulmonary vascular resistance (r=0.626,-p
value <0.001).Figure 5.3 presents scatter plots of interventricular septal angle
against diastolic pulmonary gradient and pulmonary vascular resistance. Systolic
interventricular septal angle correlated with TPG, PAW and mPAP (r= 0.772,
p<0.001, r=0.203, p=0.008 and r=0.637, p<0.001 respectively). Other MRI predictors
had weak or modest correlations with diastolic pulmonary gradient (r=0.033,
p=0.668 to r=0.550, p=<0.001)Table 5.2 shows the correlations and pvalues for
each metric with diastolic pulmonary gradient, transpulmonary gradient and

pulmonary vascular resistance.

Correlation of Interventricular Setal Angle Correlation of Interventricular Septal Angle
with Diastolic Pulmonary Gradient with Pulmonary Vascular Resistance

250+ 250+
2004

200+

150+ 150+

Interventrricular Septal Angle (°)
Interventrricular Septal Angle (°)

1?=0.52 p<0.0001 100 1°=0.37 p<0.0001
20 0 0 10 20 30 40 0 5 10 15 20 25
Diastolic Pulmonary Gradient (mmHg) Pulmonary Vascular Resistance (Dyne.s)

Figure 5.3: Scatterplot showing the relationship betweesystolic interventricular septal angle with

diastolic pulmonary pressure gradient and pulmonary vascular resistance.

Dr CS Johns Cardio-Pulmonary MRIlin PH 120



Table 5.2: Cardiac MRI metrics linear correlations with DPG, TPG and PVR, for the patients with pulmonary arterial

wedge pressure (PAWP) >15mmHg.

DPG TPG PVR
r p-value r p-value r p-value
Systolic IVS angle 0.739 <0.001 0.772 <0.001 0.626 <0.001
Diastolic IVS angle 0.534 <0.001 0.534 <0.001 0.575 <0.001
RVEDVI 0.118 0.124 0.095 0.219 0.079 0.304
RVESVI 0.356 <0.001 0.219 0.004 0.279 <0.001
RVEF -0.550 <0.001 -0.516 <0.001 -0.469 <0.001
RVSVI -0.297 <0.001 -0.28 <0.001 -0.262 0.001
LVEDVI -0.398 <0.001 -0.296 <0.001 -0.287 <0.001
LVESVI -0.205 0.007 -0.194 <0.001 -0.162 0.034
LVEF -0.033 0.668 0.046 0.546 0.000 1.000
LVSVI -0.441 <0.001 -0.283 <0.001 -0.304 <0.001
RV mass index 0.323 <0.001 0.333 <0.001 0.293 <0.001
LV mass index -0.249 0.001 0.127 0.098 -0.247 0.001
LA volume index -0.326 <0.001 -0.257 0.001 -0.206 0.007
Systolic PA area 0.301 <0.001  0.348 <0.001  0.254 0.001
Diastolic PA area 0.364 <0.001 0.422 <0.001 0.329 <0.001
PA RAC -0.230 0.003 -0.288 <0.001 -0.285 <0.001
Black Blood Score 0.432 <0.001  0.405 <0.001  0.455 <0.001
VMI 0.500 <0.001 0.465 <0.001 0.463 <0.001

RVEDVI: right ventricular endliastolic volume index, RVESVI: right ventricular eagstolic volume index, RVEF:
right ventricular ejection fraction, RV: right ventricle, LVEDVI: left ventricular edistolic volume index, LVESVI:
left ventricular endsystolic volume index, LVEF: left ventricular ejection fraction, PA RAC: pulmonary artery
relative area change, VMI: veritular mass index, IVS: interventricular septum, DPG: diastolic pulmonary gradient,

TPG: trans pulmonary gradient, PVR: pulmonary vascular resistance

Receiver operating characteristics (ROC) curve analysi§igure 5.4) showed that
septal angle was predictive of the presence of an elevated diastolic pulmonary
gradient (defined by a DPQ@ 7) with an area under the curve of 0.911 (p <0.001).
Interventricular septal angle was also predictive of the presence of an elevated
pulmonary vascular resistance (defined by a PVR >3 Woods units, or >240 Dyne.s)
with an area under the curve of 0.783 (p <0.001). Analysis of the ROC data showed
that a septal angle of 160represented a reasonable diagnostic threshold to predict a
DPG of 7mmHg, with 70% sensitivity, 93% specificity, 83% positive predictive value
and 86% negative predictive value (p <0.0001).
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ROC curve for Interventricular Septal Angle to predict ROC curve for Interventricular Septal Angle to predict

a Diastolic Pulmonary Gradient >7mmHg a Pulmonary Vascular Resistance >3WU
100 100+
. 2
2 2
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5 504 ‘s 501
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Figure 5.4: ROC analysis for Septal angle to assess for an elevated DPG or PVR

After exclusion of the patients without pulmonary hypertension (n=5) there was still

a significant correlation between the interventricular septal angle and DPG (r=0.716,
p<0.001), PVR (r=0596, p<0.001). The area under the ROC curve for the diagnosis of
a raised DPG was 0.907 (p<0.001). A septal angle of d@@ve sensitivity of 70%,

specificity of 93%, positive predictive value 86% and negative predictive value 86%.

5.1.3.2 Haemodynamic Basis of Interventricular Septal Angle

Table 5.3 shows the correlation between interventricular septal angle and diastolic
pulmonary gradient with the ratio of mean, diastolic and systolic pulmonary artery to
systemic pressure ratio. This is provided imable 5.3 for the whole cohort of incident
cases andhe cases with left heart disease (PAWP >15mmHg). Whilst interventricular
septal angle and diastolic pulmonary gradient correlated with althree ratios, the
strongest was with systolic pulmonary arterial pressure and systolic systemic
pressure ratio (for septal angle: 0.728 for all cases and 0.674 for the raised PAWP
cases, and for the DPG 0.759 for all cases and 0.702 for the raised PAWP cases).

Systolic interventricular septal angle had modest correlations with right ventricular
end diastolic volume (R#9.257, p=0.001), right ventricular end systolic volume
(R=0.302, p <0.001), left ventricular end diastolic volume (R8.231, p=0.002), left
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ventricular end systolic volume (R=0.140, p=0.067) and the ratio of right:left end
diastolic volume (R=0.420, p<0.01) and end systolic volume (R=0.462, p<0.001). On
multivariate analysis, DPG was independently associated with the interventricular
septal angle (hazard ratio 11.807, 95% CI 9:X3.9), right:left end-systolic volume
ratio (HR 3.400, 95% CI 1.%5.5).

Table 5.3: Correlations between haemodynamic measures in the whole cohort of patients and in the left heart

disease cohort alone.

mPAP:MAP SPAP:SAP dPAP:DAP
All Raised PAWP | All Raised PAWP | All Raised PAWP
IVS angle | 0.570 0.557 0.728 0.674 0.646 0.514
DPG 0.626 0.637 0.759 0.702 0.761 0.662

IVS: interventricular septum, DPG: diastolic pulmonary gradient, TPG: trans pulmonary gradient, PVR: pulmonary
vascular resistance, MPAP: mean pulmonary artegaessure, MAP: mean systemic arterial pressure, SPAP: systolic
pulmonary arterial pressure, SAP: systemic systolic blood pressure, dPAP: diastolic pulmonary arterial pressure,

DAP: diastolic systemic blood pressure, PAWP: Pulmonary arterial wedge pregdLicerrelations were significant

(p<0.05).

5.1.3.3 Reproducibility of the interventricular septal angle measurement

There was excellent interobserver agreement with intra class correlation (ICC) of
0.902 (p<0.001), BlandAltman plot showed a tiny bias 0f2% and close 95% limits
of agreement of-12 to 8%. There was also excellent intr@bserver agreement, with
ICC of 0979 (p<0.001), BlandAltman showed a tiny bias of 2% and 95% limits of
agreement of-4 to 8%.Figure 5.5 provides the BlandAltman plots for intra and inter-
observer reproducibility.

Bland-Altman of Inter-observer Agreement Bland-Altman of Intra-observer Agreement
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Figure 5.5: Bland-Altman plots of inter and intraobserver agreement for systolic interventricular septa

angle.
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5.1.3.4 Prediction of outcome

Median follow up was 2.4 years $D1.3), during which time there were 48 deaths.
Systolic interventricular septal angle was predictive of outcome on univariate
analysis, with a Cox proportional hazards ratio of 1.615 (95% confidence inteaV
1.253-2.082, pvalue <0.001), when standardized to the z score for the left heart
disease population. KaplarMeier curve analysis, dichotomized by the threshold of
1604 showed a significant difference in outcomeHigure 5.6) with Log-Rank chi
square 11.02 (pvalue=0.0009).

Survival by Interventicular Survival by Diastolic Pulmonary Survival by Pulmonary Vascular
Septal Angle (160°) Gradient Resistance

Percent survival
Percent survival
Percent survival

log-rank z° = 11.02 p = 0.0009 log-rank 3° = 10.93 p = 0.0009 log-rank z” = 10.93 p = 0.0009
0 1 z 3 H H & 0 1 2 3 i 5 & 0 1 2 3 H H s
Years to Death or Follow Up Years to death or follow up Years to death or follow up

Figure 5.6: Kaplan Meier analysis
Patients with elevated PAWP dichotomized by interventricular septal angle, diastolic pulmonary gradient
and pulmonary vascular resistanc&he interventricular septal angle does not have a published threshold so

the diagnostic threshold identified in thishapter is used

DPG, PVR and TPG were predictive of death with standardized Cox proportional
hazards ratio of 1.708, 1.667 and 1.609 respectively (all p values <0.05). The
interventricular septal angle, DPG and PVR all predicted death at 2 years (AUC 0.71,
0.71 and 0.71and p-values 0.0003, 0.0002 and 0.0001 respectively), séegure 5.7.

ROC curve for 2 year survival ROC curve for 2 year survival ROC curve for 2 year survival
by Interventricular Septal Angle by Diastelic Pulmonary Gradient by Pulmenary Vascular Resistance

1004 100

Sensitivity%

50

Sensitivity%
Sensitivity%

AUC =0.7098 p = 0.0003 AUC=0.7118 p = 0.0002

AUC = 0.7111 p = 0.0001
0001
o 50 100 o 50 100 0 50 100
100% - Specificity% 100% - Specificity% 100% - Specificity%

Figure 5.7: ROC curve analysis for the prediction of death at 2 years
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On univariate analysis, treatment with PAH vasodilator therapy was associatedtiv
death, with Cox univariate hazard ratio 1.83 (95% CI 1.028.266, P = 0.041) and log
rank chi-square 4.316 (p = 0.038). However, when treatment was entered as a dummy
variable into a multi-variate Cox proportional hazards assessment individually with
septal angle or the hemodynamic parameters, it did not reach statistical significance
(p=0.257).

5.1.3.5 Prediction of a raised PAWP

Left atrial volume index showed reasonable correlation with pulmonary arterial

wedge pressure measurement (r28.30) and reasonable diagnostic accuracy with

area under the receiver operating curve of 0.825 (p<0.0001). The previously

DOAI EOEAA OEOAOETIT A T £ Itoi 1l Ti¢c EAA xtb OA]
predictive value and 91% negative predictive valudor the presence of a PAWP >15.

Figure 5.8 shows a scatter plot of left atrial volume index against PAWP and the ROC

curve for the diagnosis of left leart disease.

Scatter Plot of LA Velume Index against ROC curve for LA volume Index to Identify
Pulmonary Arterial Wedge Pressure Pulmonary Arterial Wedge Pressure >15mmHg
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Figure 5.8: Diagnostic accuracy of left atrial volume index
A scatter plot ofLA volume index against pulmonary arterial wedge pressure, and an ROC curve for left

atrial volume index to identify the presence of PAWP>15mmHg.
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5.1.4 Discussion

The datapresented in this section of the thesis Bows that interventricular septal

angle can be used to predict the presence of GPtl in a cohort of incident patients

referred to a pulmonary hypertension referral centre with a pulmonary arterial

wedge pressure (PAWP)>15mmHg. In our cohort of pulmonary hypertension

patients with raised PAWP a systolic interventricular septal angle of 166 AAAOOA OAI
identified patients with a raised diastolic pulmonary gradient, with 70% sensitivity

and 93% specificity. The interventricular septal angle threshold of 160 also

dichotomised patients into higher and lower risk categories for death.

We postulate that the interventricular septal angle represents a gooduantitative
marker that reflects the trans-pulmonary gradient as it isresponsive tothe pressure
difference between the left and right ventriclg260). Although, it should be noted that
this is different from the diastolic pressure gradient, which is a measure of the
pressure differential between the pulmonary artery and the mean pulmonary arterial
wedge pressure (used as a surrogate marker for left atrial pressure). In the absence
of invasive measures of left ventricular pressure, we have shown that the ratio of
pressures between the pulmonary arterial and the systemic circulations, particularly
at systde are accurately reflected by the interventricular septal angle. We have also
demonstrated a strong relationship between the pulmonary arterial to systemic
pressure ratio and the diastolic pulmonary gradient. We have shown that the
association of flattenng of the interventricular septal angle and trans pulmonary
gradient is independent of other cardiac volumetric and functional measurements.
However, the relative volumes of the right and left ventricle also contribute, though
to a lesser extentwhen compared to septal flattening. We have shown that whilst
there is a modest correlation between right ventricular and left ventricular volumes,
and the ratio of these, the strongest correlation is with DPG, suggesting that the
flattening is most associated withthe pressure gradient between the right and left

ventricles.

Patients with combined pre and post capillary pulmonary hypertension had features
of precapillary pulmonary hypertension on cardiac MRI. The patients with CpeH
had significantly increased righ ventricular end systolic volumes and mass (and

therefore ventricular mass index), reduced stroke volume and right ventricular
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ejection fraction, due to increased right ventricular afterload. In the CpPH cohort
the left ventricular end diastolic volumeand the left atrial volume index were reduced
due to reduced filling. Supporting the model that precapillary pulmonary vascular
remodelling causing reduced precapillary arterial compliance in the patients with
CpcPH, pulmonary arterial relative area chang was significantly reduced. These
findings may suggest the presence of the preapillary PH in patients with left heart
disease, but the strongest predictor was the systolic interventricular septal angle, as
discussed above. The systolic interventriculaseptal angle is easily measured on
commercially available PACS stations and we have shown that it has excellent inter
and intra-observer reproducibility, it is likely that the small variability that has been
demonstrated (around £10% intra and inter-observer 95% agreement) explains the
slightly reduced sensitivity. As the analysd images are cardiac cine SSFP sequences,
the time-point of measurement of the interventricular septal angle measurement is
important. In the data that we present, we show that thesystolic interventricular
septal angle is the most predictive of the diastolic pulmonary gradient, likely as this is
the time in the cardiac cycle when the pressure difference in the right and left

ventricle is most marked.

Left heart disease is an incresingly prevalent diseasg23), and whilst the prevalence
of PH in left heart diseas is not fully known (27,261), it is associated with a poor
outcome (24,25). The differentiation of left heart disease from idiopathic pulmonary
arterial hypertension is often hard to make(9), and this is further compounded by the
fact that a subgroup of patients have combined prena post capillary pulmonary
hypertension, thought to be due to precapillary vascular remodelling (30).
Previously published noninvasive techniques which utilize left atrial volume index
measured at MRI have had a high diagnostic accuracy in the assessment of left heart
disease(255). Further centres have also studied the echocardiographic parameters
(256) or a combination of clinical, electrocardiographic and echocardiographic
features(33) as noninvasive methods to distinguish between preand postcapillary
disease. The work presented in thishapter furthers these tools, allowing the non
invasive identification of patients who have elevated trans pulmonary gradient in

patients with pulmonary hypertension owing to left heart disease
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There is ongoing debate regating the best way to assess for combined pre and post
capillary pulmonary hypertension. Initially, the trans-pulmonary gradient (TPG,
mean pulmonary arterial pressure minus mean pulmonary arterial wedge pressure)
was used to identify patients who had a preapillary component to their pulmonary
hypertension, with 12mmHg being used as a cuiff (22). As the transpulmonary
gradient is affected by cardiac output, pulmonary vascular resistance and pulmonary
arterial wedge pressure, it is now recommended that a diastolic pressure gradient of
| 7mmHg and/or pulmonary vascular resistance of >3 Woods units, should be used to
define the presence of combined pre and post capillary pulmonary hypertension
(259,262). This is felt to represent a physiologically more reliable measure of the
pressure drop across the pulmonary vasculature. The interventricular septal angle
correlated more strongly with the DPG than the PR, likely because itthanges in
response to the pressure differences rather thathe vascular resistance, which is also
related to cardiac output. There have been multiple discussions over the significance
of a negative diastolic pressure gradient, with eports of a negative diastolic
pulmonary gradient being associated with afavourable outcome, rather than a
representation of the inaccuracies of pulmonary arterial wedge pressure
measurement (263). The underlying mechanisms are not entirely clear, but it is
plausible that the reason for a negative diastolic pulmonary gradient is due to the use
of mean pulmonary artery wedge pressure in the DPG calculation, rather than the
diastolic pulmonary artery wedge pressure. Further work is warranted to identify the

most robust hemodynamic marker for CpePH.

It would be useful to identify a noninvasive methodology for the accurate
identification of patients with left heart disease inthe population of patients with
suspected pulmonary hypertension. In a comparison between idiopathic pulmonary
arterial hypertension and PH owing to left heart disease, it was shown that a left atrial
O 1 61 A E BrAl/k @wak Bhly predictive of the presence of left heart disease
(255). The results from our population of 708 incident cases showed that the left atrial
index is diagnostic, but not to the sae high accuracy (AUC 0.825, p<0.001). Part of
this may be related to the population studied: In thisection, we assess the left atrial
volume index in all incident patients with suspected pulmonary hypertension, rather
than in the selected idiopathic pumonary arterial hypertension vs left heart disease

cases. Furthermore, the pulmonary arterial wedge pressure reading has inherent
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inaccuracies as a measurement of left ventricular endiastolic pressure, potentially
adding error (264,265). Further work is required to identify more robust nor
invasive measures of left ventricular dysfunction as a cause for [oonary

hypertension.

Current recommendations for pulmonary hypertension due to left heart disease
centre on treatment of the underlying left heart disease, for example correcting
valvular heart disease and optimizing volume status or heart failure therap There is
currently no body of evidence to support the use of targeted pulmonary vascular
therapies in patients with left heart disease as a whole, nor in combined pre and post
capillary pulmonary hypertension (CpePH). Although there is increasing integst in
potential treatment options in these patients as they have worse outcome and pre
capillary remodelling, similar to pulmonary arterial hypertension (PAH) patients. It
would be useful to have a nonAnvasive and simple measurement from imagingsuch
asinterventricular septal angle to differentiate CpePH from IpcPH for inclusion in

potential clinical trials (10z13).

This study is Imited by its retrospective design, conducted in a pulmonary
hypertension referral centre, where the incidence of pulmonary hypertension is
significantly higher than in the general population of left heart disease patients. As
such, the results are only vid in patients in this setting, and not necessarily
applicable to the wider population of left heart disease. Furthermore, we have
assessed a potential threshold of interventricular septal angle to identify patients
with high diastolic pressure gradients,but this requires validation in a separate
cohort. Future work is required to evaluate the threshold we have defined, to assess
the role of septal measurement in a more general cohort of left heart disease patients,
and to assess the similarities with idbpathic pulmonary arterial hypertension.
Furthermore, as discussed above, further work is required to assess the novasive
estimation of left ventricular filling pressures and their role in diagnosis and

prognosis.

5.1.5 Conclusion
Cardiac MRI derived interentricular septal angle can be used to nemvasively
predict the presence of an elevated diastolic pressure gradient in suspected

pulmonary hypertension patients with elevated pulmonary arterial wedge pressures.
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The interventricular septal angle can predit left heart disease patients with a poor
outcome and in the future, may offer the potential to identify patients for targeted

therapy.
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5.2 CARDIACMRI PHENOTYPES OPH - LUNGDISEASE

5.2.1 Rationale

Pulmonary hypertension is a common complication of chronic lung disease and is
defined on right heart catheter (RHC) by a mean pulmonary arterial pressure (mPAP)

| 25mmHg. Reportedly as many as 90% of patients with COPD Gold stage IV have a
mean pulmonary atery pressure of 20-35mmHg but only 5% have a mean pulmonary
artery pressure | 35mmHg,which definesa cohort of lung disease patients as severe
pulmonary hypertension (44,49,50). In lung disease, the presence of pulmonary
hypertension is associated with a universallypoor prognosis(42z46,53). Pulmonary
hypertension is likely to represent the end-stage of pulmonary diseasefor example
COPD patients are mordkely to die or be hospitalised due to cardiovascular rather

than respiratory complications (48).

The development of pulmonary hypertension in COPD is thought to result from
multiple different mechanisms. hypoxic pulmonary vasoconstriction, polycythaemia
from chronic hypoxia, destruction of the pulmonary vascular bed by emphysema,
hyperinflation causing intrathoracic pressures that are greater than pulmonary
venous pressure and endothelial dysfunction andremodelling (43,51,52). The
mechanisms by which pulmonary hypertensiordevelops in ILD and CPFE appears to
be much less understood. A potential difference in the development of pulmonary
hypertension in lung disease is highlighted by the high incidence of severe pulmonary
hypertension in combined pulmonary fibross and emphygema (CPFE), icontrast to
patients with chronic obstructive pulmonary disease (COPD) and interstitial lung

disease (ILD), in whom severe pulmonary hypertension is rarg0,267).

5.2.1.1 Hypothesis

1. The difference in prevalence and severity of PH and outcome in patients wit
PH due to COPD, ILD and CPFE are due to an underlying difference in the
cardiac phenotype.

5.2.1.2 Aims
The aim of this study was toidentify any differences in the cardiac phenotype of

patients with pulmonary hypertension due to lung disease, throughssessnent of the
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baseline demographic, haemodynamic and cardiac MRI characteristics of patients

with pulmonary hypertension at a tertiary referral centre.

5.2.2 Methods

All consecutive patients who underwent MRI at a pulmonary hypertension referral
centre (245) from April 2012 to October 2016 with suspected pulmonary
hypertension were assessed for inclusion. All patients with PH due to lung disease
were identified, as defined at the weekly PH mukilisciplinary team meeting. Any
patients without a thoracic CT for analysis were excluded and grpatients with more
than 30 days between MRI andight heart catheterisation were excluded.A further
cohort of patients with idiopathic pulmonary arterial hypertension who were
scanned over the saméime was also included for comparisonEthical approval was
granted from a local ethics committee for this retrospective study, written consent
was waived (ref c06/Q2308/8).

5.2.2.1 Right Heart Catheterisation

Right heart catheterisation was performed using a balloon tipped 7.5Fr
thermodilution catheter (Becton-Dickinson, Franklin Lakes, New Jersey). Pulmonary
EUPDAOOAT OETT xAO AAZET AA AO A OAOOGET C 10!
hypertel OET 1T AO A OAOOGEI C 10!'0 I1ouvii(C8 #AOAE
thermodilution.

5.2.2.2 Pulmonary Function Testing

All patients underwent lung function testing as part of routine care. All spirometry is

presented as percentage of predicted value.

5.2.2.3 Image Acquisition

Cardiac MRI was performed supine on a GE HDx 45whole body scanner (GE
Healthcare, Milwaukee, Wisconsin), using an-8hannel cardiac coil. Fouichamber
(4Ch) and short axis (SA) cine images were acquired using a retrospectively cardiac
gated multi-slice steadystate free precession (SSFP) sequence. A stack of axial images
in the SA plane with slice thickness of 8 mm with a 2 mm inteslice gap or 10 mm

with no inter -slice gap were acquired, covering both ventricles from base to apex. The
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SSIP sequence parameters were: TR 2.8ms, TE 1.0ms, flip angle 50°, field of view
48x43.2, 256x256 matrix, 125 kHz bandwidth, and slice thickness 8 to 10 mm.

Axial black blood imaging was performed using a dual inversion recovery fast spin
echo sequence, witla stack of 8mm slices with 10mm spacing taken through the long
axis plane of the pulmonary artery. The sequence parameters were: TR 984ms, TE
40ms, flip angle 9@ echo train length 32, field of view 4cm, 256x256 matrix, 31.2 kHz

bandwidth on an 8 channekardiac coil.

Phase contrast imaging was performed perpendicular to the pulmonary trunk and
ascending aorta. The phase contrast imaging parameters were: TR 5.6 ms, TE 2.7 ms,
slice thickness 10 mm, FOV 48x28.8, bandwidth 62.5 kHz, matrix 256x128 and
velodty encoding (Venc 150 cm/s. The images were retrospectively ECG gated with

40 phases.

DCEMRI was performed using a contrast injection of 0.05ml per kg dose of &d-
D30A (Gadovist, Schering, Berlin, Germany), injected at a rate of 4 ml per second with
the using an activated pump injector (Spectris, MedRad). Typically administered via

a vein in the antecubital fossa using an 18G cannula. This was followed by a 20ml|
saline flush. Serial 3D gradient echo images of the chest were acquired with the
following sequence parameters: TE=1.1 ms, TR=2.5 ms, Flip angle 30°, FOV 48 cm X
48 cm, parallel imaging in plane x 2, in plane resolution 200x80, bandwidth 250 kHz,
slice thickness 10 mm, approximately 32 slices, 48 time points with an overall

effective 3D frame ate of ~ 0.5 s. Images were acquired in a coronal orientation.

When performed at the local centre, CTPA images were acquired on asite MDCT
(Light-Speed General Electric Medical) during a single breatiold. The acquisition
parameters were: 100 mA withautomated dose reduction, 120 kV, pitch of 1, rotation
time 0.5 s and 0.625mm collimation, field of view = 400x400 mm, acquisition matrix
512x 512. 100 mL of intravenous contrast agent (Ultravist 300; Bayer Schering,
Berlin, Germany) was administered ata rate of 5 mL/s, typically through an 18G
cannula in the antecubital fossa. CT images from other centres were also used when
no local imaging was available, as long as they were considered to be of diagnostic

quality.
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5.2.2.4 Image Analysis

MR images were analysg on a GE Advantage Workstation 4.4 with GE Advantage
Workstation ReportCard software, the observer was blinded to all clinical
information and other investigations. Left and right ventricular enddiastolic volume,
end-systolic volumes, right and left venticular stroke volume and mass were
calculated (all indexed to body surface area), right and left ventricular ejection
fractions, ventricular mass index (RV mass divided by LV masgl33) and
interventricular septal angle were measured as previously describe(L25). Maximal
and minimal PA areas were manually traced, and relative area change was defined by
the following equation: RAC= (maximum areaninimum area)/minimum area (14,
28).

From the dual inversion recovery fast spin echo pulmonary arterial laick blood
images black blood slow flow artefact was scored. A semguantitative scale from O to

5 was used (0 = absent, 1 = segmental, 2 = lobar, 3 = distal main, 4 = proximal main
and 5 = trunk) (135). From the phase contrast imaging data, the contours of the vessel
were automatically traced, with manual correction when required. The softwar¢ghen
calculated the velocity of all the pixels included within the region of interest (ROI).
Pulmonary artery average velocity was calculated as QFlow forward PA

velocity/diastolic PA size.

Signal enhancement versus time curves were generated from the dymic contrast
enhanced MRI images, for regions of interest in the pulmonary artery and the left
atrium. Pulmonary transit time (PTT) was calculated as the time delay between peak
pulmonary arterial signal and peak left atrial signal.The full-width -half-maximum
(FWHM) of the contrast bolus passage was calculate as the timdelay between half
maximum signal intensity on the up and downslopes of signal in the pulmonary

artery enhancement curve.

The closest CT to the date of the MRI was chosen to identifyetttause of the

pulmonary disease. The cases were reviewed by 2 radiologists, a general radiologist
(CS),5URAA 006 Aa@mlhesdidiolbgist (A5 11UAAO006 A@DAOEAT A/
were blinded to all other clinical and imaging information. Images were reviewed on

a clinical workstation in the clinical radiology department, on diagnostic quality Barco

screens (Barco, UK). CT images were reviewed using lung windows. Cases vgpii

Dr CS Johns Cardio-Pulmonary MRIlin PH 134



into interstitial lung disease, chronic obstructive pulmonary disease (emphysema and
bronchitis) or combined pulmonary fibrosis and emphysema based on agreed
gualitative CT evidence of each of the diseas€268). Any cases without CT evidence

I £ 101 ¢ AEOAAOGA xAOA Al AGOGEEZEAA AO OI OEAO
consensus between thewo radiologists, again blinded to other clinical and imaging

data. The severity of lung diseas was given a score of-3 for each case.

5.2.2.5 Statistical Analysis
Statistical differences between each group of Rking disease were calculated for all

demographic, right heart catheter and cardiac MRI indices usifgNOVA.

Statistical analysis was performedusing SPSS (IBM, Chicago), and all graphs were
produced using GraphPad prism 7 (GraphPad Software, San Diego)-vafue of <0.05

was considered statistically significant.

In order to correct for the discrepancy in severity of PH between the different gups,
sub-analysis was performed in the patients with severe pulmonary hypertension
jiloro rov T1(cCcqs
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5.2.3 Results

Over the period studied, 2437 patients in the pulmonary hypertension referral centre
underwent a cardio-pulmonary MRI; of these 1272 were inciden cases. 190 patients
had PH due to lung disease and right heart catheter within 30 days of MRWwo were
excluded as there was no thoracic CT available to review afdo were excluded as
the CT was nordiagnostic due to artefact. Over the same time, 11lapents with
idiopathic pulmonary arterial hypertension (IPAH) had right heart catheter within 30
days of MRI and were used as a comparison groupigure 5.9 shows the flow of

patients.

Figure 5.9: Patient Flow

Of the cases with PH lung (190)68 had chronic obstructive pulmonary disease
(COPD), 55 interstitial lung disease (ILD), 32 combined pulmonary fibrosis and
emphysema (CPFE) and 3iad other respiratory disease. Baseline demographic data
is provided in Table 5.4 and Table 5.5. Analysis of the baseline characteristics and
outcome in other lung diseases group has not been performed due to the
heterogeneous nature of this group of patients, which is made up of small numbers of

sleep disordered breahing and alveolar hypoventilation disorders.
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