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Background: 
In patients with pulmonary arterial hypertension (PAH), risk stratification is used to aid clinical decision making and guide treatment, categorising patients as low- (<5%); low-intermediate (5-10%); high-intermediate (10-20%); or high (>20%) at 1-year. The parameters used for risk stratification require hospital-based assessment. I therefore sought to identify mortality-associated parameters that may be remote monitored to facilitate early evaluation of clinical efficacy following treatment escalation (TE) or indicate clinical deterioration, thereby permitting early intervention.

Methods: 
Patients with all forms of pulmonary hypertension (PH) were identified from the ASPIRE (6/YH/0352) registry. Univariate and multivariate Cox Regression analysis were undertaken to identify parameters that may be remote monitored that were also associated with mortality. Mortality weighted z-scores of age, incremental shuttle walk test (ISWT), heart rate reserve (HRR) and total pulmonary resistance (TPR) were summed to give an individual physiological risk score value. The relationship between remote-monitored physiology in the time preceding and following clinically-indicated TE and clinical worsening events (CWE) was also examined.

Results: 
Age, ISWT, HRR and TPR had statistically significant relationships to mortality. Survival analysis showed increased mortality with each decile of baseline risk score (OR5.5,95%CI4.3-7.0, each decile p<0.01). Comparison of the ASPIRE registry PAH group stratified by COMPERA 2.0 risk model and LOESS-derived thresholds for physiological risk were well-matched at 1,3 and 5 years, Cohens-weighted Kappa score showed good agreement (0.61). Following TE, remote monitored mean PAP and TPR were reduced, and CO and physical activity increased compared to baseline (p<0.05), remote physiological risk score also improved compared to control (p<0.0001). There was an increase in remote monitored mean PAP and TPR and reduced CO and physical activity at 10 days prior to a CWE (p<0.05). Following treatment with an experimental therapy remote monitoring parameters and physiological risk score identified change in advance of the traditional 6-month clinical study endpoint used for putative anti-remodelling therapies.

Conclusion: 
A physiological risk score accurately categorised patients as low, intermediate, or high risk. Remote risk scores were found to deteriorate pre-CWE and improve post-clinically-indicated TE highlighting that a remote physiological risk score may be applied to provide real-time risk stratification.
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1.1 [bookmark: _Toc143557487]Brief overview
Pulmonary hypertension (PH) is a devastating and debilitating disease with multiple aetiologies and is defined by the recent 2022 European Society of Cardiology (ESC) and European Respiratory Society (ERS) guidelines on Pulmonary Hypertension, as a mean pulmonary artery pressure (mPAP) >20 mmHg at rest, at right heart catheterisation (RHC). A diagnosis of pulmonary arterial hypertension (PAH) requires a mPAP >20 mmHg, a pulmonary capillary wedge pressure (PCWP) ≤15 mmHg and a pulmonary vascular resistance (PVR) >2 wood units (WU) (Humbert et al., 2022).

PAH may occur without an underlying cause, i.e., idiopathic PAH (iPAH), or be seen in association with other conditions such as connective tissue disease, congenital heart disease and portal hypertension. It is characterised by progressive, small vessel remodelling, resulting in a rise in PVR and PAP. A prolonged rise in these variables can cause pressure overload and hypertrophic right ventricular (RV) remodelling, with maladaptive RV remodelling leading to RV dilatation and ultimately right heart failure (RHF) and death (Humbert et al., 2022). It is a rare but significant diagnosis, affecting approximately 40 patients per million (D. Schraufnagal, 2010), with an untreated median survival of less than 3 years (Thenappan et al., 2010; D’Alonzo et al., 1991).  Although rare, the health economic burden of PAH is high and per patient costs range from £5,000 to £300,000 per year (Rich et al., 2018a; Coyle et al., 2016a; Sikirica et al., 2014a; Hoeper & Dinh-Xuan, 2004a).

Current licenced therapies focus mainly on vasodilatation (or preventing vasoconstriction) to reduce PVR and PAP, rather than reversal of small vessel remodelling (Humbert et al., 2022; Sommer et al., 2021). This treatment provides a modest improvement in symptoms and life expectancy, with 5-year survival data for treated PAH being over 60% (Ling et al., 2012; Hurdman et al., 2012). In the UK in 2001, a network of specialist centres was commissioned to standardise and improve patient care (NHS England, 2015). Patients are referred for investigation and diagnosis and remain under the care of the specialist centre if treatment is commenced. 

In clinical practice and in research we make critical decisions regarding patient management based on snapshot data collected whilst the patient is in hospital. The duration between follow-up visits is informed primarily by ritual or historic investigation. This raises the question, if we could remotely capture critical measurements of health and well-being in real time, between hospital visits, could we obtain additional information that would improve decision making. For example, in clinical practice could we identify disease worsening at an earlier stage to facilitate timely intervention, or adopt more of a personalised medicine approach to treatment whilst engaging patients more actively in their care? In research, especially experimental medicine trials, would the ability to remotely capture a large volume of data enable us to review how and when new drugs begin to work and potentially reduce the number of patients required per study? These are all questions I hope to review in this thesis.

Firstly, in this chapter, I will briefly summarise the anatomy and physiology of the cardiovascular and pulmonary circulation in health and disease then describe the diagnosis and management of pulmonary hypertension and the potential role for remote monitoring technology.


1.2 [bookmark: _Toc82805960][bookmark: _Toc143557488]Anatomy and physiology of the cardiovascular system
The cardiovascular system is made up of the systemic and pulmonary circulation and two pumps mounted in series that join together in the heart (Noble et al., 2010a). They work together to supply oxygenated blood to the tissues and to remove the products of metabolism such as carbon dioxide. The systemic circulation pumps oxygenated blood under high pressure from the left ventricle (LV) through the aorta and systemic arteries to supply oxygen-rich blood to all tissues of the body, with the bronchial circulation providing some oxygenated blood to the lungs. The pulmonary circulation facilitates the return of deoxygenated blood to the lungs under low pressure via the right ventricle through the pulmonary artery, enabling gas exchange between the blood and lung alveoli (Libby et al., 2008a). How the systemic and pulmonary circulation interact is demonstrated in Figure 1.
1.2.1 [bookmark: _Toc82805961][bookmark: _Toc143557489]The systemic circulation
Cardiac output (CO) is calculated by multiplying the stroke volume (SV) with the patient’s heart rate (HR) and can be affected by 1) preload, 2) contractility of the myocardium, 3) afterload events and 4) heart rate regulation. The first three factors determine the SV and the last is mainly regulated by the baroreceptor reflex (Noble et al., 2010a). 
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[bookmark: _Ref90411390][bookmark: _Toc91933112][bookmark: _Toc91933211][bookmark: _Toc91933390][bookmark: _Toc143001508]Figure 1: Vascular anatomy of the human pulmonary and systemic circulation. 
Oxygenated blood is received into the left atrium from the pulmonary veins, pumped through the tricuspid valve into the left ventricle and through the aortic valve into the aorta for distribution to organs of the body by the systemic arterial system. The pulmonary circulation receives deoxygenated blood from the systemic circulation via the great veins into the right atrium. Blood is pumped first through the tricuspid valve into the right ventricle, then through the pulmonary valve into the pulmonary artery. Within the lungs deoxygenated blood travels through the capillary bed in close proximity to the alveolar sacs and is returned to the left heart via the pulmonary veins completing the circuit. 
Adapted from Libby et al., 2008b.



1.2.2 [bookmark: _Toc82805962][bookmark: _Toc143557490]The venous system and pulmonary circulation
The primary function of the lungs and pulmonary circulation is gas exchange (West, 2011). In the lungs deoxygenated blood, containing carbon dioxide (CO2), travels through the capillary bed, in close proximity to alveolar sacs. Ventilation fills the alveolar sac with oxygen (O2) rich air, leading to a concentration gradient between the air in the alveoli and the blood in the capillary bed. Diffusion of CO2 from the blood to air and O2 from air to blood occurs to oxygenate blood that is then returned to the systemic circulation, see Figure 2 (Libby et al., 2008b).
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[bookmark: _Ref304832110][bookmark: _Toc91933113][bookmark: _Toc91933212][bookmark: _Toc91933391][bookmark: _Toc143001509][bookmark: _Toc313048813]Figure 2: Alveolar sac anatomy demonstrating where gas exchange occurs.
The alveolar sac is located within the lung and is where gas exchange occurs. Deoxygenated blood travels through the capillary bed in close proximity to air in the atrium of the alveolar sacs. Ventilation fills the alveolar sac with air high in oxygen (O2) and low in carbon dioxide (CO2), forming a concentration gradient between alveolar gas and deoxygenated blood in the capillary bed. Diffusion of CO2 from blood to air and O2 from air to blood across the capillary wall oxygenates blood, which is returned to the systemic circulation via the pulmonary veins and the left heart. 
Adapted from (Libby et al., 2008a)
[bookmark: _Toc82805963]

1.2.2.1 Physiological response to hypoxia
The pulmonary circulation differs from the systemic circulation in its physiological response to hypoxia. In healthy lungs, alveolar hypoxia leads to local vasoconstriction, shunting blood flow away from the hypoxic region towards better ventilated areas. This improves the ventilation-perfusion matching within the lungs, leading to an increase in PVR. If hypoxia is acute, changes in tone are often reversible whereas chronic hypoxia leads to small vessel remodelling and an increase in PVR and PAP. Vascular remodelling can also be mediated by changes in potassium, calcium and chloride channels and the release of vasoactive substances such as endothelin and nitric oxide (Noble et al., 2010b; Libby et al., 2008a). 
1.2.2.2 [bookmark: _Toc82805964]Physiological response to Exercise
Exercise normally leads to an increase in left atrial (LA) and pulmonary blood flow, resulting in a rise in LA pressure.  A high vascular compliance allows for small vessel distension when pulmonary blood flow increases, enabling a reduction in PVR and minimal rise in PAP, allowing normal LV filling despite increased flow. In PAH the small vessels are less compliant due to vascular remodelling and changes in vascular tone and therefore an increase in LA pressure in response to exercise, will lead to an increased PVR and PAP. A prolonged rise in PAP leads to vascular remodelling, limiting oxygenation, and creates a fixed outlet obstruction and impaired LV filling, explaining why patients often present with syncope in the advanced stages of PH (Noble et al., 2010b; Libby et al., 2008a). 

I will discuss the changes in physiology in patients with PH further in section 1.4.
1.2.3 [bookmark: _Toc82805965][bookmark: _Toc143557491]Structure and function of blood vessels
Blood vessel walls, with the exception of capillaries, are made up of 3 layers: the tunica intima, tunica media and tunica adventitia (Figure 3).
[bookmark: _Ref87346005][bookmark: _Toc91933114][bookmark: _Toc91933213][bookmark: _Toc91933392][bookmark: _Toc143001510]Figure 3: Structure of a healthy arterial wall. 
Cross section of a normal pulmonary artery (Brown – Von Willebrand Factor (endothelium), Pink- Alpha smooth muscle actin (smooth muscle)). The figure demonstrates 3 distinct arterial layers: the tunica media; tunica intima and tunica adventitia. Images courtesy of Dr Alex Rothman, University of Sheffield
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The tunica intima provides a barrier between the blood and is made up of endothelial cells. The tunica media provides mechanical strength to the blood vessel and has two layers of elastic tissue encompassing a layer of smooth muscle allowing it to vasoconstrict and vasodilate as needed. The tunica adventitia holds the blood vessel in place and is made up of a layer of connective tissue (Noble et al., 2010a).
1.2.3.1 Vasoconstriction and vascular remodelling
The pathogenesis of PAH is not completely clear but there are three factors that are thought to have a role in increasing PVR and PAP: 1) vessel vasoconstriction; 2) remodelling of the pulmonary vessel wall and 3) thrombosis in situ (Humbert, Sitbon, & Simonneau, 2004). Alpha and beta adrenoreceptors are expressed by the pulmonary veins and help to regulate pulmonary vascular tone by producing vasoconstriction or vasodilatation, respectively. This can be mediated by changes in potassium, calcium, and chloride channels as well as the release of vasoactive substances such as endothelin and nitric oxide (Libby et al., 2008a). Chronically impaired production and increased expression of various vasoactive substances can lead to endothelial dysfunction and vascular remodelling, resulting in a rise in PVR and PAP (Humbert, Sitbon, & Simonneau, 2004). Targeting these pathways represents the current cornerstone of treatment for PAH (Humbert et al., 2022; Sommer et al., 2021). I will discuss the role of these mediators in health here and then discuss their role in pulmonary vascular disease later in this chapter.
[bookmark: _Toc82805967]
Prostaglandins
Pulmonary endothelial cells have a large amount of prostacyclin synthase which is a powerful vasodilator and when released it stimulates the production of cyclic adenosine monophosphate (cAMP), causing vascular smooth muscle to relax and blood vessels to vasodilate (Libby et al., 2008b).
[bookmark: _Toc82805968]Nitric Oxide
Nitric oxide (NO) is a potent, endogenous, endothelium-derived vasodilator that relaxes smooth muscle and is mediated by rising levels of intracellular cyclic guanosine monophosphate (cGMP). In hypoxia, it is thought that oxygen deprivation leads to activation of this NO-cGMP pathway in the central nervous system, leading to the induction and maintenance of a hypoxia-induced increase in respiratory output (Haxhiu et al., 1995). NO also inhibits the growth of vascular smooth muscle cells and has a role in vascular remodelling in response to vascular injury (Libby et al., 2008b).

In response to an increase in physical activity, skeletal muscles increase their production of NO. Indirectly, NO modulates the supply of oxygen and energy substrates to skeletal myocytes via the regulation of blood flow and hormones, there is also evidence however, that NO can directly affect skeletal muscle through the modulation of energy metabolism (Dyakova et al., 2015; Alvares et al., 2012).
[bookmark: _Toc82805969]
Endothelin
Endothelin-1 (ET-1) is released from endothelial cells towards vascular smooth muscle cells and activates G protein-coupled ET receptors. It is mediated via two endothelin receptors: ETA-receptors, that induce sustained vasoconstriction and vascular smooth muscle cellular proliferation and ETB-receptors, that mediate pulmonary endothelin clearance and stimulate the release of NO and prostacyclin by endothelial cells. In health there is a balance between production and clearance ensuring low levels of circulating ET (Libby et al., 2008a).
[bookmark: _Toc82805971]Platelet-derived growth factor
Abnormal activation of platelet-derived growth factor (PDGF) signalling pathways has been implicated in small vessel remodelling via the proliferation and hyperplasia of pulmonary artery smooth muscle cells (PASMCs) (Wu et al., 2020; Ghofrani et al., 2010; Yu et al., 2003).

Overall, in health these pathways balance, ensuring a normal PVR and PAP. In PH these physiological pathways are unbalanced leading to increased vasoconstriction and small vessel remodelling resulting in a rise in PAP and PVR. I will discuss this in more detail in section 1.3.

1.3 [bookmark: _Toc82805972][bookmark: _Toc143557492]
Pulmonary Hypertension: The cardiovascular system under strain
Pulmonary Hypertension is a spectrum of disease affecting the pulmonary vasculature and is defined by the ESC/ERS as mPAP >20 mmHg at rest (Humbert et al., 2022). Over time, a better understanding of the mechanism of disease and clinical presentation has enabled more accurate disease classification although this remains a challenge in clinical practice particularly with the emergence of an older, more comorbid population (Hoeper et al., 2020; R. A. Lewis et al., 2020; Ling et al., 2012).

The ESC/ERS classifies PH into five groups based on underlying aetiology. As demonstrated in Figure 4: group one incorporates PAH including familial and idiopathic causes as well as disease associated with drugs, connective tissues disease and congenital heart disease; group two is PH secondary to left sided heart disease; group three secondary to lung disease and hypoxia; group four is secondary to pulmonary artery obstructions such as chronic thromboembolic disease (CTEPH) and group five represents miscellaneous causes of PH, including sarcoidosis and haematological disease (Humbert et al., 2022).

PH-specific drug therapy is an option for those patients in groups 1 and 4, with those in group 4, diagnosed with CTEPH, sometimes amenable to balloon pulmonary angioplasty (BPA) or Pulmonary Endarterectomy (PEA) surgery for symptom improvement and possibly curative intent. For those patients in groups 2, 3 and 5, treatment options are less clear and often involve treating the cause of disease or subsequent RHF, rather than disease-specific therapy.

[image: ]WHO Group 3:
Pulmonary hypertension secondary to lung disease and/ or hypoxia

Obstructive Pulmonary Disease
Restrictive lung disease
Other lung disease with mixed restrictive/ obstructive pattern
Hypoxia without lung disease
Developmental lung disorders
WHO Group 5:
Pulmonary hypertension secondary to multifactorial and/ or unclear mechanisms

Haematological
· Chronic haemolytic anaemia
· Myeloproliferative disease
· Splenectomy
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· -Langerhans cell histiocytosis
· Lymphangioleiomyomatosis
· Neurofibromatosis
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Metabolic disorders
· Glycogen storage disease
· Gaucher’s disease
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Others
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PH due to pulmonary artery obstructions

Chronic thromboembolic pulmonary hypertension (CTEPH)
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WHO Group 1:
Pulmonary arterial hypertension (PAH)

Idiopathic PAH
- Non responders at vasoreactivity testing
- Acute responders at vasoreactivity testing
Heritable PAH
Drug and toxin-induced PAH
PAH associated with:
-  Connective tissue disease
-  HIV infection
-  Portal hypertension
-  Congenital heart disease
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Optimal treatment unclear
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Pulmonary hypertension secondary to left heart disease

PH due to heart failure with preserved LVEF
PH due to heart failure with reduced LVEF
Valvular heart disease
Congenital/ acquired cardiovascular conditions leading to post-capillary PH
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Fluoroscopy image demonstrates:

A: Left PA showing distal branch occlusion secondary to chronic thromboembolism

B: Same PA branch post BPA with restored blood flow.













[bookmark: _Ref93437569][bookmark: _Toc91933115][bookmark: _Toc91933214][bookmark: _Toc91933393][bookmark: _Toc143001511]Figure 4:  The Updated World Health Organisation Group Classification of Adult Pulmonary Hypertension
Group 1 and 4 have defined treatment options, the treatment for groups 2,3, and 5 are less clear.  Group 1: Pulmonary Arterial Hypertension, characterised by small vessel remodelling including idiopathic and heritable disease as well as PH secondary to connective tissue disease, HIV, congenital heart disease and portal hypertension. Treatment includes vasodilator therapy. Group 4: PH due to pulmonary artery obstructions including Chronic Thromboembolic Pulmonary Hypertension, (treatment includes balloon pulmonary angioplasty (BPA) and Pulmonary Endarterectomy (PEA)); Group 2: PH secondary to lung disease /chronic hypoxemia, Group 3: PH secondary to left heart disease and Group 5: PH secondary to multiple factors or unclear mechanisms. WHO: World Health Organisation; PAH: Pulmonary Artery Hypertension; HIV: Human Immunodeficiency Virus; BPA: Balloon Pulmonary Angioplasty; PH: Pulmonary Hypertension; CEPH: Chronic Thromboembolic Pulmonary Hypertension; COPD: Chronic Obstructive Pulmonary Disease; PA: pulmonary artery; CCB: Calcium channel blockers; PVOD: Pulmonary Veno-occlusive disease; PCH: Pulmonary capillary haemangiomatosis.
Adapted from (Kiely, 2013) and updated PH classification from Humbert et al.2022. Fluoroscopy images courtesy of Drs S. Hall, JG. Coghlan and A. Rothman.
1.4 [bookmark: _Toc82805973][bookmark: _Toc143557493]Pulmonary Arterial Hypertension

PAH is a devastating, life-limiting disease caused by small vessel remodelling in the lungs leading to a rise in PVR and PAP, which can lead on to RHF and death. PAH includes patients with idiopathic PAH including those with an acute or no response at vasoreactivity testing; heritable PAH; connective tissue disease associated-, congenial heart disease associated-, human immunodeficiency virus (HIV) associated-or drug/ toxin associated-PAH as well as long term calcium channel blocker (CCB) responders (Humbert et al., 2022; Kiely, 2013). The recent 2022 ESC/ERS guidelines updated their definition of PAH to a mPAP >20 mmHg at rest, PCWP ≤15 mmHg and a >2 WU wood units (Humbert et al., 2022).

It is a rare, but significant disease with an untreated median survival of less than 3 years (Thenappan et al., 2010; D’Alonzo et al., 1991), affecting approximately 40 patients per million (Schraufnagal, 2010). The health economic burden of PAH is high and per patient costs range from £5,000 to £300,000 per year (Rich et al., 2018a; Coyle et al., 2016a; Sikirica et al., 2014a), with current licensed therapy focussing mainly on vasodilatation (or the reduction in vasoconstriction) to reduce PVR and PAP, rather than reversal of small vessel remodelling. Treatment provides a modest improvement in symptoms and life expectancy, with 5-year survival data for treated PAH being over 60% from registry data (Ling et al., 2012; Hurdman et al., 2012). Survival is dependent on a number of factors including age, sex, PH aetiology and the presence or absence of comorbidities (Hoeper et al., 2020). Younger patients with iPAH and comorbidities from the UK National audit of PH were found to have a 5-year survival in excess of 85% with modern treatments whereas older patients with iPAH and comorbidities had a 5-year survival of <30% (Kiely, 2021).

Although clinically diverse, the conditions in group 1 PAH result in common histopathological changes within the small resistance vessels of the pulmonary vasculature. The characteristic intimal, medial and adventitial remodelling results in loss of vessel lumen, which when replicated throughout the vascular tree reduces cross-sectional area and increases pulmonary vascular resistance (Morrell et al., 2009). Figure 5 demonstrates a cross section of a pulmonary artery (PA) demonstrating the changes that develop in patients with PAH, with image A showing healthy pulmonary vasculature in a control subject and image B showing pulmonary vascular changes seen in a patient with PAH.


[bookmark: _Ref90411872][bookmark: _Toc91933116][bookmark: _Toc91933215][bookmark: _Toc91933394][bookmark: _Toc143001512]Figure 5: Cross section of pulmonary artery demonstrating vascular changes in PAH 
A: Healthy pulmonary vasculature (control)- Thin walled pulmonary artery, large vessel lumen. 
B: Vascular wall changes in PAH- Signs of smooth muscle cell proliferation and vascular remodelling resulting in a thickened tunica intima and almost obliterated vessel lumen. The consequence of this is a rise in PVR and PAP. Brown – Von Willebrand Factor (endothelium), Pink- Alpha smooth muscle actin (smooth muscle). Images courtesy of Dr Alex Rothman, University of Sheffield
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1.4.1 [bookmark: _Toc143557494]The Pathobiology of Pulmonary Arterial Hypertension
The pathobiology of PAH is complex and incompletely understood. At a cellular level, genetic and/ or environmental factors modulate cell signalling, resulting in smooth muscle cell (PASMC) proliferation, vascular constriction, and pulmonary artery endothelial cell (PAEC) apoptosis. Changes include abnormal muscularisation of distal and medial precapillary arteries; loss of precapillary arteries; thickening of large pulmonary arteries; neointimal formation (particularly occlusive in vessels less than 500–100 μM) and plexiform lesion formation, see 









Figure 6, (Rabinovitch, 2012).

Several genetic factors are implicated, and/ or drive the cellular changes central to disease development. Mutation of the bone morphogenetic protein receptor 2 gene (BMPR2), a key component of the transforming growth factor beta (TGFbeta) superfamily, results in haplo-insufficiency of BMPR2 and reduced pathway signalling (Thomson et al., 2000). 70% of patients with hereditary PAH and 10-20% of patients with sporadic, iPAH are heterozygous for a mutation in BMPR2 (Rabinovitch, 2012) and patients with mutation of the BMPR2 gene have more severe disease and worse outcomes than patients with other forms of disease (Evans et al., 2016). Mutation of BMPR2 and the TGFbeta superfamily proteins ACVRL1 (Activin A receptor like type 1), ENG (Endoglin), SMAD1 (Mothers against decapentaplegic homolog 1), SMAD4 and SMAD9 account for 80% of familial case of PAH and 20% of sporadic cases (Morrell, 2018). Mutations in TBX4 (TBox transcription factor 4) are among the most common genetic causes of PAH in children suggesting that PAH is at least in part a developmental lung disease when it presents in early life (Levy et al., 2016).
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[bookmark: _Toc91933117][bookmark: _Toc91933216][bookmark: _Toc91933395][bookmark: _Toc143001513]Figure 6 :Vascular changes in pulmonary arterial hypertension.
Diagram demonstrating abnormalities that develop in the pulmonary circulation secondary to pulmonary arterial hypertension: abnormal muscularization of distal and medial pre-capillary arteries; loss of small precapillary arteries; thickening of large pulmonary arteries and neointimal and plexiform lesion formation. Reproduced with permission from Rabinovitch M. Molecular pathogenesis of pulmonary arterial hypertension. J Clin Invest. 2012 Dec;122(12):4306-13. Doi: 10.1172/JCI60658. Epub 2012 Dec 3. PMID: 23202738. Copyright American Society for Clinical Investigation.

In addition to genetic predisposition, environmental factors contribute to the development of PAH. Vasoactive drugs such as methamphetamine (Zamanian et al., 2018) and the appetite suppressant ‘Fenphen’ (A combination of fenfluramine, a serotonin-releasing agent and phentermine, a noradrenaline releasing agent), (Avorn, 2005; Connolly, 1997) have been associated with the development of PAH.

Genetic and environmental factors result in altered cell function and an imbalance of cellular signalling, endothelial cell apoptosis and smooth muscle cell proliferation. In addition to this process the altered endothelial cell function impairs local production of vasodilators (NO and prostacyclin) and overproduction of vasoconstrictors such as ET-1, increasing vascular tone and promoting vascular remodelling (Humbert, Sitbon, & Simonneau, 2004). These pathways are the focus for current PAH-specific treatment and will be discussed further in section 1.4.4.

In health, the pulmonary circulation is normally a low-pressure system. The RV is less muscular than the LV and has a reduced volume to surface area ratio and is more compliant, accommodating volume better than pressure overload (Pokreisz, Marsboom, & Janssens, 2007). An increase in RV end diastolic volume (RVEDV) initially improves CO via the Frank-Starling mechanism but if RV afterload increases and there is further RV dilation, RV contractility decreases resulting in worsening RV function. The right atrium (RA) increases in size and contractility to try and maintain filling of the impaired RV, but ultimately progressive changes in the pulmonary vasculature result in further RV dilation, RA dilation and a reduction in CO resulting in RHF and death.
Current PAH therapies focus on increasing vasodilatation/ reducing vasoconstriction, rather than treatment for RHF, with the exception of symptomatic treatment with diuretics. 
1.4.2 [bookmark: _Toc82805975][bookmark: _Toc143557495]Pulmonary Hypertension: Clinical presentation

Symptoms in patients with PH are non-specific and reflect the rate of progression of disease and associated conditions. Most commonly patients present with increasing shortness of breath (SOB) and a reduction in exercise tolerance, with complaints of fatigue, dry cough, leg swelling, palpitations and in advanced cases exertional pre-syncope and syncope (Strange et al., 2013). 

Symptomatic limitation in patients with PH is classified according to their WHO Functional Class (WHO FC) as demonstrated in (Humbert et al., 2022).

[bookmark: _Ref82610572][bookmark: _Ref82610566]Table 1. This is an important parameter used in patient monitoring, risk stratification, treatment plans, and prognosis determination (Humbert et al., 2022).

[bookmark: _Toc142404093]Table 1: WHO Functional Classification of Pulmonary Hypertension

	WHO FC
	Symptoms

	I
	No symptoms

	II
	Comfortable at rest, slight impairment on physical activity

	III
	Comfortable at rest, marked impairment on physical activity

	IV
	Symptoms at rest, cannot carry out any physical activity without significant symptoms. Signs of right heart failure.


World Health Organisation Functional classification to describe symptom severity in patients with PH, levels I-IV. Adapted from ESC guidelines, (Humbert et al., 2022).

Clinical signs of PH are frequently absent or subtle during the early stages of disease and reflect the impact of pulmonary circulation on cardiac function and the presence or absence of associated conditions. Signs may include: a loud second pulmonary heart sound; a pan systolic murmur secondary to tricuspid regurgitation (TR) (secondary to raised pulmonary pressures) and a parasternal heave. In advanced disease, signs of RHF including a raised jugular venous pressure (JVP); hepatomegaly; ascites and peripheral oedema may be present. Features of associated conditions such as systemic sclerosis and liver disease may also be appreciated. 

Despite the availability of treatments for PAH and CTEPH and an increase in awareness, there is frequently a delay of around 2 to 3 years between initial symptoms and a diagnosis (Strange et al., 2013). This in part relates to the non-specific nature of symptoms but also includes a delay between the onset of symptoms and a number of missed opportunities to make the diagnosis along the patient pathway (Kiely, Lawrie, & Humbert, 2019), with patients having over 20 interactions with healthcare professionals in the 3 years prior to diagnosis (Bergemann et al., 2018).
1.4.3 [bookmark: _Toc143557496]Diagnostic investigation in pulmonary hypertension
[bookmark: _heading=h.1y810tw]The ESC/ERS make recommendations regarding investigations required for a comprehensive evaluation of patients with suspected PH, see Table 2 (Humbert et al., 2022).
1.4.3.1 Approach to the assessment of suspected PH
In patients with symptoms and signs suggestive of PH it is recommended that patients should undergo transthoracic echocardiography (TTE) locally. Depending on echocardiogram results, patients should be assigned a probability of a diagnosis of PH and for those with a low probability of PH, other causes of breathlessness should be investigated. For those at intermediate or high probability of PH then common causes of PH should be considered such as left heart and lung disease. This information should be integrated with risk factors for PH and information from basic tests including electrocardiogram (ECG), lung function testing, chest X-ray (CXR) and arterial blood gases. Where patients are diagnosed with left heart disease or lung disease in the absence of features of severe PH it is recommended that the underlying condition is treated (Humbert et al., 2022).

For those patients with no evidence of underlying cardiac or respiratory disease or those who have cardiac or respiratory disease and evidence of severe PH or RV dysfunction then it is recommended that ventilation perfusion lung scanning be performed to exclude CTEPH. Following these investigations, referral to a specialist PH centre is recommended for further testing including RHC. It is recognised where there is concern regarding severe PH that referral should be made quickly and not be delayed performing local investigations. 

Summarised below in Table 2 are the commonly performed tests at PH specialist centres in the assessment of suspected and confirmed PH as recommended by the ESC/ERS,  including investigations used to risk stratify patients with PAH and  CTEPH (Humbert et al., 2022).



[bookmark: _Ref86404712][bookmark: _Toc142404094]Table 2: Diagnostic investigations for evaluation of patients with suspected PH

	Diagnostic investigations for suspected pulmonary hypertension

	Electrocardiogram (ECG)

	Chest X-ray (CXR)

	Exercise testing (6MWD / ISWT/CPET)

	Transthoracic Echocardiogram (TTE)

	Pulmonary Function tests and arterial blood gas

	Ventilation /perfusion lung scan

	High resolution Computed Tomography (CT) or CT pulmonary angiography (CTPA)

	Cardiac Magnetic Resonance Imaging (cMRI)

	Blood tests and immunology

	Right heart catheter (RHC) and vasoreactivity testing

	Abdominal ultrasound scan

	Digital subtraction angiography


[bookmark: _heading=h.2xcytpi][bookmark: _Toc82805977]Tests utilised will be based on the patients’ presenting symptoms and include but are not restricted to the investigations described above. ECG: Electrocardiogram; CXR: Chest Radiograph; 6MWD: 6 Minute Walk Distance; ISWT: Incremental Shuttle Walk Test; TTE: Transthoracic echocardiogram; CTPA: Computed Tomography pulmonary angiogram; cMRI: cardiac MRI; RHC: Right Heart Catheter. Table modified from ESC/ERS guidelines, (Humbert et al., 2022).


Transthoracic echocardiography
As discussed above, the ESC/ERS advises that 2D transthoracic echocardiography is the imaging modality of choice when PH is suspected, to help diagnose and review the effects of PH on the heart. It is also a useful tool to determine if there are signs of heart disease that may relate to the aetiology of PH i.e., left heart or congenital heart disease. Right ventricular systolic pressure (RVSP) can be measured using the continuous wave Doppler of the peak tricuspid regurgitant velocity to estimate systolic PAP. This value, with additional features consistent with PH, can be used to determine the probability of a diagnosis of PH and the need for RHC. Clinically useful measures that can indicate PH on TTE include interventricular septal flattening; increased right to left ventricular ratio, RV hypertrophy, RA dilatation and measures of RV function (Humbert et al., 2022; Kiely et al., 2021; Alabed et al., 2020).

TTE is a non-invasive test accessible in most hospitals, making it the ideal imaging modality for suspected PH in non-specialist PH centres to determine if onward referral is required. Despite its clear clinical utility, TTE results are dependent on imaging availability and expertise, reports are based on subjective assessment and PAP can often be over or underestimated. This can make reproducibility between scans difficult to interpret. 

Once a diagnosis of pulmonary hypertension is made it is important that the patient’s PH is accurately classified, and an assessment of disease severity made. A core part of this assessment is the development of a multiparametric risk assessment including TTE parameters and other diagnostic tests to assess 1-year mortality risk.

1.4.3.2 Risk Assessment in pulmonary arterial hypertension
The ESC/ERS developed a ‘traffic light’ style PAH risk assessment tool (Table 3) based on expert consensus to allow a more uniform identification of higher risk PAH patients (Humbert et al., 2022). Risk stratification with the purpose of therapeutic modulation is an interesting and evolving area and as discussed earlier is currently used to determine which treatment route and type should be considered, when treatment needs escalation and the appropriate time for transplant assessment referral in PAH. 

For a comprehensive, initial risk assessment, the new 2022 ESC/ERS guidelines recommend the use of an updated 3-strata risk model. Patients are classified as either low, intermediate, or high risk for clinical worsening or death, not including increased risk related to age, sex, or comorbidity (Table 3). Low risk correlates with an estimated 1-year mortality of <5% and tends to relate to well patients with non-progressive disease, reasonable physical activity levels and no signs of clinically relevant RV impairment. Intermediate risk increases 1-year mortality to 5-20% and manifests as increasing signs and symptoms but no RV failure. Finally, the high-risk category confers a 1-year mortality of >20%, including patients with in WHO IV with severe disease and RHF (Humbert et al., 2022).














[bookmark: _Ref82613677][bookmark: _Toc142404095]Table 3: ESC/ERS 3-Strata Risk model for 1-year mortality risk in patients with PAH

	Determinants of prognosis 
(Estimated 1-year mortality)
	Low Risk 
(<5%)
	Intermediate Risk
(5-20%)
	High Risk
(>20%)

	Clinical signs of RHF
	Absent
	Absent
	Present

	Progression of symptoms
	No
	Slow
	Rapid

	Syncope
	No
	Occasional syncope
	Repeated syncope

	WHO Functional Class
	I, II
	III
	IV

	6MWT
	>440m
	165 – 440m
	<165m

	Cardiopulmonary exercise testing
	Peak VO2  >15 ml/min/kg 
(>65% predicted)
VE/VCO2 slope <36
	Peak VO2 11-15 ml/min/kg (35 – 65% predicted)
VE/VCO2 slope 36 -44
	Peak VO2  <11 ml/min/kg 
(<35% predicted)
VE/VCO2 slope > 44

	NT-proBNP plasma levels
	NT-proBNP <300 ng/L

	NT-proBNP 300 -1100 ng/L
	NT-proBNP > 1100 ng/L

	Imaging- Echocardiography
	RA area <18 cm2
TAPSE/sPAP >0.32mm/mmHg
No pericardial effusion
	RA area 18-26 cm2
TAPSE/sPAP 0.19-0.32mm/mmHg
Minimal pericardial effusion
	RA area >26 cm2
TAPSE/sPAP <0.19 mm/mmHg
Moderate or large pericardial effusion

	Imaging- Cardiac MRI
	RVEF >54%
SVI >40mL/m2
RVESVI<42mL/m2
	RVEF 37-54%
SVI 26-40mL/m2
RVESVI 42-54mL/m2
	RVEF <37%
SVI <26mL/m2
RVESVI >54mL/m2

	Haemodynamics
	RAP <8mmHg
CI 2.5 L/min/m2
SVI >38 mL/min2
SvO2 >65%
	RAP 8 – 14 mmHg
CI 2-2.4 L/min/m2
SVI 31 -38 mL/min2
SvO2 60-65%
	RAP >14 mmHg
CI <2 L/min/m2
SVI <31 mL/min2
SvO2 <60%



(CI: cardiac index; CMR: cardiac magnetic resonance; NT-pro BNP: N-terminal pro-brain natriuretic peptide; pred.: predicted; SVI: Stroke volume index; SvO2: mixed venous oxygen saturation; VE/VCO2: ventilatory equivalents for carbon dioxide; VO2: oxygen consumption; 6MWT: 6-minute walk test). To harmonize with the 4-strata model shown in table 4 the NT-proBNP cut off levels have been updated from the 2015 guidelines based on data from the REVEAL registry acknowledging that the original European validation studies have used the original cut off levels. Table adapted from the ESC/ERS guidelines for PH (Humbert et al., 2022).

The ESC/ERS risk assessment tool has been validated in three separate European registries (Kylhammar et al., 2018; Hoeper et al., 2017; Boucly et al., 2017). The 2022 version of the 3-strata risk model includes updated NT-proBNP cut off levels from the 2015 guidelines (based on data from the REVEAL registry) to harmonise with the 4-strata risk model shown in Table 4, acknowledging that the original European validation studies, mentioned earlier, utilised the original cut off levels (Humbert et al., 2022). The main limitation of the 3-strata, risk-assessment tool was that 60–70% of the patients included were classified as intermediate risk of 1-year mortality with little guidance to assess risk within the intermediate group. 
Two recent registry studies evaluated a 4-strata, risk assessment tool, COMPERA 2.0, based on refined cut-off levels for WHO FC, 6MWD, and NT-proBNP, Table 4 (Hoeper et al., 2022; Boucly et al., 2022).

[bookmark: _Ref121743171][bookmark: _Toc142404096]Table 4: ESC/ERS 4-Strata Risk model (COMPERA 2.0) for 1-year mortality risk in patients with PAH
	Determinants of prognosis
	Low Risk
(<5%)
	Intermediate-Low Risk
(5 – 10%)
	Intermediate-High Risk
(10 – 20%)
	High Risk
(>20%)

	Points assigned
	1
	2
	3
	4

	WHO FC
	I or II
	-
	III
	IV

	6MWD (metres)
	>440
	320 -440
	165 -319
	<165

	NT-proBNP (ng/L)
	<300
	300 -649
	650 – 1100
	>1100


6MWD: 6-minute walk distance; NT-proBNP N-terminal pro-brain natriuretic peptide; WHO FC: World Health Organisation functional class. Risk is calculated by dividing the sum of all grades by the number of variables and rounding to the next integer. Table adapted from 2022 ESC/ERS Guidelines for management of PH (Humbert et al., 2022).

Patients were categorised as low-, intermediate–low, intermediate–high, or high-risk with 1-year mortality risk defined as <5%, 5–10%, 10–20% and >20% respectively. 4000 patients with PAH were included in these studies and showed that the 4-strata model performed at least as well as the 3-strata model in predicting mortality. The main advantage of the 4-strata model over the 3-strata model is better discrimination within the intermediate-risk group, which helps guide therapeutic decision making (Humbert et al., 2022). 

These studies also demonstrated that those patients who clinically improved with therapy to develop a low-risk profile had better outcomes than those that remained in the intermediate or high-risk groups. Therefore, management of PAH should aim to achieve and maintain a low risk profile in these patients to improve mortality (Humbert et al., 2022).

The US REVEAL Risk score (Benza & Miller, 2010) developed a similar, simplified risk score incorporating non-invasive parameters and invasive haemodynamics, again following a traffic light system with higher scores relating to higher risk of mortality.

In addition to risk score validation, Boucly et al reviewed the importance of low-risk, non-invasive criteria in a cohort of patients from the French pulmonary hypertension registry (Boucly et al., 2017). The non-invasive risk score included 3 low-risk criteria including WHO FC I–II, 6MWD >440 m and a BNP <50 ng/ L or NT-proBNP <300 ng/ L, assessed at both diagnosis and at follow-up. Importantly results showed that the total number of low-criteria achieved in the first year was related to long-term prognosis reflecting that an individual’s response to therapy in the first year is also a critical part of determining long term prognosis. This score is useful in identifying those patients at very low risk of death or those requiring lung transplantation without the need for repeat invasive haemodynamic follow-up in select patients (Boucly et al., 2017).
1.4.3.3 Investigations used to risk stratify patients with PAH- Field walk test: 6MWT vs ISWT.
6-minute walk test

The 6-minute-walk test/ distance (6MWT/ D) is the most widely used exercise test in PH. It is a submaximal exercise test that is easy and inexpensive to perform and can assess a patient’s exercise capacity. Absolute 6MWT correlates with haemodynamic parameters in iPAH and it can be a useful tool to monitor a patient’s functional capacity over time and stratify risk as well as assessing prognosis (Galiè et al., 2019). 

A standardised protocol for a 6MWT by the American Thoracic Society (ATS) (ATS Committee, 2002) is undertaken. The patient is connected to a portable pulse oximeter via a finger probe and is instructed to walk at a comfortable speed for as far as they can manage in six minutes, using their usual walking aids. The test will be terminated if the patient becomes too distressed or if the oxygen saturations fall below 60%. As soon as the test is complete the patient will be asked to sit down, the oxygen saturations, heart rate and Borg score values (Table 5) will be recorded, and recovery will be monitored. The Borg score (ATS Committee, 2002) involves a patient scoring their level of shortness of breath and fatigue before and on completion of the test. The walking course must be 30 metres in length and the distance walked in six minutes will be calculated and recorded. 


[bookmark: _Ref93440265][bookmark: _Toc142404097]Table 5: The Borg scoring system for shortness of breath and fatigue

	Score
	Symptom level

	0
	Nothing at all

	0.5
	Very, very slight (just noticeable)

	1
	Very slight

	2
	Slight (light)

	3
	Moderate

	4
	Somewhat severe

	5
	Severe (heavy)

	6
	

	7
	Very severe

	8
	

	9
	

	10
	Very, very severe (maximal)


[bookmark: _heading=h.3whwml4]      The BORG score describes the level of breathlessness a patient experiences after completing a 6MWT.  
       Adapted from ATS guidelines (ATS Committee, 2002)

Despite its popularity as a test, there are concerns about a ‘ceiling effect’ where it is thought that a 6MWD of ≥450 m, no longer reflects maximal oxygen aerobic capacity or disease severity (C. Billings et al., 2019; Deboeck et al., 2014; Degano et al., 2010). Younger patients, despite severe disease, can often walk beyond 500 metres (C. G. Billings et al., 2019; Gaine, Simonneau, & Gaine, 2013).  In addition, the improvement of 6MWD in response to treatment has not been found to be independently prognostic in PAH (C. G. Billings et al., 2019).
Incremental Shuttle Walk Test

An alternative exercise test is the incremental shuttle walk test (ISWT), developed over 20 years ago to assess peak exercise capacity in a variety of chronic diseases (Singh et al). In chronic heart failure, the ISWT has been found to be a better predictor of survival than the 6MWT (Evans & Goldstein, 2014a; Irisawa et al., 2014) and in PAH it has been shown to correlate more accurately with max VO2 peak (maximal oxygen uptake) (C. Billings et al., 2019; Irisawa et al., 2014). The ISWT has a graded physiological response to maximal exercise capacity (Evans & Goldstein, 2014a) and is used routinely as a measure of exercise capacity at Sheffield Pulmonary Vascular Disease Unit.

The ISWT is an externally paced, symptom-limited test requiring the patient to walk around a 10-metre course. The speed increases every minute and patients continue walking until they can no longer keep pace with the signal (C. G. Billings et al., 2019). The result is presented as the total distance achieved (in 10 metre increments) and results have been shown to be reproducible after a single practice test (Evans & Goldstein, 2014b). In patients with PAH the ISWT has been shown to correlate with disease severity, predict mortality and aid risk stratification (Lewis et al., 2019; C. Billings et al., 2019).
1.4.3.4 [bookmark: _Toc82805978]Cardiopulmonary Exercise Test 
Cardiopulmonary exercise testing (CPET) is a useful tool to aid with the differential diagnosis of unexplained breathlessness; to evaluate disease severity and prognosis and to aid timing and selection for transplant assessment (Albouaini et al., 2007). It provides information on exercise capacity as well as gas exchange, ventilatory efficacy and cardiac function during exercise. ESC/ERS guidance recommends the use of CPET when there is diagnostic uncertainty. Patients with PAH show a typical disease pattern with a low end-tidal partial pressure of carbon dioxide (pCO2), high ventilator equivalents for carbon dioxide (VE/VCO2), low oxygen pulse (VO2/ HR) and low peak oxygen uptake (peak VO2). Peak VO2 is often used for prognostic information to inform management decisions (Humbert et al., 2022).
1.4.3.5 [bookmark: _Toc82805979]N-terminal pro B-type natriuretic peptide
[bookmark: _Toc82805980]Active peptide hormone B-type natriuretic peptide (BNP) and the inactive peptide N-Terminal pro-hormone of BNP (NT-proBNP) are released from cardiac myocytes in response to heart wall stress and pressure overload. It is currently one of the modifiable parameters used by the ESC/ERS as part of a PAH risk assessment tool (Humbert et al., 2022).

Supporting data includes a study that used information demonstrated during the GRIPHON study which randomly assigned patients to selexipag or placebo (Chin, Lewis, et al., 2019).  NT-proBNP was measured at regular intervals and higher levels were found to be highly prognostic for future morbidity and mortality events: the risk of a mortality event was 92% lower in selexipag-treated patients and 90% lower in placebo-treated patients with a low NT-proBNP (<300ng/L) (Sitbon, Olivier, Channick, 2015a). This is supported further by studies demonstrating a significant relationship between a reduction in NT-proBNP and an improvement in RAP, PVR, RV end systolic volume (RVESV) and RV ejection fraction (Gan et al., 2006; Blyth et al., 2007; Casserly and Klinger, 2009; Chin et al., 2019; Lewis, Durrington, et al., 2020)

NT-proBNP has no known physiological function but, due to its longer half-life compared with BNP (70 versus 22 minutes), it is easier to use as a biomarker (R. Lewis et al., 2020). It therefore stands to reason then that the regular, routine measuring of NT Pro-BNP as a prognostic and risk stratification tool in PAH is important and a useful, minimally invasive monitoring option.
1.4.3.6 Transthoracic echocardiography
I have discussed this imaging modality above and its use in diagnosis and risk assessment in PAH.
1.4.3.7 Right heart catheterisation
In suspected PH, thorough investigation allows an accurate diagnosis to be made and aetiology and appropriate treatment options to be determined. Current ESC/ERS guidelines define PH as a mPAP >20mmHg at rest with PAH defined as a mPAP >20 mmHg, PCWP ≤15 mmHg and a PVR of >2 WU at RHC (Humbert et al., 2022).

RHC is performed via the internal jugular or femoral vein, a venous sheath is inserted under ultrasound guidance through which catheters are passed into the right heart and PA. Invasive haemodynamics are measured including RAP, RV pressure, PAP, PCWP, venous oxygen saturations and CO (calculated using thermodilution or the direct Fick method). It is recommended that patients with idiopathic, hereditary or drug induced-PAH undergo vasoreactivity testing to determine if they are suitable for high dose CCB therapy. Patients receive inhaled NO or intravenous epoprostenol during the diagnostic RHC procedure. A positive acute response is classified as a reduction in mPAP by >10 mmHg to reach an overall mPAP of <40 mmHg, with an increased or unchanged CO. Less than 10% of patients with iPAH fit these criteria and are subsequently trialled on a course of high dose CCB’s (Humbert et al., 2022).

Exercise-induced pulmonary hypertension
Knowledge of abnormal PAP responses to exercise is an evolving field in those with or without resting PH. A recent study looked to investigate the association of exercise-induced PH with clinical determinants and outcomes. Consecutive individuals with chronic exertional dyspnoea and preserved ejection fraction, over an 11-year period, underwent cardiopulmonary exercise testing with invasive haemodynamic monitoring to help categorise haemodynamic response to exercise. The ability to calculate a minute-by-minute PAP and CO allowed a PAP/CO slope measurement and exercise PH was defined as a PAP/CO >3 mmHg/L/min, the study’s primary outcome was cardiovascular hospitalisation or all-cause mortality. From 714 individuals recruited, 296 had abnormal PAP/CO slopes and a mean follow-up of 3.7 ± 2.9 years demonstrated 208 cardiovascular or death events. Overall, individuals with abnormal PAP/CO slopes had a 2-fold increased hazard of future cardiovascular or death events and this association of abnormal PAP/CO slope with outcomes remained significant when those with rest PH were excluded (Ho et al., 2020).
These findings highlight the value of exercise haemodynamic assessment to resting measurements alone in characterising the burden of PH in individuals with dyspnoea. The ERS have recently funded a large-scale, multi-centre research network to investigate the prognostic relevance of pulmonary haemodynamics during exercise, as assessed by RHC in patients undergoing this procedure due to clinical reasons, and to identify independent predictors of relevant clinical end-points. The primary endpoint is mortality/lung transplantation, and the secondary endpoints include hospitalisation, the development of PH at rest or the initiation of targeted PAH therapy (Kovacs, Herve, & Olschewski, 2019). Results will hopefully give us more insight into the prognostic effects of the presence of exercise PH and guide the management and follow-up of these individuals.
1.4.3.8 Cardiac Magnetic Resonance Imaging 
Cardiac magnetic resonance imaging (MRI) is a non-invasive, accurate and reproducible imaging technique allowing assessment of RV volumes, mass, and function as well as flow haemodynamics in the pulmonary circulation. Accurate RV assessment is needed for assessment of disease severity, progression and prognosis, cardiac MRI allows for high contrast resolution with the use of non-ionising radiation, this modality is sensitive to detecting subtle changes in cardiac structure and function with disease progression. MR angiograms (MRA) can additionally provide an overview of pulmonary vessel pruning in iPAH and can help delineate thromboembolic material in CTEPH (Swift et al., 2017). The main barrier to the widespread use of cardiac MRI in PH is availability, cost, and expertise of this imaging modality in this disease cohort.
Several large clinical studies have demonstrated the value of cardiac MRI as a diagnostic and prognostic tool in PH (Peacock et al., 2014; Swift et al., 2014; Yamada et al., 2012; van de Veerdonk et al., 2011; van Wolferen et al., 2007). Van de Veerdonk et al demonstrated that baseline measurements of RV ejection fraction (RVEF) using cardiac MRI predicted mortality in a group of patients with PAH and an improvement in RVEF at follow-up was associated with improved outcomes, independent of haemodynamic parameters on RHC (van de Veerdonk et al., 2011). Swift et al demonstrated that when corrected for age, sex, and body surface area, RV end systolic volume (RVESV) strongly predicted mortality, independent of WHO FC, mean RAP, cardiac index (CI) and mixed venous saturations (p = 0.004) (Swift et al., 2014). 
 
In recent years due to its repeatability and sensitivity to change, cardiac MRI has been increasingly considered as an endpoint in clinical trials of PAH therapies. Lewis et reviewed the use of cardiac MRI to risk stratify patients with PAH to help facilitate decision making. Percentage-predicted RVESV index identified a high percentage of patients at low-risk of 1-year mortality and the study found that using cardiac MRI in conjunction with current risk stratification approaches improved PAH risk stratification overall (R. A. Lewis et al., 2020).
	
Lewis et al also reviewed the use of cardiac MRI as an alternative, modifiable, variable using cardiac MRI metrics know to be prognostic in PAH. Results showed that cardiac MRI, when used as a sole risk-stratification tool, identified a high percentage of patients at low risk of 1-year mortality. As ISWD is used rather than 6MWD in Sheffield, the distance threshold of >440 m for the 6MWT was substituted with a distance threshold of >330 m for a low-risk ISWT (Billings et al., 2019c; Lewis et al., 2019; R.A. Lewis, Johns, et al., 2020).

[bookmark: _Toc82805981]Patients with PAH have variable disease progression and response to treatment, this affects their risk profile and prognosis. Regular follow-up at a PH specialist centre allows 1) any clinical deterioration of PAH to be identified early, allowing timely treatment escalation, as required; 2) RV function to be reviewed and 3) a review of clinical status and an attempt to gain a low-risk status to improve long term prognosis. Follow-up by specialist services is also required in the UK for the prescription of vasodilator therapy at diagnosis and follow-up (NHS England, 2015, 2018).
1.4.4 [bookmark: _Toc143557497][bookmark: _heading=h.3as4poj]Pulmonary arterial hypertension: Treatment
Over the past 25 years PAH therapy has evolved greatly and subsequently improved patient quality of life, symptomatic burden, and outcomes. Intravenous epoprostenol was the first therapy to be developed and it was shown to improve symptoms and haemodynamic parameters as well as reducing mortality (Sitbon & Vonk Noordegraaf, 2017; Barst, 2010; Barst et al., 2009; Badesch et al., 2000; Rubin et al., 1990). Further research studies led to the development of newer PAH-specific therapies including oral and nebulised alternatives. PAH management has advanced, and treatments historically reserved for those with severe disease, are now considered in earlier stages of disease and as combination therapy, in an attempt to further improve patient outcomes (Humbert et al., 2022; Hoeper et al., 2002).

Current ESC/ERS guidelines direct therapy for PAH based on WHO FC and risk score stratification, see
Figure 7. For those patients with WHO FC II-III (low to intermediate risk) ESC/ERS guidance recommends initial dual combination oral therapy, initially a Phosphodiesterase Type-5 (PD5) inhibitor then the addition of an endothelin receptor antagonist (ERA), if tolerated. In patients with WHO FC III–IV (High risk) ESC/ERS guidance recommends consideration of combination therapy that includes intravenous prostacyclin analogues. 

[bookmark: _Ref86249123]In patients with CTEPH, riociguat can be considered (Ghofrani et al., 2013) as well as referral to an appropriate surgical centre if disease distribution looks to be amenable for BPA or PEA surgery. In some case PH progresses despite treatment and an atrial septostomy or bilateral lung transplant is considered (Humbert et al., 2022).
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[bookmark: _Ref87473750][bookmark: _Toc91933119][bookmark: _Toc91933218][bookmark: _Toc91933397]
[bookmark: _Toc143001514]Figure 7: ESC/ERS treatment algorithm for pulmonary arterial hypertension
[bookmark: _Toc82805982]ESC/ERS guidelines: Evidence-based PAH treatment algorithm for patients with idiopathic; heritable; drug-associated-and connective tissue disease associated-PAH. Patients who have a negative vasoreactivity test are treated based on the presence or lack of cardiopulmonary comorbidity. If present oral monotherapy is recommended with regular follow-up and individualised therapy. If no cardiopulmonary comorbidities are present 3-strata risk scoring is applied-all risk levels are treated with dual oral therapy in the form of PDE5i and ERA and high groups have the addition of IV/ SC PCA (intravenous epoprostenol/ subcutaneous treprostinil). Regular follow-up is recommended and the use of the 4-strata risk score used to determine ongoing therapy needs e.g. addition of addition of further therapy or referral for transplant assessment. Cardiopulmonary comorbidities are conditions associated with an increased risk of left ventricular diastolic dysfunction, and include obesity, systemic hypertension, diabetes mellitus and coronary artery disease; pulmonary comorbidities may include signs of mild parenchymal disease and are often associated with low DLCO (<45% predicted value).CCB: calcium channel blockers; HPAH: heritable PAH; IPAH: idiopathic PAH; PAH: pulmonary arterial hypertension; PCA: prostacyclin analogues; WHO FC: World Health Organization functional class; ESC: European Society of Cardiology; ERS: European Respiratory Society. Adapted from ESC/ERS evidence-based guidance (Humbert et al., 2022).


1.4.4.1 High dose Calcium Channel Blockers
[bookmark: _heading=h.1pxezwc]Long term CCB responders make up <10% of the iPAH population (Sitbon, Humbert, & Jais, 2005). High dose CCBs are used in patients with a positive reactivity test at RHC and then ongoing response is monitored. A review of patients who had been treated and responded to high dose CCB’s (with a reduction in PAP and PVR) had an improved 5-year survival (Sitbon, Humbert, & Jais, 2005; Rich, Kaufman, & Levy, 1992). 
Identifying patients that are NO responders and altering first line PAH therapy based on this information is a good example of personalisation of patient therapy based on a patient’s results. This is something I would like to be able to offer to all patients, where treatment is based on their individual results and response to therapy rather than a generic guideline. 

1.4.4.2 [bookmark: _heading=h.49x2ik5][bookmark: _Toc82805983]PAH-specific therapy
Treatment is divided into four distinct groups that interact with either the endothelin, nitric oxide, or prostacyclin pathways within the vascular wall (Figure 8). They target pathways that mediate pulmonary vascular vasoconstriction and vasodilatation to reduce PAP and prevent or delay the otherwise likely progression to RHF and death (Sommer et al., 2021). 
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[bookmark: _Ref86242554][bookmark: _Toc91933118][bookmark: _Toc91933217][bookmark: _Toc91933396][bookmark: _Toc143001515]Figure 8: Treatment pathways targeted by disease-specific therapies prescribed in PAH.

A: Endothelin pathway-
Targeted by Endothelin-Receptor Antagonist drugs and work by inhibiting the physiological action of Endothelin receptors A and B to limit vasoconstriction and small muscle cell proliferation.
B: Nitric Oxide pathway – 
Targeted by Phosphodiesterase Type 5 inhibitor drugs and work by inhibiting the physiological response of phosphodiesterase type 5 on cyclic GMP to reduce vasoconstriction and limit smooth muscle cell proliferation.
C: Prostacyclin pathway -
Prostacyclin production by vascular endothelial cells is reduced in PAH. It acts via the IP prostacyclin receptor causing vasodilation and inhibiting smooth muscle cell proliferation. Drugs used to mimic the properties of prostacyclin in patients with PAH include synthetic prostacyclin (epoprostenol); prostacyclin analogues (iloprost, treprostinil, beraprost) and non-prostanoid IP receptor agonists (selexipag). 
D: Soluble guanylate cyclase stimulator-
Riociguat acts directly on sGC, and it increases cGMP levels and induces vasodilation. It also has an antifibrotic, antiproliferative and anti-inflammatory effects.
Reproduced and adapted with permission from Humbert, Sitbon et al. Treatment of Pulmonary Arterial Hypertension NEJM (2004) 351;14 1425-1436. Copyright Massachusetts Medical Society. sGC: soluble guanylate cyclase; cGMP: cyclic guanosine monophosphate; cAMP: cyclic adenosine monophosphate
    



Drug therapy currently licenced for the treatment of PAH includes:

1. Phosphodiesterase Type 5 Inhibitors
-      Sildenafil/ Tadalafil (oral)
PD5i are taken orally and act by inhibiting the physiological response of phosphodiesterase type 5 on cyclic GMP to reduce vasoconstriction and limit smooth muscle cell proliferation.

2. Endothelin Receptor Antagonists 
· Ambrisentan/ Macitentan/ Bosentan (oral)
ERAs are taken orally and work by inhibiting the physiological action of Endothelin receptors A and B to limit vasoconstriction and smooth muscle cell proliferation.

3. Prostacyclin/ non-prostanoid therapy 
Prostacyclin production by vascular endothelial cells is reduced in PAH. It acts via the IP prostacyclin receptor causing vasodilation and inhibiting smooth muscle cell proliferation (Del Pozo, Hernandez Gonzalez and Escribano-Subias, 2017). The following drugs are used to mimic the properties of prostacyclin in patients with PAH and include:
· Synthetic prostacyclin (epoprostenol (intravenous (iv)) 
· Prostacyclin analogues (iloprost (nebulised or iv)/ treprostinil (iv/po))
· Non-prostanoid IP receptor agonists (selexipag (oral)).

4. Soluble Guanylate Cyclase stimulator 
· Riociguat (oral). 
These have a dual mode of action- they sensitise sGC to endogenous nitric oxide by stabilising the NO-sGC binding and can directly stimulate sGC via a different binding site. They also stimulate the NO-sGC-cGMP pathway leading to increased generation of cGMP and subsequent vasodilation. Antifibrotic, antiproliferative and anti-inflammatory effects have also been noted.
1.4.4.3 Dual vs triple combination therapy
The use of dual oral combination therapy has been demonstrated to provide benefit over a single therapeutic agent in randomised clinical studies using a time to clinical worsening (TTCW) endpoint in the AMBITION study (Galiè et al., 2015). 500 patients with PAH, WHO FC II/ III and no previous treatment were allocated a treatment arm (Arm 1: Ambrisentan and Tadalafil, Arm 2: Ambrisentan and placebo, Arm 3: Tadalafil and placebo). Results showed that initial combination therapy significantly reduced the risk of hospitalisation, worsening PAH symptoms or death. In the EARLY trial (NCT00091715) was a randomised control trial designed to assess the effect of dual therapy with the addition of ERA in a cohort of patients with WHO-FC II PAH. PVR improved significantly in the treated arm (treatment effect -22.6%, 95%CI; p<0.0001) compared to placebo.

Until recently the limitation of treatment with a prostanoid was that delivery was limited to a nebulised route (taken up to six times a day) or subcutaneous/ intravenous therapy (via a Hickman line into a central vein), a difficult treatment regime for many patients. In recent years, the UK has commissioned the use of selexipag, a non-prostanoid IP receptor agonist, as an alternative in patients with WHO FC II-III either as combination therapy in patients insufficiently controlled with an ERA and/ or PD5 inhibitor or as monotherapy in patients who cannot tolerate other therapy (NHS et al., 2015).

The Phase 3 trial GRIPHON (Sitbon, Olivier, Channick, 2015a) showed selexipag to reduce TTCW and hospitalisation secondary to PAH. The TRACE study evaluated the effect of selexipag on the physical activity of patients with PAH in their daily life, by using a wearable wrist device (results are discussed in section 9.3.2) and the TRITON (Triple vs initial dual oral therapy in patients with newly diagnosed PAH) study examined up-front oral triple therapy with macitentan, tadalafil and selexipag (Gosh, 2017).

Within each study there was large variation in therapeutic response between individuals which is not necessarily reflected in current guidance. This limits the ability to personalise therapy escalation based on an individual’s response to therapy especially if risk stratification is based on initial diagnostic haemodynamic data only. Some patients may respond to certain drug classes more than others or have variable response depending on when they are reviewed. A one size fits all approach for each patient means some patients may not have the opportunity to trial all drugs that may be the most suited to their disease and treatment response.
1.4.4.4 Supportive therapies 
In PH diuretics are used to reduce RV preload and reduce oedema and progression of RHF. If chronic hypoxaemia is diagnosed, then ambulatory or long-term home oxygen therapy may be indicated depending on which BTS criteria are met. There is also evidence that pulmonary rehabilitation and a graded, supervised exercise program can improve fitness, symptoms, and patient confidence (Fox et al., 2011). As there is a large proportion of women of childbearing age, birth control advice is also often required and patients with more advanced disease may require palliative care input and symptom control.
1.4.4.5 [bookmark: _Toc82805987]Experimental therapies 
Novel therapies, addressing vascular and RV remodelling, have been identified through pre-clinical studies. A detailed review of all potential therapies is beyond the scope of this thesis, however, the number of molecules and diversity of targets is well reviewed in an article, by Sommer et al, that highlights the poor success rates of clinical trials compared to animal models (Sommer et al., 2021). As 
Figure 9 demonstrates there are multiple preclinical trials in PAH, acting on multiple pathways thought to contribute to vascular and RV remodelling and vasoconstriction (Sommer et al., 2021). The gap between preclinical and clinical trials may be related to animal models oversimplifying pathological mechanisms and simulated conditions, never truly replicating PH in humans. This gap also highlights the bottleneck in drug development as the current clinical study methods require repeated invasive/ hospital-based investigation for determination of efficacy in a rare disease with limited patient numbers available for enrolment.
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[bookmark: _Ref101896761][bookmark: _Toc82805988]
[bookmark: _Toc143001516]Figure 9: Novel treatment options in PAH currently tested in clinical trials.
All substances shown in the figure are currently being tested in clinical trials for the treatment of PAH and act on different pathways known to affect vascular remodeling leading to PAH. EPC’s: Endothelial progenitor cells; ER’s: oestrogen receptors; LTA4H: LTA4 Hydrolase; SERT: Serotonin transporter; VPAC: Vasoactive intestinal peptide receptor. Reproduced with permission from John Wiley and sons, licence number 52965704362238. Figure from (Sommer et al., 2021), British Journal of Pharmacology 2019.

Two targets with pre-clinical and clinical data that may impact patient care in coming years are the use of imatinib and sotatercept in PAH (Wilkins et al., 2021; Joshi et al., 2020; Hoeper et al., 2013), I will discuss these pathways below.

Imatinib 
Imatinib is a tyrosine kinase inhibitor that inhibits the BCR-ABL1 fusion protein, PDGFR (platelet-derived growth factor) alpha and beta and c-KIT protein. PDGF is a potent vascular smooth muscle cell mitogen and abnormal activation of PDGF signally pathways have been implicated in small vessel remodelling via the proliferation and hyperplasia of vascular smooth muscle cells (Yu et al., 2003; Schermuly et al., 2005; Ghofrani et al., 2010; Wu et al., 2020b). IMPRES (Imatinib in PAH: NCT00902174), a phase III study, showed the imatinib treated group showed marked improvement in 6MWD and PVR at week 24 compared with placebo group (Hoeper et al., 2013). Due to safety concerns with an interaction between warfarin and imatinib the trial was stopped early. A new, multi-centre phase I/ II trial, PIPAH (Positioning imatinib in PAH: NCT04416750), started recruiting in early 2021 to assess drug dose tolerability and dose efficacy of imatinib treatment in patients with PAH. Early results from patients enrolled into this study from Sheffield will be discussed in chapter 6.

Sotatercept
Joshi et al completed two phase IIb pre-clinical trials using sotatercept, an activin Receptor Type IIA-Fc (ActRIIA-Fc) in a rat model of PAH. The studies demonstrated that therapeutic treatment with ActRIIA-Fc reduced pulmonary inflammation and reversed pulmonary vascular remodelling, improved haemodynamic parameters, and restored RV geometry and function.  Recent phase 2 and 3 trials have had promising results. 

PULSAR (NCT 03496297) (Hoeper et al., 2023) is a multicentre, randomised, double-blind, phase 2 trial that included a 24-week placebo-controlled treatment period. Patients with PAH, WHO FC II/III on stable background therapy (mono, dual or triple therapy) WHO II/III were recruited. The treatment arm showed a significant reduction in PVR in those patients receiving background therapy for PAH compared to those in the placebo group. Improvements in 6MWD and NT-proBNP were also noted.

STELLAR (NCT 04576988) (Humber et al., 2023) is a recent multicentre, double-blind, phase 3 trial in adults with PAH, WHO II/III on stable background PAH therapy. Patients again were randomly assigned to either arm 1: SC sotatercept or arm 2. Placebo every 3 weeks. This demonstrated a significant improvement in the group of patients treated with sotatercept compared to placebo (40.8m; 95%CI, 27.5 to 54.1; p<0.001)

1.4.5 [bookmark: _Toc82805990][bookmark: _Toc143557498]Pulmonary arterial hypertension: Progression of disease
As discussed earlier, patients with PAH can present with a variety of symptoms including syncope or palpitations. It is unclear if these symptoms are specifically related to progression of vascular disease or an alternate pathology such as cardiac dysrhythmia secondary to the adaptation of the right heart to pressure overload. Disease progression is thought to involve an increasing PVR and PAP leading to pressure overload, a hypertrophic RV and ultimately the right heart begins to fail, and PAP and CO drop as the RAP increases, see [image: ]

Figure 10, (Howard, 2011a). This hypothesis of the sequence of events in PAH is based on a large volume of snapshot haemodynamic data at diagnosis +/- at times of decompensation. Haemodynamic data between RHC are not fully understood as PAP/CO is not monitored in all patients at regular intervals. 




[bookmark: _Ref82793017][image: ]

[bookmark: _Toc91933120][bookmark: _Toc91933219][bookmark: _Toc91933398][bookmark: _Toc143001517]Figure 10: Haemodynamic changes in cardiac output, PAP and PVR during PAH disease progression.
[bookmark: _Toc82805991]Graph demonstrating the hypothesised timeline of disease progression in pulmonary artery hypertension (PAH). An increasing pulmonary vascular resistance (PVR) and pulmonary artery pressure (PAP) lead to right ventricular (RV) pressure overload, a hypertrophic RV and ultimately the right heart fails.  PAP and cardiac output subsequently drop as the RAP increases and PVR continues to rise. (Howard, 2011).


1.5 [bookmark: _Toc143557499]Pulmonary hypertension services in the UK

In the UK, in 2001, a network PH referral centres was established with an aim of improving diagnostic rates and providing equitable access to high quality care. They are commissioned for both the diagnostic assessment of suspected PH and the on-going treatment of patients with PAH and need to adhere to national audit standards. There are currently 7 adult centres and 1 centre providing care for children with suspected PH (Figure 11). The Sheffield Pulmonary Vascular Disease Unit serves a large geographical area with a referral population of approximately 15-20 million patients.  The health economic burden of PAH is high (Rich et al., 2018b; Coyle et al., 2016b; Sikirica et al., 2014b; Hoeper & Dinh-Xuan, 2004b) despite the advent of generic therapies that have significantly reduced the cost of treatment. For many patients the cost of therapy ranges from £5,000 to £300,000 per year (Rich et al., 2018a; Coyle et al., 2016a; Sikirica et al., 2014a).
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[bookmark: _Ref142327736][bookmark: _Toc91933121][bookmark: _Toc91933220][bookmark: _Toc91933399][bookmark: _Toc143001518]Figure 11: Specialist PAH services in the UK and Ireland.
Specialist services for pulmonary hypertension diagnosis, treatment and follow-up are based in 6 areas: 
Glasgow, Newcastle, Sheffield, Papworth, Dublin, and London, including paediatric services.
Adapted from www.phauk.org.

Recent years have seen significant advances in PH treatment; however, currently approved therapies work primarily as pulmonary vasodilators or to reduce pulmonary vasoconstriction. There remains no cure and no treatment that targets the proliferative vascular remodelling driving disease or the secondary RHF. Clinical and molecular differences are known to influence survival and response to PAH treatment. Despite this, drug choice is empirical and clinical management uniform, based upon an algorithm that matches functional class and calculated risk score to number/type of therapies prescribed. Guideline-directed therapy is needed to ensure patients with PH are treated appropriately but it makes the personalisation of treatment, based on individual symptomatic and haemodynamic changes, more difficult. 
[bookmark: _Toc143557500]1.5.1 Challenges in providing care for patients with pulmonary hypertension.
PH referral services in the UK face a number of challenges. Guidelines make recommendations regarding the frequency of visits, however, there is limited evidence regarding the frequency with which patients need to be reviewed and the duration between hospital visits is often informed only by ritual or historic approaches. The recent COVID-19 pandemic has highlighted the need to gain better evidence regarding how best to assess patients and how best to integrate remote monitoring approaches to care. A further issue arises due to the nature of follow-up and involvement of multiple hospital teams, it is not always easy to detect warnings of clinical deterioration and patients can decompensate quickly. 

Critical decisions regarding patient management are often based on snapshot data collected whilst the patient is first in hospital and to robustly evaluate treatment effect as guidelines recommend repeat invasive studies, again only providing a further snapshot of data. Limited data points can make it difficult to personalise therapy for the individual patient. 

This raises the question that if we could remotely capture critical measurements of health and well-being in real time, in between hospital visits, could we personalise therapies and follow-up to the individual patient and their condition. Having more data points over time would provide more information as physiology fluctuates and snapshot data does not take this into account. Repeated observations in an individual with disease show that measurements of important physiological variables are varied both in the absence of an intervention and following different interventions. It would therefore be desirable to assess whether a treatment intervention such as a drug therapy is more effective in a particular individual by comparing it to a placebo in an individual on multiple occasions (Senn, 2018). Such approaches to the evaluation of treatment interventions in a rare disease , if properly executed, have been shown to provide a powerful alternative to larger randomised controlled trials when patient numbers are low in rarer diseases (Müller et al., 2021). Through novel approaches to study design there is the potential to provide evidence-based, personalisation of therapy.

1.6 [bookmark: _Toc82805992][bookmark: _Toc143557501]Remote monitoring
The use of remote monitoring and telecommunications for patient monitoring has become more advanced and more common in recent years. From early remote video clinics observing patients undertaking an adapted walk test (Cox et al., 2013) to advances in technology that can remotely observe and record haemodynamic parameters transmitted wirelessly. These readings facilitate remote review by treating physicians in patients with heart failure with both preserved and reduced ejection fraction (Adamson & Abraham, 2011). Studies have shown that remote and more regular monitoring of data can aid clinical assessment and improve disease control as well as reducing disease-specific hospitalisation and improving prognosis in those with heart failure and a recent admission, I will discuss the results of these trials further in section 1.6.5.2 (Koehler et al., 2018a; W. T. Abraham et al., 2016; Adamson et al., 2014). Remote monitoring can take many forms ranging from non-invasive technology in the form of ambulatory blood pressure monitoring to more invasive technology, for example, PAP monitors implanted during RHC. Types of remote monitoring are shown in 

Initial studies for remote monitoring in heart failure used a range of technology to monitor non-haemodynamic parameters, for example weight; blood pressure; and/ or thoracic impedance. However, studies failed to demonstrate benefit, possibly due to the parameters used to guide therapy, the patient populations enrolled or lack of patient engagement with the technology (Koehler et al., 2018b; van Veldhuisen et al., 2011). This highlighted the need to remote monitor parameters that are specific and important to the disease process as well affecting mortality, treatment of these is likely to improve outcomes.













[bookmark: _Ref84600716]Table 6.

Initial studies for remote monitoring in heart failure used a range of technology to monitor non-haemodynamic parameters, for example weight; blood pressure; and/ or thoracic impedance. However, studies failed to demonstrate benefit, possibly due to the parameters used to guide therapy, the patient populations enrolled or lack of patient engagement with the technology (Koehler et al., 2018b; van Veldhuisen et al., 2011). This highlighted the need to remote monitor parameters that are specific and important to the disease process as well affecting mortality, treatment of these is likely to improve outcomes.













[bookmark: _Toc142404098]Table 6: Available remote monitoring technology.

	
	Remote monitoring technology
	Evidence /Study examples

	Non -
invasive
	Ambulatory BP monitoring
Holter ECG monitoring



Activity trackers
               - pedometers
               - Watches
               - Phone apps

Cordella Heart Failure system (Endotronix)
(BP machine, SpO2 monitor, weight scales, interactive tablet)

Project Breathe in cystic fibrosis
(Home spirometry/ SpO2 monitor / thermometer/scales/Fitbit. Data downloaded to phone app)
	(NICE, 2019a)
NICE /ESC guidance
(Brugada et al., 2020; Cowan, 2014)


TROPHY (Rothman, 2018)
Fitbit (Chu et al., 2017)


SIRONA /PRO-ACTIVE HF
(Mullens et al., 2020)



Project Breathe app
(Magic Bullet, 2019)


	Minimally -
invasive
	Insertable Cardiac Monitors 

Continuous glucose monitoring (Freestyle libre)
	(Pérez-Rodon et al., 2014)


(Fokkert, van Dijk, et al., 2017)

	Invasive
	Pacemakers /complex cardiac devices

PAP monitors (CardioMEMS)
	ESC guidelines (Glikson et al., 2021)(Cowie, 2018; Adamson & Abraham, 2011)

	Experimental
	Endotronix PAP sensor

	Current studies: SIRONA I+II, PROACTIVE-HF



BP blood pressure; ECG electrocardiogram; CF cystic fibrosis; O2 Sats oxygen saturations; PAP pulmonary artery pressure.


1.6.1 [bookmark: _Toc143557502]Remote monitoring in clinical practice
Remote monitoring can be integrated into a patient’s diagnostic and treatment journey at multiple points and for different reasons. In symptomatic patients it can be used to determine a new diagnosis, such as in patients with intermittent palpitations where implantable devices it can be used to identify whether an arrythmia is present or absent. 
In cardiology, arrhythmia diagnosis is improved with the use of Holter ECG monitoring or continuous implantable cardiac monitoring over standard 12-Lead ECG monitoring (Sanna et al., 2014). This technology has also been used to monitor for asymptomatic disease recurrence, for example for recurrent AF post acutely successful AF ablation when routine follow-up is not always required. Other diagnoses, for example systemic hypertension benefit from the use of outpatient ambulatory BP monitoring to minimise the effects of ‘white coat syndrome’ as the patient is relaxed at home and multiple readings allow diagnosis to be based on trend data rather than one off readings (NICE, 2019b). 

As a guide for on-going treatment remote monitoring technology in diabetes management has revolutionised the treatment of diabetes mellitus from the early provision of glucose monitors providing direct patient involvement and engagement to the more recent advent  of continuous or flash glucose monitoring devices (NICE UK, 2015; Fokkert et al., 2017; Wood et al., 2018). In this setting patients apply a small sensor to their arm (Freestyle Libre, Abbott) or a glucose monitor to their abdomen and receive regular measurements that enable patient-initiated changes in diet or insulin dose. Untoward readings such as hypoglycaemia are identified promptly, allowing early treatment and prevention of an asymptomatic or symptomatic hypoglycaemic event. Over time familiarity with this data empowers patients to actively manage their own condition. The prospect of being able to provide near normal control of glucose levels has the potential to dramatically transform life expectancy in this common condition. (NICE UK, 2015).

Remote monitoring is not suitable for all patients and a careful assessment is required to determine suitability. Despite this though, increased education in the area and smaller, less invasive simpler technologies have led to increased accessibility and patient acceptability. I will now discuss the types of remote monitoring and how it has been utilised in cardiology and PH and the current evidence.
1.6.2 [bookmark: _Toc143557503]The use of remote monitoring in cardiology and pulmonary hypertension
1.6.2.1 [bookmark: _Toc15932164]Activity trackers
Increased physical activity has been shown to be beneficial in preventing or delaying the onset of many serious chronic medical conditions, such as type-2 diabetes and stroke, subsequently improving health outcomes (National Institute of Health, 2017). It may also improve a person’s quality of life (QoL) and mental health (National Institute of Health, 2017; Penedoa & Dahn, 2005). There have been multiple studies reviewing the accuracy and potential application of activity tracker technology in research and ‘real life’ situations. 

Activity monitors allow people to monitor their step count, activity levels and sleep hygiene continuously throughout a 24-hour period, some also allow users to manually input their weight, food, and water intake. Most activity trackers work by using accelerometers to assess movement translating this data into digital measurements. Steps are measured by an algorithm that detects motion and an altimeter that detects upward or downward movement (Fitbit, 2007). 


Studies have shown activity tracker technology to be accurate in recording number of steps/ estimating METS (Metabolic equivalents)/ daily activity and minutes of reported exercise (Dominick et al., 2016). A comparison study of light versus moderate to vigorous activity, with regards to all-cause mortality, showed that the level of activity also matters. Participants who performed higher levels of moderate to vigorous activity had a significantly lower mortality risk (Borgundvaag & Janssen, 2017) and reduced cardiovascular event rates (Lear et al., 2017). Healthy volunteers who performed higher levels of exercise have been shown to have a marked improvement in spirometry readings (Luzak et al., 2017) and improved sleep health (Murray et al., 2017) compared to those who performed little or no activity. 

Comparison studies of available technology show a high correlation with regards to steps detected but some variability between individual devices (Chu et al., 2017). Two devices that use accelerometer technology include 1) Actigraph, a wrist worn activity tracker that requires a review of a patient and the device before readings can be reviewed and 2) Fitbit which has a dashboard that is a usable interface that can be accessed by doctor and patient, if required, allowing data to be reviewed remotely (Chu et al., 2017). The Apple watch works by utilising the integration of photoplethysmography (PPG) into its wrist-worn devices for the purpose of recording heart rate. This is a simple non-invasive optical method that detects beat-to-beat pulsatile changes in blood flow (Khushhal et al., 2017). Apple watches connect to a patient’s mobile phone and are potentially more acceptable and easier to integrate into day-to-day life.
The use of wearable activity trackers as a way of monitoring patient activity during a research trial has been utilised in several studies, although data in PH is relatively limited. Redfield et al (Redfield, Margaret M, Anstrom, Kevin J, 2015) used wearable activity trackers in patients diagnosed with heart failure and preserved ejection fraction whilst giving increasing doses of isosorbide mononitrate. They found that higher doses caused a reduction in activity as perceived by the activity trackers and this correlated with worsening 6MWD. Recent studies in PH, including TROPHY (Rothman, 2018), have made use of wearable activity trackers as a clinical study endpoint, highlighting that this technology could be a potential bridge between FDA approved endpoints such as 6MWT and those that are relevant to patient’s QoL. 

The TRACE study (NCT03078907) was a prospective, double-blind, placebo-controlled, phase IV study in patients with PAH to assess the effect of selexipag on daily levels of physical activity measured using actigraphy and QoL scores. The primary end-point was change from baseline to week 24 in daily levels of physical activity and results demonstrated no statistically significant difference in the primary end-point. This may possibly be related to the type of actigraphy used and it’s positioning (e.g. wrist-worn rather than hip-worn) or related to the broad definition used for each level of activity. Definitions used to describe activity level vary greatly between studies and can make comparisons difficult. The number of patients recruited to the TRACE study was estimated based on recruitment feasibility, but a larger population and longer observation period may have improved results. 

Despite no statistically significant differences in the primary end-point this study has demonstrated that it is possible to collect high quality actigraphy data with high levels of compliance, demonstrating the potential for remote data monitoring in randomised controlled trials (Howard et al., 2020).

Although not the primary indication for implantation, physical activity can be remotely monitored via insertable cardiac devices (ICMs) for example loop recorders and pacemakers. It is a potential tool that could be used to monitor activity but requires correlation with other remotely monitored parameters. 

1.6.2.2 Insertable Cardiac Monitors
The use of ICMs has been demonstrated to be a safe and effective approach to improving the diagnostic rate of cardiac arrhythmias compared to Holter monitoring, including asymptomatic patients (Maines et al., 2018; Sanders et al., 2016; Pürerfellner et al., 2015; Pérez-Rodon et al., 2014). Recent data reviewing the newer, smaller ICM devices has shown improved accuracy and more convenient insertion in the out-patient clinic setting rather than requiring insertion in a catheter laboratory. Studies have shown that a device insertion in a clinic environment to be safe, cheaper, and more convenient for both doctor and patient (Sanders, Piorkowski, Johannes A Kragten, et al., 2019; Maines et al., 2018; Slotwiner et al., 2015; Pürerfellner et al., 2015). The smaller devices can monitor heart rate and rhythm for 3-5 years depending on the model implanted and frequency of use (Medtronic, 2016a). Evidence shows that continuous monitoring of heart rate and rhythm increases diagnostic rates of both symptomatic and asymptomatic arrhythmias allowing more timely intervention and in the setting of atrial fibrillation (AF) earlier treatment with a reduction in cardiovascular stroke (Pérez-Rodon et al., 2014). 

Current ICM devices include the LinQ device (Medtronic) and the CONFIRM RX device (Abbott) allowing for continuous monitoring of heart rate, rhythm, physical activity and in some cases thoracic impedance and respiratory rate. If an arrhythmia is detected it is recorded and if the patient experiences symptoms, they can highlight this to the device and ECG is recorded for that time. This data, transmitted via mobile network/ Bluetooth, can be reviewed remotely by the physician or research team allowing quick and accurate diagnosis of arrhythmias or any adverse events. 

1.6.2.3 Cardiac implantable electronic devices (CIED’s)
Pacemakers (PPM) or implantable cardiac defibrillators (ICD) can continuously monitor trends in physiological parameters including heart rate variability; physical activity; arrhythmic burden; daily pacing percentage and in some cases accelerometer-based heart sounds and intrathoracic impedance. Although often implanted for alternative indications this information can be leveraged remotely to assess patient wellbeing, heart failure status and response to therapy, facilitating interventions as needed. In patients with heart failure and a CIED, limited data suggests that automatic, daily, implant-based telemonitoring can improve clinical outcomes (Ponikowski et al., 2016; Bekelman et al., 2015; Hindricks et al., 2014). 

How data is recorded and processed differs between device company. Some, for example, Abbott laboratories (Chicago), record the parameters and trend data at each download and then make it available to the clinical team for interpretation. Other companies, for example Medtronic (Minneapolis) and Boston Scientific (Minnesota), have developed risk score algorithms based on correlation of CIED-generated data with signs, symptoms and patient behaviours classically associated with worsening heart failure.

Medtronic devices
Medtronic Ltd (Minneapolis) have CIED’s with the ability to continuously monitor trends in thoracic impedance, OptivilTM fluid index (this tracks changes in thoracic impedance over time), arrhythmia burden, daily pacing percentage, heart rate variability, and patient activity. The Heart failure risk status (HFRS), a validated dynamic heart failure risk prediction tool was developed. The risk score follows a Bayesian-style model using the previous 30 days of data to predict heart failure risk for the next 30 days and generates a patient-specific assessment that translate to high, medium, or low risk for hospitalisation in the next 30 days (Cowie et al., 2013). The TRIAGE-HF trial had a primary objective of correlating high HFRS with signs, symptoms, and patient behaviours associated with worsening heart failure as well as highlighting abnormal device parameters contributing to a patient’s risk status at the time of remote data transmission (Cowie et al., 2013; Virani et al., 2018; Ahmed et al., 2019). They enrolled subjects with heart failure and reduced ejection fraction (HFREF), implanted with a Medtronic CIED. 8-month follow-up was undertaken (Virani et al., 2018a) and the HFRS was automatically applied to each patient enrolled. The risk of heart failure hospitalisation was 6.8% in the HFRS ‘high risk’ group, compared to 0.6% in the ‘low risk’ group, a 10-fold increase.

Some interventional studies reviewing active, device-based remote monitoring versus standard of care have demonstrated variable success (Morgan et al., 2017; W. T. Abraham et al., 2016; Boriani et al., 2013) despite previous reviews showing predictive accuracy (Boehmer et al., 2017a; Cowie et al., 2013). TRIAGE-HF Plus (Ahmed et al., 2019) was undertaken to evaluate HFRS in a real-world population. It reviewed a novel clinical pathway utilising a combination of CIED risk‐ stratification and telephone triage to identify patients with worsening heart failure. Patients with all types of CIED were included, transmission schedules remained unchanged from standard of care and only high HFRS transmission were actioned. This resulted in a clinical pathway that could identify high risk heart failure patients prior to them developing symptoms, enabling early intervention to reduce heart failure hospitalisation and improve prognosis (Ahmed et al., 2020).

Boston Scientific devices
Previous studies had shown that various CIEDs had demonstrated remotely monitored early changes in physiological parameters prior to heart failure hospitalisation (Samara & Tang, 2011; Yu et al., 2005). Contradictory to this, clinical trials using these implanted devices have not consistently shown reductions in HF hospitalisations (Van Veldhuisen et al., 2011a; Böhm et al., 2016). Reasons are multifactorial but are potentially related to the use of single sensors alone, to try to predict outcomes in heart failure, a complex clinical syndrome (Heist et al., 2014; Auricchio et al., 2014; Conraads et al., 2011). In response, Boston Scientific (Minnesota) developed an algorithm for the early detection of worsening heart failure by combining a diverse set of implanted sensors (Boehmer et al., 2017a) and developed the MultiSENSE (Multi-Sensor chronic evaluation in ambulatory heart failure patients) Risk score (Boehmer et al., 2017a).

Studies using this technology involved continuous monitoring of accelerometer-based heart sounds; respiration; thoracic impedance; heart rate and patient activity, any changes in physiology were correlated to any heart failure events that occurred. Changes in physiological parameters from a patient’s baseline were weighted and aggregated based on individual risk for worsening heart failure events (Heart logic index). This allowed review variables to form a risk score to provide a means of early detection of increasing risk of heart failure decompensation/hospitalisation (Boehmer et al., 2017a). Data was plotted as mean Heart Logic index ± SEM daily. When a heart failure event occurred, it was plotted and HeartLogic index scores were reviewed on the day of HF event and for the 90 days preceding. Days related to heart failure events with the HeartLogic Index were found to be significantly greater than the preceding 3 months (p <0.05 Rank Sum test) (Boehmer et al., 2017b).

Regular collection and review of physiological and haemodynamic parameters and correlation to clinical status has enabled the development of clinical risk scores to enable detection of higher risk patients with heart failure to enable intervention prior to symptoms or admission. Based on this I hypothesised that if a similar model for monitoring haemodynamic parameters in PAH could be created then, then a PAH risk score could be developed and potentially give similar results. This will be discussed further in chapter 3.

1.6.2.4 Remote monitoring in heart failure
Initial studies in patients with heart failure have used a range of monitoring technologies based on measuring weight, blood pressure and/ or impedance. However, studies failed to demonstrate benefit, possibly due to the parameters used to guide therapy, the patient populations enrolled or lack of patient engagement with the technological approach. Additionally, the high false positive alert rates have increased health care utilisation in several studies (Van Veldhuisen et al., 2011a). These experiences have provided significant learning points and recent studies incorporating structured remote monitoring and protocolised telemedical centre management, demonstrate a reduction in unplanned cardiovascular admissions and all-cause mortality using daily weights, blood pressure, heart rate and rhythm, oxygen saturations and a self-rated health status score (Koehler et al., 2018c). These parameters are reviewed, and abnormalities identified by health care practitioners, however, changes might identify physiological adaptations or symptoms that occur relatively late in the transition from stable to decompensated heart failure (Adamson, 2009) and are non-specific, leading to a low sensitivity and specificity to detect deterioration of heart failure status. To proactively manage heart failure, treatment needs to be based on physiological adaptations that occur early enough to alter therapy before clinical decompensation and symptom development. A PAP monitor or CardioMEMS (Abbott) is technology that enables the continuous monitoring of PAP remotely and has the potential to identify haemodynamic changes that may precede clinical deterioration.
[bookmark: _Toc15932165]Pulmonary artery pressure monitors
An increase in cardiac filling pressures and PAP is observed 30 days prior to the development of symptoms in patients with heart failure (Adamson et al., 2003; Zale et al., 2008; Adamson, 2009) and clinical trials demonstrate that using PAP to guide heart failure therapy is safe and effective (Givertz et al., 2017a; Adamson et al., 2011; W. T. Abraham et al., 2011) . A reduction in morbidity and mortality in patients with heart failure in NYHA class III on physician-guided medical therapy (NICE, 2018a; Givertz et al., 2017b; Ponikowski, Piotr, Voors, 2016; W. Abraham et al., 2011) in patients with both preserved and reduced ejection fraction heart failure in the real world (Shavelle, Desai, & Abraham, 2019; Heywood & Jermyn, 2017; Adamson, Abraham, & Stevenson, 2014). 

The European Post-market study (COAST) enrolled patients with NYHA class III chronic heart failure of any aetiology, with at least 1 heart failure-related hospitalisation within 1 year prior to enrolment. Analysis of the first 100 patients demonstrated a large reduction in the heart failure-related hospitalisation rate: 2.05 heart failure-related hospitalisations/ patient-year occurred during the 6 months prior to CardioMEMS implantation vs. 0.33 during the 6 months post CardioMEMS implantation. This initial analysis correlates with results and benefits demonstrated in the US population (Cowie, 2018).

The ESC guidelines for heart failure include monitoring of PAP using a wireless, implantable haemodynamic monitoring system may be considered in symptomatic patients with heart failure and previous heart failure hospitalisation to reduce the risk of recurrent heart failure admission, with a Class IIb, evidence level B recommendation (McDonagh et al., 2021) . This is based on studies that demonstrate that remote monitoring in heart failure provides benefit and that earlier treatment based on remote monitoring haemodynamic data led to a reduction in heart failure decompensation/admission and improvement in mortality (Cowie, 2018; W. Abraham et al., 2016; Adamson, Abraham, & Stevenson, 2014).

More recently the GUIDE-HF study (Haemodynamic-guided management of heart failure, (J. Lindenfeld et al., 2021)), a multicentre, single-blind study in the USA randomly assigned patients to either haemodynamic-guided heart failure management based on PAP readings or normal standard of care groups. The primary end point was a composite of all-cause mortality and total heart failure events at 12 months. The study found that haemodynamic-management of heart failure did not result in a lower composite end point compared to the control group in the overall study analysis. However, a pre-COVID-19 impact analysis indicated a possible benefit of haemodynamic-guided management on the primary outcome in the pre-COVID 19 period, primarily driven by a lower heart failure hospitalisation rate compared with the control group. This pre-COVID impact analysis has led to an FDA label expansion with an increase in the scope and number of patients that can be implanted with PAP monitors in the USA (Abbott, 2022; J. A. Lindenfeld et al., 2021).

1.6.2.5 Remote monitoring in pulmonary hypertension
PAP monitors have been demonstrated to be safe in heart failure and lead to a reduction in heart failure admissions. Most of these patients have PH normally as a consequence of left heart disease but there is only very limited data in patients with PAH. In PAH, the diagnosis of and subsequent treatment of disease is based on snapshots of haemodynamic measurements that include PAP readings measured during RHC with no continuous data routinely monitored. Studies that have monitored ambulatory PAP monitoring over 24 hours found significant changes in PAP with variation in posture and activity throughout 24 hours. Interestingly, resting PAP was not shown to predict the change in PAP seen on exercise (Raeside et al., 2002) . In clinical practice, treatment changes in patients with PAH are based on a multiparameter risk assessment including pulmonary haemodynamic measurements that are based on single readings.  An implantable PAP monitor has the potential to provide more data at rest, on exertion and whilst resting, which may give a more representative indication of haemodynamic stats which could be used to inform treatment decision.

Benza et al, utilised CardioMEMSTM PAP monitors in patients with a diagnosis of PAH to assess the feasibility and safety of these monitors and to assess the haemodynamic response to submaximal exercise testing. 26 patients were enrolled in the initial US study from multiple US centres and authors concluded that CardioMEMSTM PAP monitors could be used to monitor PAP and guide therapy in patients with PAH. Pilot data suggested there were no safety concerns in the initial follow-up period. Patients enrolled had a diagnosis of PAH and NYHA III/IV RHF, 92% were women and had an average age of 51 ± 18 years. The study observed a significant reduction in PAP and CO elevation up to 1 month post implant. A significant improvement in NYHA class and QoL was also noted within 1 year of implantation (Airhart et al., 2021; Benza et al., 2015, 2019; Benza, Doyle, & Lasorda, D DO, 2019).

1.6.3 [bookmark: _Toc143557504]Challenges with remote monitoring
The initial set up of a remote monitoring service requires considerable resources but  once the service is established, it has the potential to  prioritise clinical workload and timing of face-to-face consultations. Regular monitoring of haemodynamic data enables early detection of haemodynamic change and the potential to allow treatment to be established before clinical decompensation. For those patients that are stable, a review of remote monitoring data provides the potential for remote follow-up, potentially reducing health care resource utilisation and allowing engagement with more remote populations who may find it difficult to travel for face-to-face clinical assessments.  

Daily or continuous readings can result in an overload of information in all patient groups. A robust plan for dealing with this information needs to be in place to avoid potentially masking important clinical information that needs to be actioned. There is the potential for alerts to be sent to the clinician, signposting the medical team to patients needing more urgent attention. Trend data can enable those alerts to be more accurate and personalised to each patient. This can reduce workload of the medical practitioner if they don’t have to review all pieces of ‘normal’ data recorded. Alerts need to be set appropriately to stop a high number of warning alerts in patients that are clinically well, confounding the issue.

1.6.4 [bookmark: _Toc143557505]Choosing the correct type of remote monitoring for a disease process
To determine which parameters are relevant to a disease process the disease specific haemodynamic parameters or tests that are measurable and relate to patient outcomes need to be identified.  It has been proposed that parameters chosen for monitoring need to be absolute, accurate, accessible, active, and actionable to enable a change in management to improve outcomes (

Figure 12).
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Active 
(Changes with disease)
Accurate
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[bookmark: _Ref86756078][bookmark: _Toc91933122][bookmark: _Toc91933221][bookmark: _Toc91933400][bookmark: _Toc143001519]Figure 12: The appropriate parameter or biomarker for disease monitoring 
Adapted from (Abraham, 2017)

1.6.5 [bookmark: _Toc143557506]Why use remote monitoring in patients with pulmonary arterial hypertension?

Clinical care and early phase studies of new drugs in patients with PAH often require repeated, invasive, pulmonary haemodynamic measurements such as PAP, CO and PVR, in addition to repeated assessments of functional capacity such as 6MWT, patient reported outcome measures and more recently, repeated assessments using imaging biomarkers such as cardiac MRI (Swift et al., 2021). In patients with PAH the use of PAP monitors and insertable cardiac monitors have the potential to streamline early phase clinical study design, match patients to drugs best suited to their condition, improve patient outcomes, inform clinical guidelines, and provide health economic benefit. They also allow patients to be more engaged and involved in their own care. 
1.7 [bookmark: _Toc143557507]
Hypothesis

Haemodynamic parameters, that may be remotely monitored, reflect disease severity, and are related to established outcome measures in patients with pulmonary arterial hypertension. These parameters can be utilised to determine a remote risk score in these patients to aid management decisions.

1.8 [bookmark: _Toc82805997][bookmark: _Toc143557508]Aims
1. Determine physiological parameters in patients with PH and PAH that 
relate to mortality and can be remotely monitored then develop and validate a remote monitoring PAH risk score.
2. Build a cohort of patients with PAH with implantable remote monitoring 
devices and explore the relationship between remotely monitored physical activity and standardised field walk tests.
3. Determine the feasibility and safety of using PAP monitors and observe how      
             haemodynamics change with therapy or disease worsening.
4. Explore the use of remote monitoring technology and remote PAH risk score 
              in experimental medicine trials.

1.9 [bookmark: _Toc143557509]Objectives

1. Use data from the Sheffield ASPIRE cohort to determine which parameters can be remote monitored and relate to 1-year mortality. Use data to develop a remote PAH risk score.
2. Implant suitable patients with an ICM and review the relationship between remotely collected physical activity data to standardised field walk testing. 
3. Implant suitable patients with PAP monitors as part of the FIT-PH study (REC 19/YH/0354) and review how haemodynamic data changes with therapy or disease worsening.
4. Involve the FIT-PH patient cohort into an experimental medicine study investigating a potential new PAH drug. Use remote monitoring technology to enable assessment of how and when physiology changes post introduction of experimental therapy. 


[bookmark: _Toc82805998]

[bookmark: _Toc143557510][bookmark: _Toc82806015][bookmark: _Toc82805999]Chapter 2:      Materials and methods

This chapter documents the materials and methods used throughout this thesis. 
2.1 [bookmark: _Toc143557511]Observational clinical studies

Three distinct cohorts of patients with pulmonary hypertension were used in the identification of potential remote monitoring variables and subsequent monitoring studies.
1.6.1 [bookmark: _Toc82806001][bookmark: _Toc143557512]Sheffield’s ASPIRE registry	 (6/YH/0352)
[bookmark: _Toc82806002]The ASPIRE (Assessing the Spectrum of Pulmonary hypertension Identified at a Referral centrE) registry is a cohort study of patients with all forms of PH referred to the specialist pulmonary vascular disease unit in Sheffield. All patients with suspected PH, undergoing assessment from February 2001, were followed up resulting in a Sheffield PH registry with over 20 years of outcome data. As part of routine clinical care patients underwent systematic evaluation based on contemporary guidelines including blood testing, transthoracic echocardiography, exercise testing, pulmonary function testing, multimodality cross-sectional imaging including CT Thorax, nuclear medicine, cardiac MRI and RHC. Following review of results and a MDT assessment, patients were classified according to international guidelines. Results from follow-up visits and mortality data were recorded  (Lewis et al., 2019; C. Billings et al., 2019; Hurdman et al., 2012).
1.6.1 [bookmark: _Toc143557513] The UK National Cohort Study of Idiopathic and Heritable Pulmonary Arterial Hypertension	(13/EE/0203)
The UK National Cohort Study of patients with Idiopathic and Heritable Pulmonary Arterial Hypertension (REC 13/EE/0203) was designed to determine the contribution of heritable traits to disease in patients with idiopathic and heritable PAH. Patients were recruited from all PH centres in the UK with over 1100 patients recruited to date. Baseline investigations were undertaken as part of a patient’s standard of care with research follow-up visits at years 1 and 3 (Table 7). Research to date has been focused on the identification of genetic causes of idiopathic and heritable PAH using whole genome sequencing and related technologies. It is hoped that long term follow-up of patients and their relatives will provide important information on how genetic mutations affect outcome and response to treatment, which environmental triggers are involved in the development of PAH and overall more information on the natural history of disease. (Adapted from the National Cohort Study of Idiopathic and Heritable Pulmonary Arterial Hypertension (13/EE/0203).
[bookmark: _Ref82643134][bookmark: _Ref86663183][bookmark: _Toc142404099]Table 7: National Cohort of Idiopathic and Heritable PAH study investigation schedule.
	Standard of care tests performed
	Research tests at baseline
	Research tests at 1 year
	Research tests at 3 years

	Bloods
	Bloods
	Bloods
	Bloods

	ABG
ECG
	Epidemiology Questionnaires
	Epidemiology Questionnaires
	Epidemiology Questionnaires

	6MWT / ISWT
	
	
	

	PFT’s
	
	
	

	TTE
	
	
	

	+/-Cardiac MRI
	
	
	

	RHC
	
	
	


ABG: Arterial blood gas; ECG: Electrocardiogram; 6MWT: 6-minute walk test; ISWT: Incremental shuttle walk test; PFT’s: Pulmonary Function Tests; TTE: Transthoracic echocardiogram; MRI: Magnetic resonance imaging; RHC: Right heart catheter. Adapted from the National Cohort Study of Idiopathic and Heritable Pulmonary Arterial Hypertension (13/EE/0203).

As part of the arrhythmia sub-study of The National Cohort Study of Idiopathic and Heritable Pulmonary Arterial Hypertension, patients in Sheffield and Papworth were invited to undergo implantation of an Insertable Cardiac Monitor (ICM). 

2.2 [bookmark: _Toc82806003][bookmark: _Toc143557514]Device-based clinical studies
The aim of the National Cohort study of Idiopathic and Heritable Pulmonary Arterial Hypertension sub-study is to characterise the aetiology, natural history and clinical significance of arrhythmias in patients with PAH by inserting an ICM (LinQ, Medtronic). A second study, FIT-PH (Feasibility of novel clinical Trial infrastructure, design, and technology for early phase studies in patients with Pulmonary Hypertension (19/YH/0354)), utilises a PAP monitor (CardioMEMS, Abbott) to remotely monitor PAP and an activity tracker to remotely monitor activity and heart rate. 

2.2.1 [bookmark: _Toc82806004][bookmark: _Toc143557515][bookmark: _Toc82806005] Study 1: Arrhythmia sub study of UK National cohort study of Idiopathic and 
[bookmark: _Toc143557516]Heritable PAH. (13/EE/0203)
Patients with PAH enrolled in the UK national cohort from the Sheffield Pulmonary Vascular Disease Unit and the Royal Papworth Hospital were eligible. Written consent was obtained, and eligible patients underwent implantation of a LinQ ICM device (Medtronic). I wrote the amendment for this sub-study with Dr Alex Rothman, Sheffield, and Dr Mark Toshner, Cambridge. 

2.2.1.1 [bookmark: _heading=h.19c6y18][bookmark: _Toc82806006]Study Objectives
1. To quantify arrhythmic burden in a population of patients with iPAH, and to follow longitudinal outcome measures for correlation.
2. [bookmark: _heading=h.3tbugp1]To investigate the relative occurrence of atrial and ventricular tach-arrhythmias and brady arrhythmias in a population of patients with iPAH.
3. To observe changes in physical activity and heart rate in these patients during periods of stability and in response to therapy change and pre/ post clinical worsening event.
4. To examine the impact of the COVID-19 pandemic and national lockdown measures on levels of physical activity.
5. To collect data on adverse events

2.2.1.2 [bookmark: _Toc82806007]Study Participants
[bookmark: _heading=h.28h4qwu]Patients were identified from the National Cohort Study of Idiopathic and Heritable PAH in both Sheffield and Papworth. 

2.2.1.3 [bookmark: _Toc82806008]Inclusion Criteria
1. Participant is willing and able to give informed consent for participation in the study.
2. Male or Female, aged at least 16 years.
3. Diagnosed with idiopathic, anorexigen-induced or heritable PAH.
4. Patients can be symptomatic or asymptomatic and can have pre-existing arrhythmias.
2.2.1.4 [bookmark: _heading=h.nmf14n][bookmark: _Toc82806009]Exclusion Criteria
1. Patient is unable to give informed consent.
2. Patient does not have idiopathic, anorexigen-induced or heritable PAH.

2.2.1.5 [bookmark: _heading=h.37m2jsg][bookmark: _Toc82806010][bookmark: _Toc82806011]Study Procedures and Technology

[bookmark: _heading=h.1mrcu09]Following written consent, implantation of the LinQ ICM device was performed as an out-patient in a sterile environment using local anaesthesia. Following a period of observation for 30 minutes patients were given a MyCareLinkTM patient monitor and provided with information on its use. I will discuss this technology further in the technology section 2.3.

Technology
The LinQ (Medtronic) ICM monitors heart rate, heart rhythm and physical activity and is approximately the size of a AAA battery. Battery longevity is 3 -5 years, depending on the model implanted. I will discuss this technology further in the technology section 2.3.

2.2.1.6 [bookmark: _heading=h.46r0co2][bookmark: _Toc82806013]Adverse events
Potential adverse and serious adverse events (AE/ SAE’s)s associated with the implantation procedure include, but are not limited to, the following:
· Insertion site pain / bruising
· Local tissue reaction / infection (may require device explant)
· Bleeding
· Device migration
· Erosion through skin
(Mittal et al., 2015).

Device Infection /removal
[bookmark: _Toc82806012]Suspected and/ or confirmed device infection was managed in accordance with local standard operating procedure (SOP) protocols (Lewis, 2017). The device will not be removed routinely when it reaches end of life but can be removed on patient request through a short, minimally invasive procedure. This will cause no detriment or safety concerns for the patient (Mittal et al., 2015). 

Adverse Event Reporting
If AE/ SAE’s occurred as a consequence of the ICM implant events were reported to the Chief Investigator and clinical team. A SAE is any untoward medical occurrence that results in death; is life-threatening or leads to inpatient hospitalisation or prolongation of existing hospitalisation.

If an AE related to monitoring data occurred then the event was characterised into low (green), medium (orange) or high (red) risk and appropriate action taken to ensure patient safety. The local SOP protocol used in clinical practice by the cardiology department at Sheffield Teaching Hospitals was modified to include patients with PH (Table 8, Smith, 2017).

[bookmark: _Ref91937669][bookmark: _Toc142404100]Table 8: Adverse event reporting for ICM data in Pulmonary hypertension
	Category
	Problem
	Home Monitoring

	Green
	Normal Sinus Rhythm
Atrial or Ventricular ectopic beats including couplets, triplets and salvo's
Narrow complex tachycardia
Nocturnal Bradycardia
Bradycardia >40bpm 
Pause <3 seconds
1st Degree heart block
2nd degree heart block Mobitz Type I
	Continue Home Monitoring.

	Orange
	Atrial Fibrillation <1% or single episode >6min
Pause 3-5 seconds
Bradycardia <40bpm
2nd degree heart block Mobitz Type II during night-time hours
Non-Sustained ventricular tachycardia <15 beats
Complete heart block during night-time hours
	Orange reports do not have any clearly established treatment guidelines in pulmonary hypertension patients. The clinical care team will therefore only follow-up if deemed clinically appropriate – if necessary, reported to the clinical care team by the next working day.

	Red
	Sustain ventricular tachycardia >15 beats
Pause >5 seconds
Complete heart block during daytime hours
2nd degree heart block Mobitz Type II during daytime hours

	Clinically actionable red category reports will be alerted to the clinical team and relayed to the patient if clinical follow-up is required the next working day.


Adapted from Sheffield Teaching Hospitals NHS Foundation Trust Standard Operating Procedure protocol for implantable cardiac devices (Smith, 2017).
[bookmark: _heading=h.111kx3o]

2.2.1.7 [bookmark: _Toc82806014]Follow-up
This is an observational study, and the patient was not routinely offered a follow-up visit unless it was clinically indicated. The research team contacted the patient via telephone if an arrhythmia was detected and further information required. The LinQ device downloads each night and is automatically uploaded on to the MyCareLinkTM Network if an arrhythmia or patient-activated event has been identified and any events were reviewed remotely by the research team. 
(https://world.medtroniccarelink.net). 

[bookmark: _Toc143557517][bookmark: _Toc82806016]2.2.2 Study 2: 	Feasibility of novel clinical Trial infrastructure, design and technology for early phase studies in patients with Pulmonary Hypertension (FIT-PH), (19/YH/0354).

I wrote and submitted the study protocol and ethics application approved for FIT-PH (19/YH/0354) with Dr Alex Rothman, University of Sheffield. Overall, FIT-PH was designed to enable remote monitoring of PAP, heart rate and physical activity, among other variables in patients with PH and the effects of these changes on a patient’s QoL. FIT-PH is a prospective, open-label, single centre, observational study to evaluate the safety and feasibility of using PAP monitors and wearable activity monitors in patients with PH.
[bookmark: _Toc82806017]
2.2.2.1 Study objectives
Study objectives for FIT-PH are described in 

Table 9.

2.2.2.2 [bookmark: _Toc82806019]Study participants	
[bookmark: _Ref82775693]Patients were recruited from the Sheffield Teaching Hospitals NHS Foundation Trust and screening/ study visits occurred at either the Royal Hallamshire Hospital or Northern General Hospital in Sheffield. Patients were approached during clinic attendance or via telephone and given/ sent a patient information sheet prior to a screening visit. 

[bookmark: _Toc142404101]Table 9: FIT-PH: Objectives and related outcome measures
	
	Objectives
	Outcome Measures

	Primary

	To test the safety and feasibility of PAP monitoring and wearable activity monitors in patients with PH.

	Procedure related adverse events at 30 days.


	Secondary

	1 To correlate PAP changes with outcome and activity data.

2 Assess patient compliance with remote monitoring.

3 Determine effects on patient experience/ management.

	1 Correlate data from PAP monitor and activity monitors.



3a Effects on 6MWT/ NYHA functional class, EmPHasis 10 QoL score. 

3b Patient experience/ symptom burden via patient recorded symptoms.

3c Clinical data: drugs/ admissions/ mortality



[bookmark: _heading=h.4k668n3][bookmark: _Toc82806018]PH: Pulmonary Hypertension; PAP: Pulmonary Artery Pressure; 6MWT: 6-minute walk test; NYHA: New York heart Association; QoL: Quality of life). FIT-PH 19/YH/0354.


2.2.2.3 [bookmark: _heading=h.2zbgiuw][bookmark: _Toc82806020]Inclusion criteria
1. Diagnosis of PH at cardiac catheterisation (Group I,II,III and V)
2. NYHA Class III
3. Admission for heart failure within the last 12 months
4. Age ≥18 years
5. Estimated glomerular filtration rate (eGFR) >25
6. Body mass index (BMI) <35 (or equivalent)
7. Pulmonary artery (PA) branch ≥7mm
8. Negative pregnancy test (If female of childbearing age) 
9. Written, informed consent completed
10. Willingness of the patient to comply.
2.2.2.4 [bookmark: _heading=h.1egqt2p][bookmark: _Toc82806021]Exclusion criteria
1. Group IV PH 
2. Active infection
3. Recurrent venous thromboembolic disease (Pulmonary emboli (PE) or deep vein thrombosis (DVT))
4. Major cardiovascular event within past 2 months
5. Cardiac resynchronisation therapy (CRT) device within past 3 months
6. Mechanical right heart valve
7. Known coagulation disorder
8. Known hypersensitivity to aspirin or clopidogrel.

2.2.2.5 Study Procedures
[bookmark: _heading=h.3ygebqi][bookmark: _Toc82806022]Once a patient gave written consent they attended a screening, implant/ baseline and at least two face-to-face follow-up visits. In between visits there was the opportunity to continuously monitor data from the CardioMEMSTM heart failure system. The patients were contacted by telephone or invited to an unscheduled hospital visit, if clinically indicated, based on data obtained remotely. A summary of the requirements for each study visit is shown in Table 11.

At the screening visit an assessment of inclusion and exclusion criteria, a full medical history, medication review, clinical examination and set of clinical observations were performed, as well as a review of the medical notes. A 12-lead ECG; 6MWT; NYHA FC classification and PAH mortality risk score, according to ESC/ERS guidelines (Humbert et al., 2022), were completed and documented. Blood test results and recent imaging were reviewed or requested, as clinically indicated. Patients were also asked to complete EmPHasis 10 QoL, PHQ9 depression and GAD7 anxiety questionnaires.

The baseline/ implant visit involved a reassessment of eligibility criteria and a review of patient history as well as a repeat clinical examination and observations. A CardioMEMSTM heart failure sensor was implanted if the patient remained eligible. Readings were calibrated and recorded, and the patient was given a home monitoring system and education regarding its use. 

Post-implantation patients were prescribed dual antiplatelet therapy (DAPT) for 30 days and a single antiplatelet agent thereafter. A deficit in our knowledge with regards to DAPT post CardioMEMS implantation in patients with PH was identified and I researched and developed a protocol that is now used in our department for all FIT-PH study patients, as demonstrated in 

[bookmark: _Ref82775977]Table 10. If the patient is already taking an oral anticoagulant in the form of warfarin or a direct oral anticoagulant (DOAC) then they do not require the addition of an antiplatelet to their treatment regime. If the patient is taking selexipag then clopidogrel is contraindicated and an alternative antiplatelet is prescribed (Axelsen et al., 2021). 

[bookmark: _Toc142404102]Table 10: FIT-PH: antiplatelet therapy protocol post CardioMEMSTM implant.

	Agent 1
Lifelong
	Agent 2
30 days post procedure

	Aspirin (75mg OD PO)
	Clopidogrel (75mg OD PO)
(Unless contraindicated)

	Or Clopidogrel (75mg OD PO)
(If already taking long term for alternate indication)
	Or Prasugrel (60mg stat then 10mg OD PO)
(If taking selexipag*)

	
	Or Ticagrelor (180mg stat then 90mg BD PO)
(If above are contraindicated)


[bookmark: _Toc82806023]There is a documented interaction between clopidogrel and selexipag (Axelsen et al., 2021). OD: Once a day; BD: Twice a day; PO: oral route; stat: immediately. Based on methods used in CHAMPION study (W. Abraham et al., 2016; Adamson & Abraham, 2011)and local antiplatelet expert opinion, Professor Robert Storey.



Those patients who did not consent or could not have a LinQ ICM to monitor physical activity data as part of the cohort study, were offered a Fitbit activity tracker, with access to an account accessible by both patient and physician.  
2.2.2.6 [bookmark: _Toc82806024]Technology

[bookmark: _heading=h.2dlolyb][bookmark: _Toc82806025]CardioMEMSTM Heart Failure (HF) system
The manufacturer of the CardioMEMSTM HF system is Abbott, Chicago. The system includes a small pressure-sensing device that can be directly implanted, during right heart catheterisation, into the left or right PA. It allows remote, wireless monitoring of PAP changes and heart rate before the progression of symptoms. Data captured by the device can be used to help doctors proactively manage medication and treatment plans with an aim to prevent further heart failure admissions. At the time of writing ethics for FIT-PH, the CardioMEMSTM HF system had a licenced indication for patients with NYHA III heart failure and a heart failure admission within the previous year. As of February 2022, the licenced indication was extended by the FDA to include NYHA II heart failure with a heart failure admission within the last year and/ or a raised NT-proBNP based on results from the GUIDE-HF trial(Abbott, 2022; Lindenfeld et al., 2021).
[bookmark: _heading=h.sqyw64][bookmark: _Toc82806026]Activity tracker 
A Fitbit Charge 3 activity tracker (or similar if patients had their own device) was used, this has the capability to monitor step count, activity level, sleep, and heart rate. The activity trackers can be synced to devices such as mobile phones or laptops allowing the wearer to log their food and water intake, weight and activity and review trend data over time, (Fitbit, 2007), see section 2.3 for further details.
2.2.2.7 [bookmark: _Toc82806027]Contraindications: 
The CardioMEMS™ HF System is contraindicated in patients with an inability to take dual antiplatelet or anticoagulants for one month post implant.
2.2.2.8 [bookmark: _Toc82806028]Potential Adverse Events: 
[bookmark: _Toc82806029]Potential AEs associated with the implantation procedure include, but are not limited to pulmonary thrombosis, infection, infarction, dysrhythmias, bleeding/ haematoma, myocardial infarction, transient ischemic attack or stroke, death, and device embolisation (Cowie, 2018; Adamson & Abraham, 2011).  Using the recent GUIDE-HF trial as an example- 8 out of 1022 patients (0.8%) had a device or system related complication. None of the 8 complications resulted in death or explant of the device, and most were vascular injury events due to vascular access or device implant. Complications included: 1 x catheter site haematoma (0.1%); 2 x catheter site haemorrhage (0.2%); 1 x device dislocation (0.1%); 1 x device malfunction (0.1%); 2 x arterial injury (0.2%) and 1 x vascular pseudoaneurysm (0.1%). (J. A. Lindenfeld et al., 2021)
2.2.2.9 Follow up
Follow up visits occurred at 30 days and 1 year with the opportunity for unscheduled telephone calls/ hospital visits as required. At each follow-up, patients underwent a review of clinical history; clinical examination; a set of clinical observations; 12-lead ECG; 6MWT; NYHA functional class; EmPHasis 10; PHQ9 and GAD7 questionnaires and a review/ request of blood tests/ imaging as clinically indicated (Table 11). 
The aim of FIT-PH was to test the safety and feasibility of this technology in patients with a confirmed diagnosis of PH. 
[bookmark: _Ref82776046][bookmark: _Ref86613671][bookmark: _Ref91935195][bookmark: _Ref91935552][bookmark: _Ref82775935][bookmark: _Toc142404103]Table 11: FIT-PH: Study visit schedule
	Activity/assessment
	Screening

	Implant
Day 0
	Visit 2
Day 30+/- 8 days
(or remote)
	Visit 3
12 months
+/- 8 days
(or remote)
	Further visits
Ad hoc if clinically indicated (or remote)
	Ad hoc telephone calls, if clinically indicated

	Informed consent
	X
	
	
	
	
	

	Continuous review of remote data
	X+ consent
	X
	X
	X
	X
	X

	Eligibility Criteria reviewed
	X
	X
	
	
	
	

	Demographics
	X
	
	
	
	
	

	Medical history
	X
	X
	X
	X
	X
	X

	Observations*
	X
	X
	X
	X
	X
	

	Physical examination
	X
	X
	X-
	X-
	X-
	

	NYHA functional class assessment
	X
	X
	X
	X
	X
	X

	Risk Score calculation (ESC/ERS)
	X
	
	X
	X
	X
	

	Pregnancy test**
	(X)
	(X)
	(X)
	(X)
	(X)
	

	Laboratory tests, if clinically indicated***
	X
	X
	X*** -
	X*** -
	X***-
	

	12-Lead ECG
	X
	
	X-
	X-
	X
	

	6MWT
	X
	
	X
	X
	X
	

	Echo / MRI review and repeat if clinically indicated
	X
	
	X-
	X-
	X-
	

	EmPHasis 10 score
	X
	X
	X
	X
	X
	

	Discuss / commence anticoagulation plan 
	X
	X
	
	
	
	

	CardioMEMSTM sensor implantation
	
	X
	
	
	
	

	CardioMEMSTM HFS set up
	
	X
	
	
	
	

	Online account set up
	
	X
	
	
	
	

	30- day supply of antiplatelet given if not already on anticoagulation.
	
	
X
	
	
	
	

	CardioMEMSTM sensor reading download /review
	
	X
	X
	X
	X
	X

	Activity data review
	
	X
	X
	X
	X
	X

	Medication review
	X
	X
	X
	X
	X
	X

	Adverse events (AE) review
	
	X
	X
	X
	X
	X


[bookmark: _heading=h.4bvk7pj]*Including but not limited to blood pressure (sitting and standing), pulse, oxygen saturations, respiratory rate, temperature, height, weight, and BMI. **Pregnancy tests will only be applicable to women of childbearing potential. ***Laboratory tests as clinically indicated to include, but not limited to FBC, UE, clotting screen, LFT, NT-Pro BNP. Once the sensor is implanted / home monitoring and Fitbit platform is set up (if required), continuous monitoring and review of data from the CardioMEMSTM HF system and Fitbit platform will be possible. NYHA: New York Heart Association; ESC: European Cardiology Society; ERS: European Society of Respiratory; ECG: Electrocardiogram; 6MWT: 6 Minute Walk Test; Echo: Echocardiogram; MRI: Magnetic Resonance Imaging; HFS Heart Failure System. (Taken from FIT-PH study protocol)
2.3 [bookmark: _heading=h.kgcv8k][bookmark: _Toc82806030][bookmark: _Toc143557518][bookmark: _Toc82806031]Technology and device insertion
2.3.1 [bookmark: _Toc143557519]LinQ Insertable cardiac monitor 
This technology is used as part of the UK National cohort of idiopathic and heritable PH sub-study (13/EE/0203). Once a patient had consented to take part in this study, they attended for ICM implantation.
2.3.1.1 [bookmark: _Toc82806032]Pre-device insertion
Patient’s eligibility was determined using data collected during their routine, standard of care clinic visits and informed consent was taken for implantation and continuous monitoring of data. The patient was allocated a LinQ (Medtronic) ICM device and a MyCareLinkTM patient monitor with a personalised serial number (Figure 13). A pre-insertion interrogation was performed by placing the patient connector over the sealed device via a Bluetooth connection to input the device serial number and patient details.
[image: A picture containing remote, controller, game, indoor

Description automatically generated] 
[bookmark: _Ref92287584][bookmark: _Toc143001520][bookmark: _Toc91933123][bookmark: _Toc91933222][bookmark: _Toc91933401]Figure 13:  Reveal LinQ ICM implant and the MyCareLink home monitor
The home monitor wirelessly downloads any data recorded via the inserted LinQ device. It then transmits 
this data over the cellular network to the online CareLink network portal, accessible by the medical and 
research team. Image provided courtesy of Medtronic, Inc
2.3.1.2 [bookmark: _heading=h.3q5sasy][bookmark: _Toc82806033]Device Insertion
The LinQ ICM can be implanted in a clinic setting under sterile conditions with no detriment or increased risk to the patient (Sanders, Piorkowski, Johannes A. Kragten, et al., 2019). I will describe the steps for implantation below and in Figure 14.

Step 1:		Ask the patient to lie down and undress from the waist up.

Step 2:		Attach patient to an ECG monitor.
Step 3:		Implanter should scrub and wear a sterile gown and gloves.
Step 4:		Clean skin with chlorhexidine solution and allow to dry.
Step 5:		Attach a sterile drape to the patient.
Step 6:	Identify the 4th left intercostal space approximately 2 cm parallel to the sternal border. 
Step 7: 	Infiltrate 10 mls of local anaesthetic.
Step 8:	Pinch the skin and make an incision at 90 degrees to the pinched skin with the scalpel provided.
Step 9:  	Insert the tool via the incision at a 45-degree angle to the sternum to create a pocket approximately 8 mm under the skin. 
Step 10:	Rotate the insertion tool 180 degrees to open the incision.
Step 11:  	Insert the plunger into the insertion tool and push in completely to deploy the device into the pocket under the skin.
Step 12:	Remove plunger and insertion tool, leaving the LinQ device in situ.
Step 13:	Apply pressure until bleeding has stopped then apply Steri-strips and a dressing.
[bookmark: _heading=h.25b2l0r]B
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[bookmark: _Ref86514915]
[bookmark: _Ref92191954][bookmark: _Toc143001521][bookmark: _Toc82806035]Figure 14: Schematic demonstrating the correct steps for LinQ ICM implant. 
A: Find the left 4th intercostal space. B: Clean the skin and infiltrate local anaesthetic then pinch the skin C: Use the scalpel to make an incision at 90 degrees to the skin. D: Insert the tool and rotate 180 degrees E: Press the plunger and insert the device, ensure haemostasis, and apply Steri-strips or sutures. Image provided courtesy of Medtronic, Inc

2.3.1.3 Device set-up
1. Place the patient connector over the LinQ insertion site (once a dressing is applied) to allow a post-insertion interrogation.
2. Review the following:
· Patient information
· R wave amplitude (must be at least the larger of a) twice the peak T wave or b) twice the peak p wave amplitude)
· R wave sensing (should be >0.2mV or device may need repositioning)
· Programmed parameters (arrhythmia detection rates etc)
3. Connect the patient’s device to the Medtronic CareLink Network ensuring the patients date of birth is completed correctly as this enables arrhythmia detection parameters to be set up appropriately based on age.
2.3.1.4 Device programming
Post implant the device needs to be programmed appropriately as detection parameters will alter based on pre-set data to increase chances of the device detecting the arrhythmia for which it has been implanted. As there is no indication for monitoring in PH, I reviewed the types of arrhythmia that were potentially more likely to be found in this cohort. As patients with PH develop right heart dilatation and RHF it would make sense that there may be an increased incidence of arrhythmias arising from the right heart, for example, typical atrial flutter. As sinus tachycardia is a fast and regular tachycardia the device can sometimes diagnose atrial flutter incorrectly and vice versa. As many devices are implanted to monitor for more irregular or fast tachycardias, the LinQ is programmed to ignore regular tachycardias unless they are over a certain threshold or if they are noted to have a fast onset and offset, to limit false positive results. In this study the LinQ devices needed to be more sensitive to these right sided arrhythmias and the baseline device settings at implant were altered, as demonstrated in Table 12. This was performed with the understanding that initially more results would lead to an increase in the initial data load but with regular review and trial and error the following parameters were accepted as standard.


[bookmark: _Ref86613585][bookmark: _Toc142404104]Table 12: Medtronic LinQ ICM: programming parameters-out of box vs PH-specific programming.

	Device programming parameter
	Out of box settings
	Settings in PH patients in Sheffield

	R wave
          - Sensitivity
          - Blank after sense
	
0.035 mV
150 ms
	
0.035 mV
150 ms

	Tachycardia detection
	On
(220 - patient age) bpm for 16 beats
	On
(220 - patient age) bpm for 16 beats

	Bradycardia detection
	Rate of ≤30 bpm for 4 beats

	Rate of ≤30 bpm for 4 beats

	Pause detection
	>3 seconds
	>3 seconds

	AT/AF detection
	On
	On

	AF detection sensitivity
	Less sensitive
	Balanced sensitivity

	Ectopy rejection
	On
	Off

	AT/AF recording threshold
	AF Only
	All episodes

	Regular rate detection
	Off
	On: All rates

	Symptomatic episode duration
	Four x 7.5 minute episodes
	Four x 7.5 minute episodes


PH: Pulmonary Hypertension; bpm: beats per minute; AT: Atrial Tachycardia; AF: Atrial Fibrillation.
(Medtronic, 2016b).

2.3.1.5 Patient education and home monitor set-up
Post implant the patient was taught how to set up the MyCareLinkTM home monitor. Patients received a patient assistant (Figure 15) to use in the event of symptoms as pressing the button ‘forces’ the device to record ECG at the time of symptoms. Out of box settings are set in a way that if the patient assistant is used the preceding 6 minutes of ECG are saved and the device continues to record ECG for the next 1.5 minutes. The information will upload to the online CareLink website that evening via the patient’s home monitor. 


[image: Graphical user interface
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[bookmark: _Ref87476366][bookmark: _Toc91933126][bookmark: _Toc91933225][bookmark: _Toc91933404][bookmark: _Toc143001522]Figure 15: Patient assistant tool for patient-activated ICM recording.
Image provided courtesy of Medtronic, Inc






2.3.1.6 [bookmark: _heading=h.34g0dwd][bookmark: _Toc82806037]MRI compatibility
The LinQ device is MR Conditional at 3.0 and 1.5 Tesla with no post-insert waiting period required. The patient can also go through an airport security scanner safely and will be given an implant ID card to highlight to airport staff/ health professionals which cardiac device they have in situ (Medtronic Inc, 2015).  

2.3.1.7 [bookmark: _Toc82806041]Device functionality
[bookmark: _Toc82806038]The Medtronic LinQ ICM is a small, leadless device that is inserted under the skin, as described earlier. It has 2 electrodes that monitor the patient’s subcutaneous ECG continuously. The device memory can store up to 27 minutes of ECG recordings from automatically-detected arrhythmias and up to 30 minutes of ECG recordings from patient-activated episodes. Summary information is transmitted wirelessly each day to the patient’s home monitor at a scheduled time over night. When received the monitor transmits the information via cellular telephone connection to the Medtronic CareLink Network.  (Medtronic Inc, 2015).

2.3.1.8 [bookmark: _Toc82806039]Device-based arrhythmia detection algorithms
The device detects arrhythmias utilising in built algorithms that are described in more detail below.
1. Atrial tachycardia /atrial fibrillation (AT/ AF) Episode Detection 

This feature enables the device to detect regular and irregular atrial arrhythmias. AT/ AF episodes are detected using an automatic algorithm based on the pattern of R-wave interval variability within 2-minute periods. The differences between consecutive R-wave intervals are plotted in a scatter plot to reveal patterns in the rhythm and then pattern recognition is then used to identify AT and AF episodes. R-wave intervals during AF episodes are highly irregular and uncorrelated, whereas more regular R-wave patterns are expected during AT episodes and sinus rhythm (Medtronic Inc, 2015). 
2. Ectopy Rejection 

This feature enables the device to not detect AF when the algorithm detects evidence of atrial ectopy during any 2-minute period (Medtronic Inc, 2015). 
3. TruRhythm™ Detection

This is a self-learning algorithm used to increase the accuracy of AT/ AF detection.  It keeps a history of p-wave evidence and uses this history to adapt the level of AF evidence needed to detect an AF episode, thereby reducing the number of false positive AF episode detected in patients with sick sinus syndrome or frequent atrial ectopy activity (Medtronic Inc, 2015).
 
2.3.1.9 [bookmark: _Toc82806040]Result reporting
Remote monitoring reports created include:
1. Rate histogram: for a) ventricular rate and b) ventricular rate during AT/AF,
2. AT/ AF summary: Reports an overview of all atrial arrhythmias detected,
3. Cardiac compass: reports trending data including average day and night ventricular rate, daily activity, and heart rate variability.

This data is available for review by treating physicians on the Medtronic CareLink secure electronic portal (Medtronic Inc, 2015). I will discuss data extraction methods and statistical analysis of data performed in sections 2.4 and 2.5.
2.3.2 [bookmark: _Toc86421716][bookmark: _Toc143557520][bookmark: _Toc82806051]
CardioMEMSTM Pulmonary artery pressure monitor
This technology was utilised as part of the FIT-PH Study to evaluate the safety and feasibility of using PAP monitors, and in some patient’s wearable activity monitors, in patients with PH.

The CardioMEMSTM system (Figure 16) contains a CardioMEMSTM sensor, a CardioMEMSTM delivery system, a Patient Electronics system and data recorded downloads to the Merlin.net Patient Care Network account.
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[bookmark: _Toc91933127][bookmark: _Toc91933226][bookmark: _Toc91933405][bookmark: _Ref91937425][bookmark: _Toc143001523]Figure 16: CardioMEMSTM  Heart Failure System 
A. PAP sensor and delivery catheter 
B. Patient home electronics unit
C. Example of PAP readings in online secure database
Image courtesy of Abbott Medical
2.3.2.1 [bookmark: _Toc82806042][bookmark: _Toc86421717]CardioMEMSTM sensor 
The sensor is 15mm in length, 3.4 mm in width and 2 mm in thickness and measures PAP using MEMS (micro-electromechanical systems) technology. It is made up of a 3-dimensional coil and pressure sensitive capacitor encased between 2 wafers of fused silicon and is permanently implanted in a branch of the left or right pulmonary artery via an insertion catheter. The sensor does not require a battery or recharging, the coil electromagnetically couples the pressure sensitive capacitor to the patient home electronics system, allowing the remote measurement of the resonant frequency of the circuit which is then converted to a pressure measurement (Abbott, 2014). 
2.3.2.2 [bookmark: _Toc82806043][bookmark: _Toc86421718]CardioMEMSTM delivery system and implant procedure
Prior to implant the hospital electronics unit is used to allocate the sensor to a specific patient and to check the device is sensing appropriately. The wireless sensor is attached to an over-the-wire delivery catheter and designed for permanent implantation into the distal PA. I will describe the implant procedure here step by step. 

Step 1. 	Gain access to the right femoral or internal jugular vein with ultrasound guidance.
Step 2. 	Insert a 0.035 mm guidewire and introduce a 12 Fr introducer sheath (pre-dilate if required)
Step 3. 	Insert a 7.5 Fr Swan Ganz Catheter, inflate the balloon and perform a standard RHC measuring RAP, RVP, PAP, PCWP, CO (thermodilution) and PA/ SVC venous saturations, under radiographic guidance (PA view). 
Step 4. 	Once the catheter reaches the left PA, a hand-injected, selective pulmonary angiogram is performed via the Swan Ganz catheter (balloon inflated) to define the distal PA branch anatomy in multiple radiographic views. 
Step 5. 	Check target implant criteria: a) target implant vessel is within the lower lobe of either lung and the vessel is directed towards the feet and back; b) vessel diameter is >7 mm and has <30 degree angulation where body of sensor will be placed and c) vessel diameter is 5 -8 mm where the distal loop of Sensor will be placed (
Figure 17).
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[bookmark: _Toc91933128][bookmark: _Toc91933227][bookmark: _Toc91933406][bookmark: _Ref86685863]
[bookmark: _Toc143001524]Figure 17: CTPA 3-D reconstruction of the pulmonary arteries in a study patient, showing the target implant position for CardioMEMSTM sensor in left pulmonary artery.
Middleton et al, unpublished

Step 6.	Insert a V18 (0.018’’) guidewire through the Swan Ganz catheter, across the target implant site.
Step 7. 	Retract and remove the Swan Ganz catheter, whilst maintaining guidewire position.
Step 8.	Flush the delivery catheter lumen with saline and carefully swirl the distal end of the catheter (at least 20 cm) in a bowl to activate the hydrophilic coating.
Step 9.	Advance the delivery catheter over the guidewire, through the sheath and into the deployment position. 
Step 10.	Once it is optimally positioned in the distal PA, the sensor is separated from the delivery system by unscrewing the cap to release the tether wires and the sensor into the pulmonary artery.
Step 11.	The delivery system should then be removed carefully, all under fluoroscopic monitoring. 
Step 12.	Insert the Swan Ganz catheter over the guide wire and position it within the PA (opposite lung) or 5 -10cm proximal to the sensor.
Step 13.	Device calibration: the resonant frequency of the impedance circuit in the sensor is calibrated with the patients PAP at implant to allow remote conversion.

Figure 18 demonstrates the implant stages of CardioMEMSTM deployment on fluoroscopy images and Figure 19 demonstrates a CXR of a patient with both an ICM and PAP implanted.
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[bookmark: _Ref86687223][bookmark: _Toc91933129][bookmark: _Toc91933228][bookmark: _Toc91933407][bookmark: _Toc143001525]Figure 18: Fluoroscopy images demonstrating CardioMEMSTM implantation.
A: Swan Ganz catheter in left pulmonary artery with balloon inflated. B: Hand injection of contrast to define pulmonary artery (PA)
anatomy. C: Wire inserted through catheter and secured in distal PA and Swan Ganz catheter removed and CardioMEMSTM insertion
catheter placed over the wire and CardioMEMSTM sensor moved into a suitable position. D: Sensor is released from delivery catheter 
and wire and catheter are removed leaving the CardioMEMSTM sensor in situ. Middleton, unpublished.
	
[bookmark: _Toc82806044][bookmark: _Toc86421719][image: X-ray of a person's chest
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[bookmark: _Ref86687662][bookmark: _Toc143001526][bookmark: _Toc91933130][bookmark: _Toc91933229][bookmark: _Toc91933408]Figure 19: CXR of a patient with both a LinQ ICM and CardioMEMSTM
    PAP monitor in situ. 
                                    Middleton, unpublished

2.3.2.3 Device calibration at implant
Post-delivery system removal, the Swan Ganz catheter is re-inserted and placed in the opposite PA to enable device calibration. The hospital electronics unit wand is placed under the patients left shoulder to allow baseline readings to be measured. Systolic, diastolic and mPAP are measured, and CO is documented. Once calibration is complete all equipment (except the CardioMEMSTM sensor) is removed from the patient and manual pressure is applied over the site of venous access until haemostasis has occurred (Abbott, 2014).

2.3.2.4 [bookmark: _Toc82806045][bookmark: _Toc86421720]Patient education and Patient Electronics system set up
Patients are given a patient electronics system to plug in at home and take PAP readings as often as required. The electronics unit uses an antenna to transmit low power pulses of radiofrequency energy to power and communicate with the sensor. The electronics unit transmits the PAP information to the Merlin.net website which provides a secure user interface for the clinician to review PAP data. (Abbott, 2014).

2.3.2.5 [bookmark: _Toc82806046][bookmark: _Toc86421721]MRI Compatibility
The CardioMEMSTM device is MR Conditional. A patient with this device can be scanned safely, immediately after implantation under the following conditions: 1) static magnetic field of 1.5 or 3.0 Tesla or 2) maximum spatial gradient magnetic field of <720-Gauss/cm (7200-mT/m) (Abbott, 2014) .

I will discuss data extraction methods and statistical analysis performed on PAP results in section 2.5.
2.3.3 [bookmark: _Toc82806048][bookmark: _Toc86421723][bookmark: _Toc143557521]Activity tracker
In this research study if a patient is unable to have an ICM implanted to monitor physical activity they were given a Fitbit activity tracker and access to an online account, accessible by the patient and doctor. The Fitbit uses an accelerometer to measure movement and translates this data into digital measurements shown as number of steps, distance travelled, and calories burned (Fitbit, 2007) . 

2.4 [bookmark: _Toc143557522]Data handling and patient safety
Continuous monitoring of clinical and haemodynamic parameters results in a large volume of data. Alerts on the Medtronic CareLink and Abbott Merlin.net platforms can be set up to recognise any results that are persistently out of range to highlight possibly urgent, clinically relevant results. These alerts can be personalised to an individual’s baseline demographics.  The research team regularly reviewed the data at least twice per week, as per NHS standard of care protocols with any urgent issues discussed with the clinical team and patient as soon as possible. A remote monitoring MDT was set up including a multi-professional team of a cardiologist, respiratory PH physician, nurse consultant, member of the PH clinical nurse specialist team and a pharmacist. The MDT was set up in January 2020 and all patients with an ICM or PAP monitor are under remote clinical management. In contrast to current approaches to clinical care, the focus is on a personalised approach to optimising therapy based on remote monitoring data and early patient engagement. 
2.5 [bookmark: _Toc143557523]Data extraction and statistical analysis
2.5.1 [bookmark: _Toc143557524]Multivariate and univariate analysis

Clinical data relevant for the study was extracted from the ASPIRE registry (6/YH/0352) and de-identified prior to analysis. Data was exported from excel to SPSS (SPSS 17, IBM, Armonk, NY) and the mean ± SD or median ± interquartile range for continuous variables and n (%population) for categorical variables were calculated. A derivation (2/3 of registry) and validation cohort (1/3 of registry) were identified using an automatic randomisation function available in SPSS. 

To determine which clinical and haemodynamic parameters were related to mortality, univariate cox regression analysis was performed in the  derivation cohort. To demonstrate the relationship between disease severity and mortality each clinical and haemodynamic variable was stratified into consecutive groups (quintile groups for ISWT/ TPR and septile groups for HRR). The effect of these parameters on mortality was assessed firstly in PH as a whole group and then by each individual PH WHO disease classification group. Survival curves were then formulated based on these results in SPSS. 

Parameters that could be remotely monitored, using clinically available technology, and those identified as having a statistically significantly relationship to mortality, based on a P value of <0.05, were used in a stepwise, backward, multivariate model. This model was corrected for age, sex and PH WHO classification group and run twice to include results for PVR (utilised in clinical practice) and TPR (can be remotely monitored) separately.

2.5.2 [bookmark: _Toc143557525]PAH Risk score development
A remote risk assessment tool for patients with PAH was developed based on clinical and haemodynamic variables (field walk test, heart rate reserve and TPR) that were found to be associated with mortality in the derivation cohort using univariate and multivariate analysis. Heart rate reserve was calculated as day heart rate (maximum HR) – night heart rate (resting heart rate) min bpm. Subsequently the relationship between standard field walk test and remote levels of physical activity and mortality were reviewed allowing for the development of a fully remote PAH risk score (by substituting physical activity for field walk test). Results were then substantiated within the validation cohort.
2.5.2.1 Derivation cohort
A PAH risk score was developed based on heart rate, TPR and ISWD results and their associated relationship with mortality. Within the ASPIRE cohort, parameters were assessed for their relationship to survival using univariate cox regression analysis with a P value <0.05 considered statistically significant. Metrics that were statistically significant in univariate analysis with approved, accessible means of remote monitoring were entered into a stepwise, backward multivariate cox regression model correcting for age, sex and WHO FC. Parameters with a multivariate P value <0.05 were used for the development of a physiological risk score.

Baseline data was used as reference and the individual’s z-scores for age, heart rate reserve, TPR and ISWT were calculated and mortality-weighted by their hazard ratio and then summed to generate a physiological risk score. A z-score is calculated when you plot a patient’s baseline data on a normal population distribution curve- the number of standard deviations away from the mean equals the z score (Figure 20).
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Description automatically generated][bookmark: _Ref142399190][bookmark: _Toc143001527]Figure 20: Calculation of z-scores
A z-score is calculated when you plot a patients baseline data on a normal population distribution curve (red vertical line)- the number of standard deviations away from the mean equals the z score (black horizontal line). For the physiological risk score I calculated z-scores for heart rate reserve, total pulmonary resistance and incremental shuttle walk test.




The derivation group was divided into decile groups based on calculated baseline PAH risk score i.e., low to high values. The cumulative survival for each decile group was calculated using Cox Regression analysis and a Kaplan Meir survival curve created, as well as Life tables. 
To determine baseline risk in PAH alone, the data for these patients was analysed from the ASPIRE registry. Cumulative survival was calculated up to 5 years using Cox Regression analysis and stratified into 4 risk groups by the modified COMPERA 2.0 (to incorporate ISWD from Sheffield rather than 6MWD).

The 1-year survival was then plotted against PAH risk score on a scatter plot and LOESS (Locally estimated scatterplot smoothing regression analysis) non-parametric regression was used to create a LOESS curve. This allowed scatter plot smoothing and a more accurate 1-year risk mortality calculation for the PAH risk score, as data was not linear. A LOESS curve for the derivation group is demonstrated in Figure 21, this allowed PAH risk scores and their correlating PAH risk score to be stratified risk groups: low risk (<5%), intermediate-low risk (5 -10%), intermediate-high risk (10 – 20%) and high risk (>10%) similar to the COMPERA 2.0 model (Humbert et al., 2022). Cohen’s Weighted Kappa testing was used to analyse both models and determine if there was good agreement between the two.
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Figure 21: LOESS regression curve: Remote PAH risk score compared to 1-year mortality.
LOESS regression curve demonstrates the relationship between remote PAH risk score and 1-year mortality risk in the derivation cohort and determines which PAH Risk score correlates with low (green), intermediate-low (yellow), intermediate-high (orange) and high (red) mortality risk groups. Risk score adapted form ESC/ERS (Humbert et al., 2022).

At this point in the development of the PAH risk score the calculation is as, with TPR in woods units, HRR in beats per minute and ISWD in metres. Currently it includes ISWD so is not fully remote, but this will be developed further in chapter 3 utilising remote daily physical activity data from ICMs.

PAH Risk score = mort.z TPR  + mort.z HRR – mort.z ISWD + mort.z age

2.5.2.2 PAH Risk score validation

The PAH risk score was then validated in the remaining 1/3 of the ASPIRE population, data was analysed, and the PAH risk score applied to the group. LOESS regression was used to calculate 1-year mortality and risk groups were separated to align with current ESC/ERS guidance (Humbert et al., 2022) for PAH risk stratification: low, intermediate-low, intermediate-high and high 1-year mortality risk. 

The relationship between field walk test and remote physical activity levels, measured via ICM, and mortality were assessed to enable the substitution of physical activity for field walk test, ultimately enabling a fully remote PAH risk score calculation and this is discussed in section 2.5.3.

2.5.3 [bookmark: _Toc142403185][bookmark: _Toc143556574][bookmark: _Toc143557526][bookmark: _Toc142403186][bookmark: _Toc143556575][bookmark: _Toc143557527][bookmark: _Toc142403187][bookmark: _Toc143556576][bookmark: _Toc143557528][bookmark: _Toc142403188][bookmark: _Toc143556577][bookmark: _Toc143557529][bookmark: _Toc142403189][bookmark: _Toc143556578][bookmark: _Toc143557530][bookmark: _Toc142403190][bookmark: _Toc143556579][bookmark: _Toc143557531][bookmark: _Toc142403191][bookmark: _Toc143556580][bookmark: _Toc143557532][bookmark: _Toc142403192][bookmark: _Toc143556581][bookmark: _Toc143557533][bookmark: _Toc142403193][bookmark: _Toc143556582][bookmark: _Toc143557534][bookmark: _Toc142403194][bookmark: _Toc143556583][bookmark: _Toc143557535][bookmark: _Toc142403195][bookmark: _Toc143556584][bookmark: _Toc143557536][bookmark: _Toc142403196][bookmark: _Toc143556585][bookmark: _Toc143557537][bookmark: _Toc142403197][bookmark: _Toc143556586][bookmark: _Toc143557538][bookmark: _Toc142403198][bookmark: _Toc143556587][bookmark: _Toc143557539][bookmark: _Toc142403199][bookmark: _Toc143556588][bookmark: _Toc143557540][bookmark: _Toc142403200][bookmark: _Toc143556589][bookmark: _Toc143557541][bookmark: _Toc142403201][bookmark: _Toc143556590][bookmark: _Toc143557542][bookmark: _Toc142403202][bookmark: _Toc143556591][bookmark: _Toc143557543][bookmark: _Toc142403203][bookmark: _Toc143556592][bookmark: _Toc143557544][bookmark: _Toc142403204][bookmark: _Toc143556593][bookmark: _Toc143557545][bookmark: _Toc142403205][bookmark: _Toc143556594][bookmark: _Toc143557546][bookmark: _Toc142403206][bookmark: _Toc143556595][bookmark: _Toc143557547][bookmark: _Toc142403207][bookmark: _Toc143556596][bookmark: _Toc143557548][bookmark: _Toc142403208][bookmark: _Toc143556597][bookmark: _Toc143557549][bookmark: _Toc142403209][bookmark: _Toc143556598][bookmark: _Toc143557550][bookmark: _Toc142403210][bookmark: _Toc143556599][bookmark: _Toc143557551][bookmark: _Toc142403211][bookmark: _Toc143556600][bookmark: _Toc143557552][bookmark: _Toc143557553]Physical activity analysis versus standard field walk testing
Medtronic LinQ ICM devices record continuous heart rate, arrhythmia, and physical activity data. Clinically relevant data will be highlighted by the patient if symptomatic or the CareLink online platform has an alert, enabling prioritisation of this data as per local SOP and ensuring patient safety. Arrhythmia data is currently being collected and reviewed, in depth analysis is beyond the scope of this thesis. 

Field walk test is cumbersome for patients to monitor frequently unlike daily physical activity monitoring via ICM where no input is required. Analysis was performed to determine the relationship between individuals’ field walk test and physical activity levels and mortality to enable the substitution of physical activity for field walk test to form a fully remote PAH risk score. Daily physical activity levels (in minutes/ day) can be requested from Medtronic and raw data is provided in an excel document (Microsoft excel for Mac V16.55). Data was exported into SPSS (SPSS 17, IBM, Armonk, NY) and demographic data was determined and expressed either n (%) or mean ± SD.
The distribution of physical activity in this cohort is unknown and was determined by creating histograms to compare physical activity levels with the frequency in the population. 

Box and whisker plots were produced to compare physical activity and WHO FC data, demonstrating minimum, maximum, median and interquartile range values for activity levels in each WHO FC group. A 2-sided Dunnett t-test was used, with WHO FC I as a control group, to determine if the relationship between physical activity and WHO FC was statistically significant.

For comparison of French risk score (FRS) (Boucly et al., 2017) to physical activity, a box and whisker plot was produced demonstrating minimum, maximum, median and interquartile range values for activity levels initially for each FRS group and then a comparison of low FRS (groups 0-2) versus a high FRS (groups 3-4). To determine statistical significance of the relationship of FRS to physical activity a Mann-Whitney U test was used.

NT-proBNP results were separated into 3 groups: low (NT-proBNP <330 ng/ L); intermediate (NT-proBNP 330 – 1400 ng/ L) and high (NT-proBNP >1400 ng/ L) as per ESC/ERS guidelines (Humbert et al., 2022) and compared to physical activity levels. A box and whisker plot was produced demonstrating minimum, maximum, median and interquartile range values then a Kruskal-Wallis test was performed to determine if the relationship between NT-proBNP and physical activity levels was significant.

To compare the relationship of physical activity to field walk test, a linear regression model was created by plotting results of both values for individual patients on a scatter plot (x = 6MWD/ ISWD in metres; y = physical activity levels in minutes/ day). R2, the squared correlation coefficient, was calculated to explain the relationship between physical activity and field walk test as well as day heart rate, night rate, HRR and HRV.

During the COVID-19 pandemic the patients that had ICM implants were monitored closely and effects of lockdown on physical activity and mood, anxiety and QoL were recorded. Comparisons were made in QoL scores using a Friedman test with Dunn’s correction. Physical activity levels were compared pre, during and post shielding periods and data analysed using either a paired student’s t-test or one way ANOVA with Dunnett’s correction for multiple testing, as appropriate.

2.5.4 [bookmark: _Toc143557554]Pulmonary artery pressure data analysis
Patients take daily readings of their PAP and results can be viewed on the Merlin.net online platform, enabling physicians to act on clinically urgent data quickly. Merlin.net records systolic, diastolic and mPAP, heart rate and a 30-day rolling data trend for all parameters, as demonstrated in Figure 22.
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[bookmark: _Toc91933132][bookmark: _Toc91933231][bookmark: _Toc91933410][bookmark: _Ref92186418][bookmark: _Toc143001529]Figure 22: Example of data as presented on Merlin.net secure server.
Data includes A systolic PAP, B Heart rate, C mean PAP and D diastolic PAP. A 30-day rolling trend line can be added for each of these variables.


2.5.4.1 Pulmonary artery pressure data extraction
PAP data received, in the format shown above, was analysed and data points extracted to enable analysis of the raw data. Web plot digitizer software (https://automeris.io/WebPlotDigitizer/) was used to plot data points then extract and store results in an excel sheet for analysis. A more in-depth description of the method used is documented in Appendix A.
2.5.4.2 [bookmark: _Toc82806054][bookmark: _Toc83813630][bookmark: _Toc82806060]PAP data analysis
From the extracted data, readings from the first 6 hours post implant were excluded as per data analysis in the CardioMEMS post-approval studies (Cowie, 2018; W. Abraham et al., 2016; Adamson & Abraham, 2011). A baseline pressure was set based on the first 7 days of readings, then daily readings were plotted and compared to baseline. Figure 23 demonstrates how PAP readings were plotted, with the green area below baseline depicting an improvement in PAP compared to baseline and the red area demonstrating an increase in PAP compared to baseline.
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[bookmark: _Ref86666838]
[bookmark: _Ref91939729][bookmark: _Toc143001530]Figure 23: Schematic to demonstrate how mean pulmonary artery pressure readings are analysed and how area under baseline is calculated.
[bookmark: _Toc82806053]The x axis depicts time, and the y axis shows pulmonary artery pressure in mmHg. Data from the first 6 hours post implant is excluded as there has been intervention within the pulmonary artery during right heart catheterization. After multiple readings the patients baseline PAP is set accordingly, and daily readings are then plotted and compared to baseline. The green areas below baseline demonstrate improvement in PAP compared to baseline and the red areas are an increase in PAP compared to baseline. Middleton, unpublished.



2.5.5 [bookmark: _Toc143557555]Haemodynamic changes following escalation of pulmonary arterial hypertension-specific therapy and/ or clinical worsening event. 
A time-stratified bidirectional case-crossover approach was taken to provide remote monitoring data from the time of TE/ CWE and matched control periods, see Figure 24. (Mostofsky et al., 2018)

To evaluate changes in haemodynamic parameters with changes in therapy or disease worsening, data from the 30-days preceding change in therapy was compared to the 60/90-days post change. In Excel (Microsoft, version 16.54), extracted data was aligned so that day 0 represents the day of therapy initiation or clinical worsening event (CWE). Data was plotted as change from day 0 over the full time period (Prism, version 9). 
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[bookmark: _Ref142402201][bookmark: _Toc143001531]Figure 24: Model demonstrating representative sampling of remote monitoring data for event and control period in Time-Stratified Bi-directional Case-Crossover study.
Period of remote monitoring is represented in green. Time points of clinician-directed therapeutic escalation or clinical worsening events are indicated by the white X with the time 30-days preceding and 30-days (CWE) or 60-days (TE) following the event indicated in blue. Control time periods are indicated in grey. (Mostofsky et al., 2018)

Panel A in Figure 25 is a representative example in which the blue area demonstrates a group of patients with an escalation in PAH-specific therapy at day 0. The grey area corresponds with the control group where no therapy change occurred. Panel B presents the same data as area under baseline.
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[bookmark: _Ref142402703][bookmark: _Toc143001532][bookmark: _Toc91933134][bookmark: _Toc91933233][bookmark: _Toc91933412][bookmark: _Ref86703065]Figure 25: Example graph demonstrating haemodynamic change post therapy change.
Change from baseline in haemodynamic parameter and area under curve from baseline in a specific haemodynamic parameter (heart rate reserve, physical activity, PAP). Data is presented with treatment change at day 0 with days –30 to day -1 as days preceding (left of the Y-axis), and days +1 to day +90 as days following treatment change (right of the Y-axis). Control group comprises 90-day periods from patients on stable therapy. Middleton, in review.
Within-patient data was used to evaluate change pre-and post-therapy using a paired student t-test. Comparison of control and treatment escalation groups occurred using an unpaired student t-test on the days indicated.
2.5.6 [bookmark: _Toc143557556]Remote PAH risk score
If daily physical activity (in minutes per day) is substituted for field walk testing this enables a remote PAH risk score to be calculated as shown below, with TPR in woods units, HRR in beats per minute and physical activity in minutes/ day.

Remote PAH Risk score = mort.z TPR  + mort.z HRR – mort.z daily physical activity + mort.z age

This risk score will be evaluated in patients enrolled into FIT-PH and PIPAH studies using the above calculation.



[bookmark: _Toc143557557][bookmark: _Toc82806057][bookmark: _Toc83813633]Chapter 3 Results:  Creating a risk stratification model for the assessment of patients with pulmonary arterial hypertension.

3.1 [bookmark: _Toc143557558]Brief overview and methods
Multiparametric approaches to risk stratification are recommended in guidelines to aid treatment decisions in patients with PAH (Humbert et al., 2022).  Sheffield’s ASPIRE registry (6/YH/0352), a large clinical data-set was utilised to determine which haemodynamic variables are associated with mortality in PH. Advances in remote monitoring technology enables the remote monitoring of daily heart rate and heart rate reserve, physical activity, and pulmonary haemodynamic measurements, including mPAP, CO and TPR, all of which have a significant relationship to mortality in PH. A PAH risk assessment score was developed and validated, allowing ‘real-time’ implementation in patients with insertable PAP monitors and ICMs to facilitate early identification of disease worsening and early, preventative intervention.

A derivation cohort was formed from the ASPIRE registry, univariate and multivariate analysis was applied to identify which clinical and haemodynamic parameters in PH/ PAH were associated with mortality. Those parameters that could be remotely monitored were identified and mortality-weighted z-scores were calculated for age, heart rate reserve, field walk test and TPR, these scores were then summed to form a ‘PAH physiological risk score’. Results were substantiated in the validation cohort and the relationship between risk score and mortality risk calculated (For full methods see section 2.5).
3.2 [bookmark: _Toc143557559]Objectives
1. Determine which clinical and haemodynamic variables are associated with mortality in PH/ PAH using the Sheffield ASPIRE registry (6/YH/0352)
2. Determine which of these variables can be remotely monitored and develop a physiological risk score in a derivation cohort.
3. Validate the PAH Risk score in a validation cohort

3.3 [bookmark: _Toc143557560]    Results: Demographics
Data from the ASPIRE registry was extracted for 5820 consecutive patients who underwent right heart catheterisation between 2001 and 2020. Over this period there were 2923 mortality events (50.2% of patients). Median age for the whole cohort was 63 ± 15.8 years and 61% of patients were female with a baseline WHO FC status of II/ III (3 ± 0.6) and ISWD of 157 ± 149 metres. RHC data showed a baseline mean RAP 10.3 ± 6.0 mmHg, mPAP of 44.5 ± 12.1 mmHg, PAWP of 13.5 ± 6.4 mmHg, PVR of 7.5 ± 5 WU and CO of 4.9 ± 1.9 L/ min, results in mean ± SD. 

1771 patients had a diagnosis of PAH including 6% with a positive vasoreactivity test. This group were predominantly female (69%) with a mean age of 58.5 ± 15.9 years, heart rate 83 ± 17 bpm and ISWT of 169 ± 152 metres. RHC data demonstrated a significant disease burden with a mean RAP of 10.3 ± 6 mmHg, mPAP  46.6 ± 13.1 mmHg, PAWP of 10.8 ± of  mmHg, PVR of 9.1 ± 5.6 WU and CO of 4.7 ± 1.8 L/ min. Baseline demographics, lung function tests, exercise and haemodynamic data are shown in more detail in Table 13. 
 
[bookmark: _Ref90989767][bookmark: _Toc142404105]Table 13: Baseline demographics – all patients recruited to Sheffield ASPIRE registry. 
	



Demographics
	All PH
groups
n = 5820
	Group I
PAH
n = 1771
	Group II
PH-LHD
n = 1064
	Group III
PH-Lung
n = 766
	Group IV
CTEPH
n = 791
	Group V
PH-Miscellaneous
n = 129

	
	Mean
	SD
	Mean
	SD
	Mean
	SD
	Mean
	SD
	Mean
	SD
	Mean
	SD

	Male sex (%)
	39
	-
	31
	-
	34
	-
	54
	-
	50
	-
	40
	-

	Age at diagnosis
(years)
	63.0
	15.8
	58.5
	15.9
	72.1
	9.5
	67.2
	11.0
	62.7
	14.9
	59.6
	12.9

	WHO FC (I- IV)
	3.01
	0.64
	3.00
	0.63
	2.85
	0.60
	3.21
	0.64
	2.90
	0.61
	3.07
	0.68

	BMI (kg/ m2)
	29.2
	7.2
	27.9
	6.6
	30.9
	6.9
	28.9
	8.1
	29.8
	7.2
	27.6
	8.0

	Heart rate  (bpm)
	82
	17
	83
	17
	74
	16
	85
	17
	84
	16
	90
	20

	SpO2  (%)
	94
	4
	94
	4
	95
	4
	94
	4
	93
	4
	93
	6

	Baseline ISWD (metres)
	157
	149
	169
	152
	138
	126
	106
	106
	202
	183
	142
	148

	eGFR (mg/ mmol)
	64.7
	5.6
	68
	19.3
	56.2
	21.1
	68.2
	20.0
	67.0
	17.7
	66.7
	24.1

	EmPHasis 10  (max 50)
	29
	14
	30
	13
	27
	13
	32
	13
	28
	13
	32
	12

	FEV1  (% predicted)
	73
	23
	78
	21
	72
	21
	58
	23
	81
	20
	62
	22

	FVC (% predicted)
	86
	25
	90
	24
	84
	22
	78
	27
	96
	21
	77
	23

	FEV1/ FVC Ratio
(%)
	69
	13
	72
	11
	69
	10
	61
	17
	68
	10
	66
	15

	TLCO (% predicted)

	46
	22
	44
	22
	52
	19
	31
	17
	60
	18
	36
	18

	Mean RAP  (mmHg)
	11.1
	6.2
	10.3
	6.0
	14.9
	5.9
	10.0
	5.6
	10.7
	5.6
	10.6
	5.8

	Systolic PAP
(mmHg)
	72.5
	20.6
	75.3
	21.3
	65.5
	18.4
	66.7
	11.0
	77.6
	20.0
	70.1
	18.7

	Diastolic PAP
(mmHg)
	26.9
	9.4
	28.5
	10.4
	24.5
	7.5
	26.3
	8.8
	26.4
	8.6
	27.9
	9.5

	Mean PAP
(mmHg)
	44.5
	12.1
	46.6
	13.1
	40.9
	10.4
	41.8
	10.8
	45.5
	11.3
	44.8
	11.1

	PCWP (mmHg)
	14
	6
	11
	4
	22
	6
	12
	5
	12
	4
	12
	4

	PVR (WU)
	7.5
	5
	9.1
	5.6
	4.2
	3.1
	6.7
	4.2
	4.4
	4.7
	7.7
	4.9

	TPR (WU)
	10.6
	5.6
	11.6
	6.3
	8.9
	4.3
	9.3
	4.9
	11
	5.2
	10.4
	5.6

	CO (L/ min)
	4.9
	1.9
	4.7
	1.8
	5.2
	1.8
	5.3
	2.2
	4.7
	1.6
	5.3
	2.5

	Cardiac Index
(L/ min/ m2)
	2.64
	0.91
	2.64
	0.92
	2.76
	0.82
	2.84
	1.07
	2.44
	0.72
	2.92
	1.23

	Nitric Oxide Responder (%)
	6
	-
	7
	-
	-
	-
	-
	-
	-
	-
	-
	-


PH: Pulmonary Hypertension; PAH: Pulmonary Arterial Hypertension; PH: pulmonary hypertension; LHD: Left Heart Disease; CTEPH: Chronic Thromboembolic PH; WHO FC: World Health Organisation Functional Class; BMI: Body Mass Index; bpm: beats per minute; SpO2: Oxygen saturations; ISWD: Incremental Shuttle Walk Distance; eGFR: estimated Glomerular Filtration Rate; FEV1: Forced Expiratory Volume in 1 second; FVC: Functional Vital Capacity; TLCO: Transfer Factor; RAP: Right Atrial Pressure; PAP: Pulmonary Artery Pressure; PCWP: Pulmonary Capillary Wedge Pressure; SVO2: Venous oxygen saturations; PVR: Pulmonary Vascular Resistance; TPR: Total pulmonary Resistance; NO: Nitric Oxide; WU: Woods units (mmHG/ L/ min). ASPIRE registry REC (6/YH/0352)
In the PAH group, baseline treatment was as follows: 127 (7.2%) patients received a calcium channel blocker, 644 patients (36.4%) received oral monotherapy, 646 (36.5%) dual oral combination therapy and 354 (20.1%) prostanoid therapy either alone or in combination with oral therapy (Table 14).

[bookmark: _Ref84425843][bookmark: _Toc142404106]Table 14: PAH therapy: whole ASPIRE registry cohort 

	Vasodilator therapy
	n (%)

	Calcium channel blocker
	127 (7.2)

	Mono oral therapy
	644 (36.4)

	Dual oral therapy
	646 (36.5)

	Prostanoid therapy +/- oral therapy
	354 (20.1)


Variables are expressed as the total number of patients (% of total population), n(%).
ASPIRE registry REC (6/YH/0352)

3.4 [bookmark: _Toc143557561]   Development of a PAH risk score

3.4.1 [bookmark: _Toc143557562]Univariate and multivariate analysis to determine which clinical and haemodynamic parameters are associated with mortality in PH.

[bookmark: _Ref85551164][bookmark: _Ref85718833]The ASPIRE population was randomly assigned into two groups (derivation and validation cohorts) using an automatic randomisation function in SPSS. The derivation cohort consisted of 2/3 of the ASPIRE registry population (n = 3832) and demographics are demonstrated in Table 15. Patients were predominantly female (61%) with a mean age of 63.1 ± 15.6 years and were well matched with the validation cohort. Most patients were on monotherapy, n = 1277 (33.4%), or dual oral therapy, n = 1255 (32.8%), which as this is historic data, pre the 2022 ESC/ERS guidelines for the diagnosis and treatment of PH, is not unexpected. 


[bookmark: _Ref87477609][bookmark: _Toc142404107]Table 15: Demographics: ASPIRE registry derivation cohort

	


Demographics
	Derivation group 
(2/3 total PH group)
n = 3832

	
	Mean
	SD

	Male sex (%)
	39
	-

	Age at diagnosis (years)
	63.0
	15.7

	WHO FC (I - IV)
	3
	0.6

	BMI (kg / m2)
	29
	7

	Heart rate  (bpm)
	82
	17

	SpO2  (%)
	94
	4

	Baseline ISWD (metres)
	157
	148

	eGFR (ml / min)
	64.8
	20.3

	EmPHasis 10 (max 50)
	29
	13

	FEV1 (% predicted)
	73
	23

	FVC (% predicted)
	86
	25

	FEV1 /FVC Ratio (% predicted)
	69
	13

	TLCO (% predicted)
	46
	21

	Mean RAP  (mmHg)
	11.1
	6.1

	Systolic PAP (mmHg)
	73
	21

	Diastolic PAP (mmHg)
	27
	9

	Mean PAP (mmHg)
	44
	12

	PCWP (mmHg)
	13
	6

	PVR (WU)
	7.6
	5.1

	TPR (WU)
	10.7
	5.6

	CO (L / min)
	4.9
	1.8

	Cardiac Index (L /min / m2)
	2.63
	0.88

	Nitric Oxide Responder
	7%
	-


Variables are documented as mean ± SD. ASPIRE registry REC (6/YH/0352)	
WHO FC: World Health Organisation Functional Class; BMI: Body Mass Index; bpm: beats per minute; SpO2: Oxygen saturations; ISWD: Incremental Shuttle Walk Distance; eGFR: estimated glomerular filtration rate; FEV1: Forced Expiratory Volume in 1 second; FVC: Functional Vital Capacity; TLCO: Transfer Factor; RAP: Right Atrial Pressure; PAP: Pulmonary Artery Pressure; PCWP: Pulmonary Capillary Wedge Pressure; SVO2:  PVR: Pulmonary Vascular Resistance; WU: Woods Units (mmHg/L/min); TPR: Total pulmonary Resistance; CO: Cardiac Output; NO: Nitric Oxide.


In this cohort, univariate Cox regression analysis was used to determine which haemodynamic variables were associated with mortality in all forms of PH. This test examined the relationships between demographic (sex, age at diagnosis, WHO PH group classification), clinical (WHO FC, ISWD) and haemodynamic (TPR, HRR) variables using a Cox proportional hazards ratio and determined which haemodynamic variables were associated with improved overall survival. In this setting HRR was calculated as day heart rate (maximum heart rate) – resting heart rate (night heart rate). All variables had a statistically significant relationship with survival except PCWP. An odds ratio (Exp (B)) was calculated with a value of 1 demonstrating no change in mortality, >1 indicating a rise in risk and <1 indicating a lower risk of mortality with a confidence interval of 95% (Table 16).

[bookmark: _Ref90983920][bookmark: _Toc142404108]Table 16 Univariate Cox regression model for clinical and haemodynamic parameters in patients with PH in the ASPIRE registry.

	
	Significance (p value)
	Odds Ratio (Exp(B))
	95% CI for Exp(B)
  
 Lower         Upper                         

	Age at diagnosis (per 1 year)
	<0.001
	1.034
	1.031
	1.037

	Male sex
	<0.001
	1.282
	1.192
	1.381

	WHO Group I-V
	<0.001
	0.954
	0.928
	0.981

	WHO FC I-IV
	<0.001
	2.113
	1.964
	2.250

	ISWD (per 1 metre)
	<0.001
	0.996
	0.995
	0.996

	Mean RAP (per 1 mmHg)
	<0.001
	1.026
	1.019
	1.033

	Mean PAP (per 1 mmHg)
	<0.001
	1.006
	1.003
	1.009

	PCWP (per 1 mmHg)
	0.454
	0.997
	0.991
	1.004

	PVR (per 1 WU)
	<0.001
	1.036
	1.028
	1.044

	TPR (per 1 WU)
	<0.001
	1.035
	1.027
	1.042

	SpO2 (per 1%)
	<0.001
	0.982
	0.972
	0.991

	SVO2 (per 1%)
	<0.001
	0.973
	0.968
	0.977

	CO (per 1L/min)
	<0.001
	0.875
	0.853
	0.897

	CI (per 1 L-min-1)
	<0.001
	0.819
	0.779
	0.862

	HRR (per 1 bpm)
	<0.001
	0.985
	0.982
	0.987

	EmPHasis 10 (per point)
	<0.001
	1.024
	1.018
	1.031


ASPIRE registry REC (6/YH/0352). WHO World Health Organisation; WHO Group: PH type group 1-5; WHO FC: WHO functional class; ISWD incremental shuttle walk distance; RAP: right atrial pressure; PAP: pulmonary artery pressure; PCWP: pulmonary capillary wedge pressure; PVR pulmonary vascular resistance; WU: Woods Units (mmHg/L/min); TPR Total pulmonary resistance; SaO2 oxygen saturations; SVO2 venous oxygen saturations; CO cardiac output; CI cardiac index; HRR heart rate reserve; EmPHasis 10 PH Quality of life questionnaire. Statistical significance demonstrated by p value <0.05.

Using this data, survival curves were created for the statistically significant variables that could be remotely monitored including ISWD (Figure 26), HRR (Figure 27) and TPR (Figure 28). Each variable was stratified into consecutive quintiles (ISWD and TPR) or septiles (HRR) and the effect on patient survival was determined in PH as a whole and then separated by PH WHO Classification group. 
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[bookmark: _Ref90990162][bookmark: _Ref90990142][bookmark: _Toc91933135][bookmark: _Toc91933234][bookmark: _Toc91933413][bookmark: _Toc143001533]Figure 26: Survival Curves for incremental shuttle walk distance 
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Survival curves with y axis demonstrating the % of the population who survive over time in years (x axis). Bpm: beats per minute. ASPIRE registry REC (6/YH/0352).
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[bookmark: _Ref85716642][bookmark: _Toc143001535][bookmark: _Toc91933137][bookmark: _Toc91933236][bookmark: _Toc91933415]Figure 28: Survival Curves for TPR

     A All Pulmonary hypertension groups
     B Group 1 : Pulmonary arterial hypertension
     C Group 2 : Pulmonary hypertension- Left Heart Disease
     D Group 3 : Pulmonary hypertension - Lung disease
     E  Group 4 : Chronic Thromboembolic Pulmonary Hypertension
     F Group 5 : PH- Miscellaneous

Survival curves with y axis demonstrating the % of the population who survive over time in years (x axis). Woods Units expressed in mmHg/L/min. ASPIRE registry REC (6/YH/0352). 
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These survival curves (Figure 26, Figure 27 and Figure 28) demonstrate the statistically significant change in cumulative survival (p <0.05), with changes in ISWD, HRR and TPR in all forms of PH. Parameters that can be remotely monitored and with a significant P value of ≤0.05 were then entered into a stepwise forward multivariate model, correcting for age, sex and PH WHO classification group. 

Multivariate analysis demonstrated that ISWD (p <0.001), HRR (p <0.001), PVR (p <0.001) and TPR (p <0.001) were all statistically significant in relation to mortality. This relationship to mortality is shown in Table 17 and Table 18. For each 1 metre extra walked during an ISWT, multivariate analysis demonstrates a 0.003 reduction in mortality. With regards to HRR an increase of 1 bpm correlates with a 0.07 increase in risk of mortality; a 1 WU increase in PVR correlates with a 0.02 increase in mortality and a 1 WU increase in TPR correlates with a 0.16 increase. 

[bookmark: _Ref90990366][bookmark: _Toc142404109]Table 17: Multivariate analysis of the relationship between PAH-specific haemodynamic parameters (including PVR) and mortality.

	
	Significance (p value)
	Odds Ratio (Exp(B))
	95% CI for Exp(B)
   Lower         Upper                         

	Male sex
	<0.001
	1.753
	1.563
	1.966

	Age at diagnosis (per 1 year)
	<0.001
	1.030
	1.025
	1.035

	WHO PH Group I-V
	<0.001
	0.889
	0.854
	0.926

	WHO FC I-IV
	<0.001
	1.348
	1.203
	1.512

	ISWD (per 1 metre)
	<0.001
	0.997
	0.997
	0.998

	Heart Rate Reserve (per 1 bpm)
	<0.001
	1.007
	1.004
	1.011

	PVR (per 1 WU)
	<0.001
	1.020
	1.009
	1.032


WHO (World Health Organisation) PH group classification 1-5; WHO FC -WHO functional class; PVR – Pulmonary Vascular Resistance; ISWD -Incremental Shuttle Walk Distance; bpm – beats per minute; WU: Woods Units (mmHg/L/min); Exp (B): Odds ratio. p value <0.05 is deemed significant.

3.4.1.1 Pulmonary Vascular Resistance versus Total pulmonary Resistance
PVR, in WU (mmHg/L/min), is calculated as (mPAP–PCWP)/ CO and is therefore an important haemodynamic parameter used in current ESC/ERS guidance to identify pre-capillary PH. It allows discrimination of an elevation of systolic PAP due to pulmonary vascular disease from those with an elevated PAP secondary to elevation of PCWP or CO. A PVR >2 WU is used to define group I PAH but also to identify all forms of pre-capillary PH where a significantly raised PVR is associated with increased mortality (Humbert et al., 2022). Post treatment analysis has shown a reduction in PVR has been associated with improved survival (Howard, 2011b) and is also often also used as a study endpoint in clinical PAH studies. 

The issue is that PVR cannot be remotely monitored as there is currently no way to remotely monitor LA pressure, it is possible though to utilise remote monitored mPAP and CO to calculate TPR (TPR = mPAP/CO). Multivariate analysis was repeated substituting TPR for PVR and results continued to demonstrate a statistically significant relationship to mortality. 





[bookmark: _Ref85557487]Table 18 demonstrates an increase in TPR by 1 WU is associated with an increase in risk in mortality of 0.016 (PVR = 0.02 increase in mortality risk).





[bookmark: _Ref103162917][bookmark: _Toc142404110]Table 18: Multivariate analysis of the relationship between PAH-specific haemodynamic parameters (including TPR) and mortality.
	
	
	Significance (p value)
	Odds Ratio (Exp(B))
	95% CI for Exp(B)
   Lower         Upper                         

	Male sex
	<0.001
	1.748
	1.564
	1.954

	Age at diagnosis (per 1 year)
	<0.001
	1.030
	1.025
	1.035

	WHO PH Group I-V
	<0.001
	0.864
	0.831
	0.898

	WHO FC I-IV
	<0.001
	1.331
	1.191
	1.487

	ISWD (per 1 metre)
	<0.001
	0.997
	0.997
	0.998

	Heart Rate Reserve (per 1 bpm)
	<0.001
	1.008
	1.004
	1.011

	TPR (per 1 WU)
	<0.001
	1.016
	1.006
	1.025


WHO (World Health Organisation) PH group classification 1-5; WHO FC - WHO functional class; TPR –Total pulmonary Resistance; ISWD - Incremental Shuttle Walk Distance; bpm – beats per minute; WU: Woods Units (mmHg/L/min). p value <0.05 is deemed significant.



3.4.2 Development of a PAH physiological risk score: PH Derivation cohort
I used baseline clinical and haemodynamic data in patients with all forms of PH from the ASPIRE registry to increase the volume of data available for analysis in disease groups with similar haemodynamics and therefore similar parameters that would be useful to monitor. I acknowledge different forms of PH have differing haemodynamic and risk profiles and go on to exclude all except patients with PAH to develop a PAH risk score. All patients with all PH in the derivation cohort (n= 3832) were entered into a univariate model to identify those related to mortality, those with a P value<0.05 were then entered into a multivariate model. Significant parameters that were fixed included age, gender and WHO group. Those that were variable and could be remote monitored included ISWD, PVR, TPR and HRR as discussed earlier in the chapter. 

Patients’ baseline data was used as reference and the individual’s z-scores for age, heart rate reserve, TPR and ISWT were calculated and mortality-weighted by their hazard ratio and then summed to generate a physiological risk score. A z-score is calculated when you plot a patient’s baseline data on a normal population distribution curve- the number of standard deviations away from the mean equals the z score (described in methods section). In the context of age, HRR and TPR, a higher number relates to higher mortality therefore positive values or odds ratio (Exp(B)) ≥1 demonstrates a worse prognosis (odds ratio of 1.030, 1.008 and 1.016 respectively in table 18). A higher ISWD is proportional to improved outcome therefore a negative value or odds ratio <1 correlates with poorer outcomes (odds ratio 0.997 in table 18).

	Decile group
	PAH risk score range
	All PH
1-year mortality (%)
	PAH
1-year mortality (%)

	1
	<-3
	6.8
	4.4

	2
	-3 to -1.9
	7.4
	4.9

	3
	-1.9 to -1.1
	8.8
	14

	4
	-1.1 to -0.5
	9.2
	11.2

	5
	-0.5 to 0.2
	9.4
	10

	6
	0.2 to 0.7
	10.2
	15.7

	7
	0.7 to 1.3
	16.1
	15.5

	8
	1.3 to 1.9
	17.5
	22.4

	9
	1.9 to 2.7
	19.5
	20.9

	10
	>2.7
	24
	27.4


Daily mortality-weighted z-scores for each clinical or haemodynamic parameter (age, ISWD, HRR and TPR) were summed for each patient to calculate an individual daily baseline risk score. Patients were divided into decile groups based on these scores and 1-year mortality was calculated for each group in all PH and PAH. Decile groups divided by baseline PAH risk score and the calculated 1-year mortality is demonstrated in Table 19.

[bookmark: _Ref87478007][bookmark: _Toc142404111]Table 19: PAH risk scores separated into consecutive deciles and their relationships to 1-year mortality.
Derivation population in all PH and PAH.
PH Pulmonary hypertension; PAH Pulmonary hypertension. 1 year mortality expressed in% risk.

The cumulative survival for each decile group was calculated using Cox Regression analysis and is demonstrated in Figure 29.

[bookmark: _Ref85561337][image: A graph with different colored lines
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[bookmark: _Toc91933138][bookmark: _Toc91933237][bookmark: _Toc91933416]
[bookmark: _Ref142406037][bookmark: _Toc143001536]Figure 29: Risk stratification of patients with Pulmonary Hypertension
Kaplan Meier analysis and life tables of mortality stratified by baseline remote physiological risk score in patients with pulmonary hypertension from the ASPIRE registry. Individual physiological risk scores were calculated by summation of the mortality-weighted z-score for age, heart rate reserve, total pulmonary resistance and incremental shuttle walk test and patients separated into deciles of baseline risk (p<0.001 for each decile of risk- Log Rank test).


The next step in the development of a PAH risk score was to validate these results with the remaining 1/3 of the ASPIRE patient and determine if scores could be used to predict 1-year mortality. 
3.4.3 Development of a PAH physiological risk score: PH Validation cohort

Validation was undertaken using results from the derivation cohort, data was tested and applied to the remaining 1/3 of the ASPIRE population (n = 1904). Demographics for the validation cohort are described in  and are well matched to the derivation group.


[bookmark: _Ref85564592]Table 20 and are well matched to the derivation group.


[bookmark: _Toc142404112]Table 20: Demographics: ASPIRE registry validation cohort

	


Demographics
	All PH
Validation group (1/3 total PH group)
n = 1904

	
	Mean
	SD

	Male sex (%)
	39
	0.49

	Age at diagnosis (years)
	63
	16

	WHO FC (I- IV)
	3
	0.6

	BMI (kg/ m2)
	29
	7

	Heart rate  (bpm)
	82
	17

	SaO2  (%)
	94
	4

	Baseline ISWD (metres)
	157
	149

	eGFR (ml/ min)
	64.9
	20.0

	EmPHasis 10 (Out of 50)
	29
	14

	FEV1  (% predicted)
	73
	23

	FVC (% predicted)
	86
	25

	FEV1/ FVC Ratio
	69
	13

	TLCO (% predicted)
	46
	22

	Mean RAP  (mmHg)
	11
	6

	Systolic PAP (mmHg)
	73
	21

	Diastolic PAP (mmHg)
	27
	9

	Mean PAP (mmHg)
	44
	12

	PAWP (mmHg)
	13
	6

	PVR (WU)
	7.9
	5.1

	TPR (WU)
	10.7
	5.6

	CO (L/ min)
	4.9
	1.8

	Cardiac Index (L/ min/ m2)
	2.62
	0.87

	Nitric Oxide Responder
	1%
	-


Variables are documented as mean ± SD. WHO FC: World Health Organisation Functional Class; BMI: Body Mass Index; bpm: beats per minute; SpO2: Oxygen saturations; ISWD: Incremental Shuttle Walk Distance; FEV1: Forced Expiratory Volume in 1 second; FVC: Functional Vital Capacity; TLCO: Transfer Factor; RAP: Right Atrial Pressure; PAP: Pulmonary Artery Pressure; PCWP: Pulmonary Capillary Wedge Pressure; SVO2:  PVR: Pulmonary Vascular Resistance; Woods Units (mmHg/ L/ min); TPR: Total pulmonary Resistance; CO: Cardiac Output; NO: Nitric Oxide.

3.4.4 [bookmark: _Toc143557563]Development of a PAH physiological risk score: Baseline risk stratification in PAH
To determine baseline risk in PAH, the patients from the ASPIRE registry were entered into the modified COMPERA 2.0 model (utilising ISWD, WHOFC, NTproBNP), which, based on 1-year mortality stratifies patients into low (<5%), intermediate-low (5-10%), intermediate– high (10 -20%) and high risk (>20%) for 1 year mortality ([image: A number on a white background
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Figure 30).

[image: file:///Users/jen/Pictures/Photos%20Library.photoslibrary/originals/1/163AA363-5F46-4EA4-A561-8DE44EE2A781.jpeg]Modified COMPERA 2.0
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[bookmark: _Toc143001537]Figure 30: ASPIRE PAH cohort separated by COMPERA 2.0 Risk stratification method and life tables.
Patients with PAH from Sheffield ASPIRE registry (REC 06/YH/0352) separated by modified COMPERA 2.0 risk stratification (ISWD rather than 6MWD): Risk groups based on 1 year mortality stratifies patients into low (<5%), intermediate-low (5 -10%), intermediate– high (10 -20%) and high risk (>20%) for 1 year mortality. COMPERA 2.0 method from ESC/ERS PG guidelines (Humbert et al., 2022)



I then applied the LOESS-derived thresholds of physiological risk (described earlier in methods section) that separate the same patients with PAH into risk groups based on my physiological PAH risk scores ([image: A number on a white background

Description automatically generated]


Figure 31). Comparison between both risk stratification models demonstrated that both models were well matched at 1, 3 and 5 years and a Cohens-weighted Kappa score of 0.61 highlighted good agreement between the two methods.
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[bookmark: _Toc143001538]Figure 31: ASPIRE PAH cohort separated by LOESS-derived physiological risk  score and life tables.
Patients with PAH from Sheffield ASPIRE registry (REC 06/YH/0352) separated by LOESS-derived risk thresholds. Risk groups highlight risk of 1 year mortality low (<5%), intermediate-low (5 -10%), intermediate– high (10 -20%) and high risk (>20%) for 1 year mortality.

3.5 [bookmark: _Toc143557564][bookmark: _Toc82806059][bookmark: _Toc83813635]Brief summary
A review of Sheffield ASPIRE registry’s 20-year outcome data demonstrated a statistically significant relationship between ISWD, heart rate and TPR with mortality risk. By calculating individual mortality-weighted z-scores and using LOESS regression a PAH risk score was developed and validated and its relationship to 1-year mortality risk demonstrated.

3.6 [bookmark: _Toc143557565]Discussion
The ESC/ERS guidelines for the diagnosis and treatment of PH use multiparametric risk stratification to guide treatment decisions in PAH with the aim to achieve and maintain a low risk profile (Humbert et al., 2022). Due to the need for invasive measurements, risk is often only calculated at diagnosis to aid treatment decisions and repeated at 3-6 months or if a patient deteriorates or requires a further invasive RHC. Non-invasive parameters can be done more frequently but again only give snapshots of data. I wanted to develop a remote PAH risk score that could be used daily to monitor a patient’s condition and enable prompt therapy escalation, if required and to reduce the risk of clinical decompensation, aiming to improve overall mortality.

Analysis of patients in the Sheffield ASPIRE registry demonstrated that heart rate, field walk test and PVR/ TPR were related to mortality in PAH. Heart rate can be monitored remotely via ICM, and field walk test can be monitored remotely, although cumbersome, TPR can via a PAP monitor. Regular, remote monitoring of this data allows trend data to be reviewed for each patient and then individual mortality-weighted z-scores for age, HRR, TPR and field walk test can be summed to form a physiological risk score. 

A comparison between the ASPIRE registry PAH cohort firstly stratified by the COMPERA 2.0 risk scoring (ESC gold standard) compared to LOESS-derived thresholds of risk showed good agreement between both risk scores. This suggests that this physiological risk score, that can be remotely monitored, allows for more frequent data monitoring, potentially allowing treatment to be initiated and treatment response monitored remotely based on the ‘real-time’ data. 

The main issue encountered so far is that although field walk test is related to mortality in PH and can be monitored remotely, it is cumbersome for the patient and data is not received as frequently as the daily physical activity data from an ICM. Physical activity from ICMs in PAH has not been compared to mortality, therefore I plan to review how the physical activity data collected via ICM relates to field walk testing and mortality in chapter 4. If there is a statistically significant relationship to mortality, then it would enable the remote monitoring of physical activity via ICM as a substitute for ISWD and the development of a remote PAH risk score. This would enable, through the implantation of an ICM and PAP monitors in patients with PAH, daily readings for heart rate, physical activity and TPR. To consolidate multiple physiological parameters a daily remote PAH risk score could be calculated, and trend data observed and acted upon to prevent patient decompensation and allow review of treatment response.

 The next step will be to apply this remote PAH risk score to patients recruited into the real-world FIT-PH and PIPAH studies and I will describe results from this further in chapters 5 and 6.



[bookmark: _Toc143557566]Chapter 4: 	Remote monitoring of physical activity and its’ relationship to standardised exercise testing, other haemodynamic parameters and mortality

4.1 [bookmark: _Toc143557567]   Brief overview and methods

In chapter 3 I described how a PAH physiological risk score was developed and validated using heart rate, ISWD and TPR, parameters shown to be related to hard outcomes. One issue that arose is that although ISWD can be undertaken remotely, it can be burdensome for the patient and provides less data. Utilising an ICM to monitor heart rate as well as daily physical activity levels would be one solution but mortality data for this is in PH has not been tested. I hypothesised that 1) The relationship between a patient’s ISWD and their daily physical activity data, monitored via ICMs, can be determined and the relationship to 1-year mortality evaluated and 2) Physical activity data from ICMs and its relationship to 1-year mortality risk can be utilised in a remote PAH risk score. 

Patients recruited to the arrhythmia sub-study of the national cohort study of patients with idiopathic and heritable PAH (13/EE/0203), were implanted with an ICM to record remote, daily physical activity levels, in minutes per day. Using a linear regression model an individual’s field walk test was compared to their level of daily activity to determine significance and relationship to mortality. Z-scores were calculated, enabling the development of a remote PAH risk score calculator.

[bookmark: _Toc143557568]4.2.   	Objectives
1. Recruit eligible patients to the National Cohort Study of patients with idiopathic and heritable PAH sub-study (13/EE/0203) for an ICM implant.
2. Compare the relationship between patients’ remotely captured levels of physical activity and field walk test results as well as other parameters related to mortality. Utilise physical activity for field walk distance in the remote PAH risk score.
3. Review the effects on physical activity during the COVID pandemic. 


4.3 [bookmark: _Toc82806062][bookmark: _Toc143557569]    Results: Demographics
Between October 2019 and October 2021, 87 patients had an insertable cardiac monitor (ICM) implanted (LinQ, Medtronic) either at Sheffield Teaching Hospitals NHS Foundation Trust (n = 57) or at the Royal Papworth NHS Foundation Trust (n = 30). Baseline demographics showed patients to be predominantly female (n = 66 (75.3%)) and Caucasian (n = 79 (91%)) with a mean age of 53 ± 15 years, older than the historic descriptions for a patient with PAH but more in keeping with a group with well-established disease (8.1 ± 5.3 years since diagnosis) and advances in PAH therapy. Historic demographic descriptions for PAH were based on earlier registries where the definition and assessment of PAH was not standardised. Cohorts often included a mixed population, and a significant number did not have a RHC to confirm diagnosis. Also, patients with severe or rapidly progressive disease were often missed as there was no time to recruit them to an appropriate registry (Ling, Martin K. Johnson, et al., 2012). Patients are now recognised as being older with better survival rates compared to earlier registries, in keeping with this cohort. Patients have a median age of 50 years and in the majority are Caucasian (except in younger patients where there is a higher incidence of non-Caucasian patients) (Ling et al., 2012). Figure 32 demonstrates the age distribution of all patients with an ICM implanted for this study by sex. 
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[bookmark: _Ref89339023][bookmark: _Toc91933141][bookmark: _Toc91933240][bookmark: _Toc91933419][bookmark: _Toc143001539]Figure 32: Distribution of age, in years, by sex in those patients with an ICM
          The y axis demonstrates patient age in years and x axis demonstrates the number of patients.


The majority of patients (n = 74 (91%)) were recruited as part of the arrhythmia sub-study of the UK National Cohort of Idiopathic and Heritable PAH (13/EE/0203), the remaining patients’ data was recruited under ASPIRE registry ethics (6/YH/0352). 14 patients (16%) had a confirmed genetic mutation previously demonstrated to be related to PAH (BMPR2, ALK1 or TBX4) and 15 patients (17.2%) had a positive vasoreactivity test at baseline RHC. The cohort as a whole demonstrated significant pulmonary vascular disease with the majority of patients in WHO Functional Class III and IV and field walk test distances/ NT-proBNP values (1063.8 ± 2474.4 g/ dL) consistent with intermediate to high-risk PAH. Baseline RHC data was consistent with this demonstrating a high mean RAP (9.3 ± 5.2 mmHg); mPAP (50.4 ± 14.7 mmHg) and PCWP (10.2 ± 3.1 mmHg) and low SVO2 (65.8 ± 14.6%), see Table 21.



[bookmark: _Ref89714538][bookmark: _Toc142404113]Table 21: Baseline demographics:  Patients with insertable cardiac monitor
	
	n (%) or mean ± SD

	
	Sheffield 
(n= 57)
	Cambridge 
(n= 30)
	Combined 
(n= 87)

	Age (years)
	52 ± 15
	57 ± 15
	53 ± 15

	Male sex (%)
	14 (24.6)
	7 (23.3)
	21 (24.7)

	BMI (kg/ m2)
	30 ± 7
	29 ± 7
	30 ± 7

	Race (% of group)
             Caucasian
Asian
Black
	
49 (86)
4 (7)
4 (7)
	
30 (100)
0
0
	
79 (90.8)
4 (4.6)
4 (4.6)

	Diagnosis 
Idiopathic PAH
PAH - Congenital 
PAH - CTD
PAH - other
	
47 (82.5)
2 (3.5)
6 (10.5)
2 (3.5)
	
30 (100)
0
0
0
	
77 (88.5)
2 (2.3)
6 (6.9)
2 (2.3)

	Mutation positive 
BMPR2
ALK1
Other
	
7 (12.3)
3 (5.3)
1 (1.8)
	
2 (6.7)
1 (3.3)
0
	
9 (10.3)
4 (4.6)
1 (1.1)

	Years since diagnosis
	7.8 ± 5.1
	8.6 ± 5.8
	8.1 ± 5.3

	Baseline resting heart rate (bpm)
	76.0 ± 11.6
	73.4 ± 13.3
	75.1 ± 12.2

	Night heart rate (bpm)
	71.9 ± 10.9
	72.9 ± 12.2
	72.2 ± 11.2

	Day heart rate (bpm)
	81.0 ± 9.4
	80.8 ± 10.9
	80.9 ± 9.9

	Heart rate variability (bpm)
	95.5 ± 32.77
	92.1 ± 36.6
	95.5 ± 32.8

	Physical activity (metres)
	138.5 ± 93.6
	150.5 ± 74.6
	53.2 ± 14.9

	Heart rate reserve (bpm)
	9.1 ± 5.1
	8.8 ± 4.8
	9.0 ± 5.0

	Baseline systolic BP (mmHg)
	125.5 ± 17.0
	127.5 ± 20.1
	126.2 ± 18.1

	Resting SpO2 (%) 
	95.5 ± 3.2
	97.7 ± 2.7
	95.6 ± 3.4

	WHO Functional class
I
II
III
IV
	
4 (7.0)
16 (28.1)
23 (40.4)
14 (24.6)
	
1 (3.3)
12 (40.0)
16 (53.3)
1 (3.3)
	
5 (5.7)
28 (32.2)
39 (44.8)
15 (17.2)

	ISWT (metres)
	307.2 ± 246.2
	NA
	NA

	6MWD (metres)
	NA
	402.7 ± 155.8
	NA

	NT-pro BNP (g/ dl)
	1353.1 ± 2995.5
	543.1 ± 829.3
	1063.8 ± 2474.4

	Nitric Oxide Responder positive
	13 (22.8)
	2 (6.7)
	15 (17.2)

	Right Heart Catheter
Mean RA (mmHg)
Systolic PAP (mmHg)
Diastolic PAP (mmHg)
PCWP (mmHg)
Mean PAP (mmHg)
CO (L/ min)
PVR (WU)
CI (L/ min/ m2)
SVO2 (%)
TPR (WU)
	
10.4 ± 6.1
87.3 ± 22.8
34.9 ± 11.5
10.4 ± 3.3
53.9 ± 14.3
4.3 ± 1.7
12.2 ± 7.2
2.4 ± 1.0
63.5 ± 17.2
15.1 ± 8.3
	
7.3 ± 2.1
71.9 ± 20.9
27.8 ± 8.1
9.7 ± 2.7
43.9 ± 13.4
4.3 ± 1.4
9.7 ± 6.7
2.3 ± 0.8
69.7 ± 7.5
11.6 ± 6.8
	
9.3 ± 5.2
81.8 ± 23.2
32.4 ± 11.0
10.2 ± 3.1
50.4 ± 14.7
4.3 ± 1.6
11.3 ± 7.1
2.3 ± 0.8
65.8 ± 14.6
11.7 ± 7.8

	Emphasis 10 QoL at implant (0-50)**
	28.7 ± 12.6
	NA
	NA

	ASTA
	5.3 ± 7.0
	NA
	NA

	PHQ9
	7.3 ± 6.8
	NA
	NA

	GAD7
	5.9 ± 6.1
	NA
	NA

	MRI
RVEDV (mL/ m2)
RVEF (%)
LVEF (%)
	
157 ± 58
40 ± 15
66 ± 12
	
202.8 ± 66.5
41.8 ± 16.2
57.1 ± 24.8
	
184.7 ± 63.4
43.6 ± 16.8
62.1 ± 19.0

	French Risk score 
            0
            1
            2
            3
            4
	
20 (35.1)
12 (21.1)
18 (31.6)
7 (12.3)
0
	
4 (13.3)
9 (30.0)
6 (20.0)
7 (23.3)
4 (13.3)
	
24 (27.6)
21 (24.1)
24 (27.6)
14 (16.1)
4 (4.6)


BMI: Body Mass Index; PAH: Pulmonary arterial hypertension; CTD: Connective Tissue Disease; BMPR2: Bone Morphogenetic Protein Receptor Type 2; ALK1: Activin A Receptor A type; bpm: beats per minute; PH: pulmonary hypertension; BP: Blood Pressure; SO2: Oxygen saturations: ISWD: Incremental shuttle walk distance; 6MWD: 6 Minute Walk Distance: NT-proBNP: N-terminal pro B-type natriuretic peptide; RAP: Right Atrial Pressure; PAP: Pulmonary Artery Pressure; PCWP: Pulmonary Capillary Wedge Pressure; SVO2:  PVR: Pulmonary Vascular Resistance; Woods Units (mmHg/ L/ min); TPR: Total pulmonary Resistance; CO: Cardiac Output; NO: Nitric Oxide;; ASTA: Arrhythmia-Specific questionnaire in Tachycardia and Arrhythmia; PHQ9: Patient Health questionnaire 9 (depression); GAD 7: Generalised Anxiety Disorder assessment questionnaire; MRI: Magnetic Resonance Imaging; RVEDV: Right ventricular End Diastolic Volume; RVEF: Right Ventricular Ejection Fraction; LVEF: Left Ventricular Ejection Fraction. French risk score as per (Boucly et al., 2017).


Demographic comparisons were made between Sheffield and Cambridge using independent Student t-tests, Mann Whitney U, Chi-squared and Fisher’s exact tests as appropriate. Sheffield overall had a cohort of patients with more severe pulmonary vascular disease with more patients with WHO FC III/ IV than Cambridge (65 compared to 56.6% although not significant p 0.006). This was better reflected in baseline RHC data with the Sheffield sample having a higher mean RAP of 9.3 ± 5.2 mmHg (p 0.001*), a higher mPAP of 50.4 ± 14.7 mmHg (p 0.02*) and higher median PVR 911 IQR 54.3 -1193 dynes (p 0.042*) as well as a lower proportion of low-risk FRS criteria (36.2 compared to 43.4% p 0.270 ns).

The majority of patients were prescribed guideline-directed vasodilator therapy as per current ESC/ERS guidelines in the form of at least dual oral therapy (Humbert et al., 2022). Out of the 15 (17.2%) patients found to be responsive to NO at diagnostic RHC, 13 (14.9%) were on high dose, slow release CCB. Over half the patients were taking at least 1 concomitant diuretic orally, in keeping with a cohort of patients with significant pulmonary vascular disease and RV impairment. Patient therapy is summarised in 








[bookmark: _Ref83297853]Table 22.








[bookmark: _Toc142404114]Table 22: Baseline PAH-specific therapy in patients with an ICM
	
	n (%) or mean ± SD

	
	Sheffield
	Cambridge
	Both groups

	Vasodilator therapy: 

             PD5i
ERA
Riociguat
Selexipag
Nebulised iloprost 
Intravenous prostanoid 
	

53 (93.0)
45 (78.9)
1 (1.8)
6 (10.5)
5 (8.8)
15 (26.3)
	

28 (93.3)
24 (80.0)
0
11 (36.7)
0
8 (26.7)
	

81 (93.1)
69 (79.3)
1 (1.1)
17 (19.5)
5 (5.7)
23 (26.4)

	Combination therapy: 

Mono oral therapy
Dual oral therapy
Triple oral therapy
Oral therapy + nebulisers
Oral therapy + IV prostanoid
IV prostanoid only
	

4 (7.0)
27 (47.4)
7 (12.3)
3 (5.3)
15 (26.2)
1 (1.8)
	

5 (16.7)
10 (33.3)
10 (33.3)
0
5 (16.7)
0
	

9 (10.4)
37 (42.6)
17 (19.5)
3 (3.4)
20 (23.0)
1 (1.1)

	Diuretic therapy:

Loop diuretic
MRA
Other
	

36 (63.2)
19 (33.3)
1 (1.8)
	

19 (63.3)
15 (50.0)
4 (13.3)
	

55 (63.2)
34 (39.1)
5 (5.7)

	All CCB
CCB as PH therapy
	15 (26.3)
12 (21.1)
	5 (16.7)
1 (3.3)
	20 (23.0)
13 (14.9)

	Antiarrhythmic therapy
B blocker
Amiodarone
Other AAD
	
10 (17.5)
2 (3.5)
5 (8.8)
	
1 (3.3)
2 (6.7)
1 (3.3)
	
11 (12.6)
4 (4.6)
6 (6.9)

	Anticoagulation
DOAC
Warfarin
	18 (31.6)
9 (15.8)
9 (15.8)
	6 (20.0)
3 (10.0)
3 (10.0)
	24 (27.6)
12 (13.8)
12 (13.8)

	LTOT
	8 (14.0)
	2 (6.7)
	10 (11.5)

	CPAP
	5 (8.8)
	0
	5 (5.7)

	Concomitant medication
	53 (93.0)
	28 (93.3)
	81 (93.1)


PD51: Phosphodiesterase-5 Inhibitor; ERA: Endothelin Receptor Antagonist; IV: intravenous; MRA: Mineralocorticoid Receptor Antagonist; CCB: Calcium Channel Blocker; DOAC: Direct Oral Anticoagulant; LTOT: Long Term Oxygen Therapy; CPAP: Continuous Positive Airway Pressure.

As of the census date, 28th October 2021, 5128.4 weeks of ICM data in total had been collected with a mean ± SD of 58.9 ± 27.8 weeks per patient. In Sheffield all devices were implanted by a physician and the majority of these were in a clinic setting (Table 23). Those performed in the catheter lab (n = 4) were performed there as the patient was having a concomitant CardioMEMSTM implant and it was convenient to perform both procedures at the same time. 16 patients had both an ICM and PAP monitor implanted, the results of the combined physiology from these devices will be discussed in chapter 5. In Papworth all ICM devices were implanted by a physician and 90% in a clinic setting (Table 23). 

[bookmark: _Ref83124869][bookmark: _Toc142404115]Table 23: ICM: Implantation details 

	
	Sheffield
n (%)
	Cambridge
n (%)

	Primary operator
· Physician
· Highly specialised cardiac physiologist
	
57 (100)
0
	
30 (100)
0

	Device implanted
· In catheter lab
· In a clinic setting
	
4 (7)
53 (93)
	
3 (10)
27 (90)

	PAP monitor in situ
	18 (31.6)
	0

	Device complications <30 days
	1 (1.8)
	2 (6.7)

	Device complications >30 days
	0
	0


PAP: Pulmonary artery pressure; Values are expressed as number of the population (% population), (n(%)).
4.3.1 [bookmark: _Toc82806064][bookmark: _Toc143557570]Adverse events and data completeness

There were no SAEs documented (Table 24). 2 patients had some minor bleeding requiring prolonged manual pressure to achieve haemostasis. 1 patient had a device erosion (likely related to lifting heavy weights straight after implant) with no signs of device or skin infection. The device was removed, implant site allowed to heal, and a new implant was inserted with no subsequent issues.

[bookmark: _Ref83298062][bookmark: _Toc142404116]Table 24: ICM: Adverse events 
	
	Number of occurrences
	Action taken

	Serious Adverse events
	0
	NA

	Bleeding
	2
	Manual pressure to achieve haemostasis

	Infection
	0
	NA

	Device erosion
	1
	Explanted, allowed to heal and new device implanted


AE: Adverse Events; SAE: Serious Adverse Events

Post device insertion and home monitor set-up, data collection was 100% as results downloaded automatically nightly. There were potential issues with technical failure but any that arose were easily resolved with no effect on patient wellbeing or safety.


4.4 [bookmark: _Toc143557571] Standard field walk test results versus remote daily physical activity levels via remote ICM monitoring
Daily physical activity is a parameter that can be remotely monitored using an ICM but there is currently no mortality data for this. In PH this data has not been collected previously and it is therefore unknown if remote levels of physical activity are normally distributed. The data collection and statistical analysis in section 4.4 was undertaken with Junaid Patel, BSc student, supervisor Dr Alex Rothman, University of Sheffield.
4.4.1 [bookmark: _Toc143557572]Distribution curves for physical activity levels
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Figure 33 demonstrates the distribution of physical activity in patients with implanted ICMs from A. Sheffield and B. Cambridge separately and then as a C. a whole group. The distribution curves are not normally distributed and the spread varies between groups, with the Cambridge cohort undertaking more physical activity (mean 150 ± 75 metres compared to 145 ± 85 metres). This is likely explained by the fact that demographic comparison between both groups highlighted Sheffield’s patient cohort to be a higher risk group, with more severe disease, a reduction in physical activity would correlate with this.
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[bookmark: _Toc143001540][bookmark: _Toc91933142][bookmark: _Toc91933241][bookmark: _Toc91933420]Figure 33: Distribution of physical activity levels from ICM implants 
Physical activity is expressed in minutes per day on the x axis and y axis demonstrates the frequency each level of activity is reached by A: the Sheffield cohort; B: the Cambridge cohort and C: Both cohorts. In both groups results were not normally distributed.
Middleton, Patel, unpublished

4.4.2 [bookmark: _Toc143557573]A review of the relationship between physical activity and parameters related to mortality in PAH

4.4.2.1 WHO FC
The relationship between remote physical activity levels and WHO FC was analysed and results are demonstrated in Figure 34. As data was not normally distributed a 2-sided Dunnett’s t-test was performed, with the WHO FC I patient group used as the control. A significant difference in levels of physical activity was demonstrated when compared to those patients in WHO FC 3 (p 0.01) and WHO FC 4 (p 0.00). As you would expect, those in a higher WHO FC had lower levels of daily activity.
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[bookmark: _Ref87526658][bookmark: _Toc91933143][bookmark: _Toc91933242][bookmark: _Toc91933421][bookmark: _Toc143001541]Figure 34: Physical activity levels by WHO FC 
Box and whisper plot demonstrating the maximum and minimum physical activity values (in minutes per day). The blue box represents the median value and interquartile range for each WHO FC group in both Sheffield and Cambridge patients. The x axis demonstrates a patients’ WHO FC, and the y axis demonstrates levels of physical activity in minutes per day. WHO Functional Class I (median: 288.8; IQR: 267.1 – 301.8), II (median: 189.9; IQR: 144.4 – 224.6), III (median: 107.1; IQR: 62.1 – 160.4), and IV (median: 31.6; IQR: 17.0 – 38.9). ANOVA with Dunnett’s t-test found a significant difference between: WHO functional classes I and III (P=0.001); WHO functional classes I and IV (P=0.000). WHO FC: World Health Organisation Functional Class.
Middleton, Patel, unpublished

4.4.2.2 French risk score
A review of the relationship between physical activity and the French non-invasive risk score (FRS),(Boucly et al., 2017), demonstrated that patients with a higher FRS, i.e. those with more low risk features present, correlated with an improvement in physical activity (Figure 35, Plot A). This relationship was also demonstrated when FRS was then separated into low (FRS of 0 -2) or high risk (FRS of 3 -4), (Figure 35, Plot B). FRS is calculated as the sum of the number of low-risk criteria satisfied, which are: 6MWT >440 m, WHO FC of I/ II, RAP <8 mmHg, and CI ≥2.5 L/ min/ m2. 

Mann-Whitney U testing demonstrated a statistically significant increase in ICM-measured physical activity (minutes/ day) in the low FRS groups (0/ 1) compared to the high FRS groups (2,3,4) (p = 0.01). 
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[bookmark: _Ref89770146][bookmark: _Toc91933144][bookmark: _Toc91933243][bookmark: _Toc91933422][bookmark: _Toc143001542]Figure 35: Physical activity levels by A: Individual French Risk Score and B: High vs low French Risk Score.
Box and whisper plots demonstrating ICM-measured average daily physical activity levels (minutes/day) stratified by A: Individual French risk score and B: low French risk score (0/ 1)the maximum and minimum number of patients in each FRS group (low risk features present 0 -4) and stratified by a high French risk score 0 or 1 (median: 75.5; IQR: 32.6 – 160.4), and a high French risk score of 2, 3, or 4 (median: 188.2; IQR: 119.1 – 213.9).  French risk score is calculated as the sum of the number of low-risk criteria satisfied, which are: 6MWD >440 m, WHO FC of I/ II, RAP <8 mmHg, and CI ≥2.5 L/ min/ m2. The blue box represents the median value and interquartile range for each FRS group in both Sheffield and Cambridge patients. The x axis demonstrates a patients FRS, and the y axis demonstrates levels of physical activity in minutes per day. FRS: French Risk Score (Boucly et al., 2017). Statistical significance between low and high FRS groups was demonstrating using a Mann-Whitney U test (p = 0.000). Middleton, Patel, unpublished

4.4.2.3 NT-proBNP
A similar comparison reviewed NT-proBNP levels against ICM-measured physical activity levels. Low risk was classified as an NT-proBNP of <300 g/L, intermediate risk as an NT-proBNP of 300 -1400 g/L and high risk as an NT-proBNP of >1400 g/L as per ESC/ERS guidelines (Humbert et al., 2022), (Figure 36).

Kruskal-Wallis testing with Bonferroni post-hoc analysis demonstrated a significant difference between low and intermediate risk groups (p = 0.047) and between low and high risk groups (p = 0.001).
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[bookmark: _Ref92282262][bookmark: _Toc91933146][bookmark: _Toc91933245][bookmark: _Toc91933424][bookmark: _Toc143001543]Figure 36: Physical activity levels for low, intermediate and high-risk NT-proBNP groups
Box and whisper plot demonstrating ICM-measured average daily physical activity levels (minutes/ day stratified by NT-proBNP risk groups, the blue box represents the median value and interquartile range for each NT-proBNP group, x axis demonstrates NT-proBNP risk group, y axis demonstrates levels of ICM-measured physical activity in minutes per day. NT-proBNP risk groups are classified as low (NT-proBNP level <300 ng / L; median: 182.8; IQR: 109.1 – 216.2), intermediate (300 <NT-proBNP level <1399 ng / L; median: 82.6; IQR: 52.1 – 161.7), and high (NT-proBNP ≥1400 ng / L; median: 35.7; IQR: 24.9 – 123.8). Kruskal-Wallis test with Bonferroni post-hoc analysis found a significant difference between low and intermediate groups (P=0.047); low and high groups (P=0.001).
Middleton, Patel, unpublished

4.4.3 [bookmark: _Toc143557574]Relationships between physical activity levels to field walk test

There is currently no mortality data for the level of daily physical activity a patient achieves as there is for standardised field walk testing in PAH. Daily physical activity data, measured via ICMs, monitors activity daily in times of health and illness with little input from the patient once their home monitor is set up. In contrast, remote field walk testing, although feasible would practically only be performed on a weekly basis and would require extra input from the patient whilst providing less physical activity information overall. I have shown that physical activity relates to factors we know are related to clinical worsening in PAH, for example, FRS, WHO FC and NT-proBNP, I therefore wanted to compare the relationships between field walk testing and daily physical activity. If a relationship is identified and relates to mortality, then I wanted to determine the feasibility of its use as a substitute for field walk test to further develop a remote PAH risk score. 

A linear regression model was fitted by plotting results of both values for individual patients on a scatter plot (x = 6MWD/ ISWD in metres; y = physical activity levels in minutes/ day). R2, the squared correlation coefficient, was calculated to explain the relationship between each standardised field walk test and physical activity. 

Figure 37, Plot A demonstrates an overall linear relationship between levels of physical activity recorded by ICM and ISWD distance walked: R2 0.514 and a p value for the significance of change = 0.001. Plot B demonstrates a relationship between levels of physical activity and 6MWD achieved but the relationship is less linear with more outlying results : R2 0.014 and a p value for the significance of change = 0.557. 

A: Physical activity levels compared to ISWD
[image: Chart, scatter chart

Description automatically generated]R2 0.514
Significance of change p <0.001


B: Physical activity levels compared to 6MWD 
[bookmark: _Ref89773034][image: Chart, scatter chart

Description automatically generated]P=0.557
R2 0.014
Significance of change p <0.557


[bookmark: _Toc91933147][bookmark: _Toc91933246][bookmark: _Toc91933425][bookmark: _Toc143001544]Figure 37: Comparison between levels of physical activity and 6MWD 
Scatter plots comparing the relationship between levels of physical activity (minutes per day) on the x axis and A ISWD and B 6MWD, both in metres, in patients with ICM implant. Plot A: linear relationship between ICM-measured levels of physical activity vs ISWD (R2 0.514, p value for the significance of change = 0.001). Plot B: some relationship between ICM-measured levels of physical activity vs 6MWD achieved, relationship is less linear with more outlying results: R2 0.014 and a p value for the significance of change = 0.557). 
Middleton, Patel, unpublished

This is not completely unexpected as ISWD is a maximal exercise test and patients must push themselves to meet the next bleep or are required to stop. 6MWD is a sub-maximal exercise test with pace and distance decided by how the patient feels on the day. From this I would expect ISWD to correlate more closely with daily levels of physical activity.

As demonstrated earlier mortality-weighted z scores were calculated for age, TPR, HRR and this time ICM measured physical activity rather than ISWD to develop a remote PAH risk score as demonstrated below.

Remote PAH Risk score = mort.z age + mort.z TPR  + mort.z HRR – mort.z daily physical activity

Standardised exercise testing gives snapshot insights into exercise capacity whereas ICM give continuous physical activity data. This data takes account of factors that often don’t affect standardised exercise testing for example comorbidity, mental health, physical activity day to day etc. 

Changes in physiology occur in relation to levels of physical activity achieved, however, it appears that multiple factors can also influence these levels that are not simply exercise or illness. The next section reviews how daily levels of physical activity during the COVID-19 pandemic were affected. A national lockdown mandated patients to stay at home and effectively caused a reduction in physical activity levels in most patients. During this time, a review of this data showed that a reduced level of physical activity did not correlate with a change in cardiovascular physiology but did correlate with a deterioration in mood and depression scores highlighting that physical activity can be affected by external factors not related to cardiac physiology.

4.5 [bookmark: _Toc82806067][bookmark: _Toc143557575]Effect of COVID-19 pandemic on ICM remotely monitored haemodynamic parameters

COVID-19 (SARS-CoV-2) is a novel coronavirus discovered in December 2019 and originated in Wuhan, China. It caused a series of acute, atypical respiratory infections that spread rapidly to other areas around the world and was associated with high mortality (Yuki, Fujiogi, & Koutsogiannaki, 2020). The World Health Organisation declared an international pandemic and on March 23rd 2020, the UK government announced the Public Health Protection Regulations in response to this to ensure individuals stayed at home and avoided non-essential travel. These regulations became law on March 26th 2020 and on April 8th 2020, patients with PH were added to the NHS England shielding cohort and further protective advice provided. Limitation of daily activity and restriction of movement was widely, and effectively, enforced to reduce COVID-19 transmission. Physical activity is however a critical measure in the prevention of cardiovascular disease (NICE, 2018b).

At the time of UK lockdown measures, 26 patients had an ICM in situ enabling us to remotely monitor haemodynamic parameters regularly. I also rang patients during this time to monitor QoL, depression and anxiety scores (EmPHasis-10, PHQ-9, GAD-7 and ASTA scores). This data allowed a review of the temporal effects of UK government restriction measures on daily activity, heart rate, QoL and clinical depression scores in patients with PAH, a cohort identified as clinically vulnerable by NHS England.

Clinically, the PH team in Sheffield were able to use this information during UK lockdown to assist in determining if patient review via telephone or video clinic was possible to reduce face to face clinical contact. Patients live over a large geographical area, therefore posing many issues in this high-risk group during lockdown. Review of haemodynamic data allowed clinicians to prioritise clinical review and monitor for signs of early decompensation. It also enabled remote optimisation of treatment for patients in a safer, more controlled way when face to face review was not possible during the pandemic.

ICM data was monitored in the form of physical activity, heart rate and arrhythmias as well as monitoring patients QoL, depression, anxiety and arrhythmia symptom burden scores during lockdown and compared data collected prior to and after lockdown restrictions were lifted (
Figure 38). A Danish cohort of PAH patients with an ICM in situ was reviewed to act as a control group. At this time Denmark had very low rates of COVID-19 and did not undertake a national lockdown and subsequently no enforced periods of reduced physical activity were mandated.

Following the announcement of lockdown and instigation of shielding measures, activity was reduced when compared to pre-lockdown levels (3.16 versus 2.68 hours, -0.48 hours, 95% CI -0.27- -0.69, 16%, ****p<0.0001, paired Student’s t-test or one-way ANOVA with Dunnett’s correction for multiple testing as appropriate). This reduction was present each week following lockdown; however the magnitude of this reduction was less in weeks associated with a holiday weekend. QoL was reduced (p <0.01) and anxiety (p <0.05) and depression scores increased (p <0.01) (Mean (IQR), Friedman test with Dunn’s correction for multiple testing) in the post-shielding period compared to pre-lockdown. No change in day or night heart rate, or heart rate variability, was observed and no patients developed COVID-19 during the first UK lockdown. 

In this cohort of patients with PAH, UK government restriction and protective health measures were effective in preventing COVID-19 in patients thought to be highly vulnerable. However, these protective measures resulted in reduced daily activity and QoL, and increased anxiety and depression indicators.


[image: ]
[bookmark: _Ref82786561]
[bookmark: _Toc91933149][bookmark: _Toc91933248][bookmark: _Toc91933427][bookmark: _Toc143001545]Figure 38: The effect of UK public health measures on physical activity and quality-of-life in patients with PAH
Temporal effects of UK government restriction measures on daily activity, heart rate, and quality-of-life, anxiety, and clinical depression scores in patients with idiopathic and heritable pulmonary arterial hypertension. Compared to pre-lockdown, during the period April 14th to 23rd quality-of-life was reduced (EmPHasis-10: 26 (18-38) vrs 32 (17-47), **p<0.01) and anxiety (GAD-7: 1(0-9) vrs 10 (5-18), ***p<0.001) and depression scores increased (PHQ-9: 3 (1-16) vrs 11 (3-17), ***p<0.001). The observed increase in depression scores persisted to the census date (3 (1-16) vrs 11 (8-17), **p<0.01). Mean (IQR), Friedman test with Dunn’s correction for multiple testing. Day and night heart rate, and heart rate variability were unchanged (mean day HR–blue, mean night heart rate–black, mean heart rate variability–red). Following lockdown and shielding measures, activity was reduced when compared to pre-lockdown levels (3.16 vrs 2.68 hours, -0.48 hours, 95% CI -0.27- -0.69, 16%, ****p<0.0001). This reduction was present each week following lockdown, however the magnitude of this reduction was lesser in weeks associated with a holiday weekend (standard weeks: March 30th to April 5th -0.62 hours, 95% CI -0.37- -0.86, p<0.0001 and April 14th to May 3rd -0.48 hours, 95%  CI -0.21- -0.76, ***p<0.001, holiday weekends: April 6th to 13th -0.48 hours, 95% CI -0.06- -0.90 and May 4th to 10th 0.41, 95% C I-0.08- -0.74, both *p<0.05). Data represents mean (solid black) and 95% CI (dashed black), paired Student’s t-test or one-way ANOVA with Dunnett’s correction for multiple testing as appropriatee. GAD7 is a questionnaire to assess levels of anxiety, PHQ9 is a questionnaire to assess levels of depression and EmPHasis 10 is a PH specific questionnaire to look at QoL scores in relation to symptoms from PH only. (Middleton et al., 2020)
4.6 [bookmark: _Toc82806073][bookmark: _Toc143557576]  Brief summary
Linear regression modelling demonstrated a significant relationship between field walk test and levels of physical activity monitored via ICM. Mortality weighted z-scores for ICM-measured physical activity were substituted for field walk test to create a remote PAH risk score. Through the COVID-19 public health restrictions cardiopulmonary haemodynamics were stable, however there was a reduction in physical activity. This shows that a reduction in physical activity is not solely due to worsening clinical condition. As such, physical activity used on its own may provide only a crude indication of clinical condition for use in clinical practice or as a clinical study endpoint.
 
4.7 [bookmark: _Toc143557577]  Discussion

[bookmark: _Toc82806075][bookmark: _Toc82806078]A review of historic Sheffield data demonstrated that field walk testing had a significant relationship to 1-year mortality. Although remote field walk testing is feasible, it would involve action by patients and only provide snapshot activity data. Physical activity levels can be measured via ICM, as well as heart rate. Linear regression showed that changes in physical activity correlated with changes in ISWD and mortality. ISWD had a more linear relationship to physical activity levels compared to 6MWD which is not completely unexpected as ISWD is a maximal exercise test and patients must push themselves to meet the next bleep or are required to stop. 6MWD is a sub-maximal exercise test with pace and distance decided by the patient on the day. The results of this analysis allowed physical activity to be used as a substitute for field walk test to enable a fully remote PAH risk score (Remote PAH physiological Risk Score = mort.z age + mort.z HRR + mort.z physical activity + mort.z TPR).

ICMs give continuous daily levels of physical activity in minutes/ day and continuous heart rate. The device is implanted so cannot be taken off or forgotten about by the patients and does not need charging and as data showed we had a 100% compliance rate for data completeness. The data analysed during the COVID-19 pandemic highlighted than daily physical activity can be affect by factors other than the severity of a patient’s PAH, for example, mental health, the weather/ season, activity restriction etc, a one-off field walk test is less likely to be affected. ICM-measure physical activity has been validated in multiple heart failure cohorts for ADL’s rather than step count alone.

As an example, during the COVID-19 pandemic I monitored those patients with an ICM and rang to establish QoL, depression and anxiety scores as part of the arrhythmia sub-study of the national cohort of idiopathic and heritable PAH. A government mandated lockdown resulted in a reduction in physical activity but a review of ICM and PAP data at the time showed that other physiology in the form of heart rate reserve and PAP were not affected during this time. In contrast QoL scores were reduced and depression and anxiety scores were raised highlighting a potential confounding factor in a reduction of physical activity. I feel this helps demonstrate that data from an ICM alone is useful but does not help to distinguish the cause for this reduction. With HRR and PAP data it would be easier to determine if a patient is decompensating or if a reduction in physical activity is secondary to external factors and QoL/ mood etc. The use of both an ICM and PAP would allow this information to be collected and utilised in a remote PAH risk score also. 

ICMs also remotely collect arrhythmic burden data and for this PAH cohort data is currently being analysed and is beyond the scope of this thesis. In the future this data should give us more insight into the incidence and prevalence of arrhythmias in PAH and help to determine if symptoms are PH related or arrhythmia related.

In this chapter I have shown it is feasible to use an ICM to remotely monitor heart rate and daily physical activity and in chapter 5 I will discuss the set-up of a feasibility study looking at the use of PAP monitors in PH. This technology will allow the remote monitoring of PAP in these patients and can be utilised to develop a remote PAH risk score along with HRR and physical activity. 


[bookmark: _Toc143557578] Chapter 5 Results:    Remote monitoring of cardiopulmonary physiology – response to therapy and clinical worsening. 

5.1 [bookmark: _Toc143557579]Brief overview and methods
I have demonstrated that haemodynamic and phyisological parameters may be combined to create a remote PAH-specific risk score that can help to identify patients at high risk of mortality. I have also shown that physical activity levels vary with disease severity and relate to accepted measures of exercise capacity. To determine the feasability of using PAP monitors in PH to assess PAP stability over time, and to examine changes in physiology at the time of clincial worsening and clinically-indicated therapeutic escalation I set up the FIT-PH study (Feasibility of novel clinical Trial infrastructure, design, and technology for early phase studies in patients with Pulmonary Hypertension, 19/YH/0354) with Dr Alex Rothman, University of Sheffield. 

Patients recruited to FIT-PH had a PAP monitor and ICM implanted, enabling remote monitoring of PAP, CO, heart rate and physical activity. The relationships between heart rate, physical activity, and PAP at times of disease stability and pre-and post-clinically indicated therapeutic escalation and clinical worsening events was assessed. The remote PAH risk score was also applied to determine its role and efficacy in a real-world PH cohort. 

5.2 [bookmark: _Toc143557580]   Objectives
1. Recruit patients to FIT-PH and remotely monitor heart rate, physical activity, PAP, and CO.
2. Review the effects of clinically-indicated therapeutic escalation and clinical worsening events on remote monitored cardiopulmonary physiology.
3. Apply the remote PAH risk score in a ‘real world’ PH cohort.

5.3 [bookmark: _Toc143557581]  Results:    Demographics
Between January 2020 and a census date of 28th October 2021, 22 patients were recruited to the FIT-PH study in Sheffield (19/YH/0354) and their baseline demographics are described in .

[bookmark: _Ref87478533][bookmark: _Ref82803878]Table 25. As would be expected in a PAH cohort, most patients were female (68%) and Caucasian (86%), 19 patients (86%) had a diagnosis of idiopathic or heritable PAH, with 3 (13%) having an identified PAH-specific genetic mutation. The mean age of patients was 50.6 ± 17.8 years with established disease, diagnosed a mean of 6 ± 4.8 years prior. As discussed earlier, demographics are more consistent with recent descriptions of PAH cohorts (Ling et al., 2012). All patients were WHO FC III/ IV with a hospital admission within the past year as per the licenced indication for a CardioMEMSTM implant and FIT-PH inclusion criteria. Collectively NT-proBNP levels were significantly raised (1721.9 ± 3886.3 pg/ ml, mean ± SD). Baseline RHC data showed haemodynamics consistent of patients with WHO FC III/ IV PAH with a mean RAP 9.7 ± 5.3 mmHg; systolic PAP 80.7 ± 23.6 mmHg; diastolic PAP 34.3 ± 10.6 mmHg; mPAP 52.3 ± 11.3 mmHg; PCWP 10.6 ± 4.5 mmHg; CO 4.6 ± 1.5 L/ min; PVR 10.1 ± 5.4 WU; CI 2.6 ± 0.6 L/ min/ m2 and a calculated TPR 12.9 ± 6.4 WU, consistent with severe disease (all results mean ± SD).  3 patients have died since the commencement of the FIT-PH study, 2 from disease progression and RHF and 1 from COVID-19 infection, no deaths were related to device complications.

[bookmark: _Toc142404117]Table 25: Baseline demographics-FIT-PH

	Baseline Demographics (n=22)
	n (%) or mean ± SD

	Male sex     
	7 (32)

	Age (years)
	50.55 ± 17.8

	Ethnicity
· Caucasian
· Asian
	
19 (86)
3 (14)

	Diagnosis 
· Idiopathic / Heritable PAH
· Connective tissue disease -PAH
· Congenital heart disease -PAH
	
19 (86)
2 (9)
1 (5)

	PH-specific gene mutation identified
· BMPR2
· ALK1
	3 (13)
2 (9)
1 (4)

	NO Responder
	8 (36)

	Years since diagnosis
	6 ± 4.8

	Comorbidity
	20 (91)

	WHO FC
· I
· II
· III
· IV
	
0
0
20 (91)
2 (9)

	BMI (kg/ m2)
	28 ± 5.4

	EmPHasis 10 score (max 50)
	28 ±11

	Systolic BP (mmHg)
	124 ± 18

	Resting heart rate (beats per minute)
	77 ± 11

	Resting SpO2 (%)
	94 ± 4

	12-Lead ECG (Normal Sinus Rhythm)
	21 (95)

	NT-proBNP (pg / ml)
	1722 ± 3886

	ISWD (metres)
	303 ± 265

	FEV1 (L)
	2.6 ± 0.8

	FVC (L)
	3.6 ± 1.1

	FEV1/FVC ratio (%)
	75 ± 7

	TLCO (mmol/ min/ kPa)
	5.4 ± 2.2

	Right Heart Catheter
· Mean RAP (mmHg)
· Systolic PAP (mmHg)
· Diastolic PAP (mmHg)
· Mean PAP (mmHg)
· PCWP (mmHg)
· SV02 (%)
· Cardiac Output (L/ min)
· PVR (WU)
· Cardiac Index ( L/ min/ m2)
· TPR (WU)
	
9.7 ± 5.3
80.7 ± 23.6
34.3 ± 10.6
52.3 ± 11.3
10.6 ± 4.5
60.7 ± 22.5
4.6 ± 1.5
10.1 ± 5.4
2.6 ± 0.6
12.9 ± 6.4

	Mortality events
	3 (14)



Results collected between January 2020 and October 2021. Values are presented as n (%) or mean ± SD.PAH: pulmonary arterial hypertension; PH: pulmonary hypertension; BMPR2: Bone Morphogenetic Protein Receptor Type 2; ALK1: Activin Receptor-like Kinase-1; NO: Nitric Oxide; WHO FC: World Health Organisation Functional Class; BMI: Body Mass Index; SpO2: Oxygen saturations; NT-proBNP: N-terminal pro b-type Natriuretic Peptide; ISWD: Incremental Shuttle Walk Distance; FEV1: Forced Expiratory Volume in 1 second; FVC: Functional Vital Capacity; TLCO: Transfer Factor; RAP: Right Atrial Pressure; PAP: Pulmonary Artery Pressure; PCWP: Pulmonary Capillary Wedge Pressure; SVO2: Venous oxygen saturations; PVR: Pulmonary Vascular Resistance; WU: Woods Units (mmHg/ L/ min) ; TPR: Total pulmonary Resistance.


At baseline all patients were on guideline-directed therapy, 8 patients were prescribed dual oral therapy, 5 triple oral therapy and 9 high dose CCBs for vasoresponsive PAH. 2 patients were taking oral PH-specific therapy with concurrent nebulisers and 3 with intravenous prostanoid in keeping with a diagnosis of PAH and WHO FC of III/ IV (Table 26).


	[bookmark: _Ref87478591]Baseline Therapy (n=22)
	N (%) or mean ± SD

	CCB (PAH indication)
	9 (39)

	PD5 inhibitor
	20 (87)

	ERA
	18 (78)

	Selexipag
	1 (4)

	Riociguat
	1 (4)

	Nebulised prostanoid
	3 (13)

	Intravenous prostanoid
	6 (26)

	Single oral
Dual oral
Triple oral therapy
Oral + nebulisers
Oral + intravenous
Intravenous only
	0
8 (36)
5 (23)
3 (14)
6 (27)
0

	Loop diuretic
	13 (59)

	MRA
	5 (23)

	Oral anticoagulant
· DOAC
· Warfarin
	
0
1 (5)

	Concomitant medication
	21 (95)


[bookmark: _Ref122036055][bookmark: _Toc142404118]Table 26: Baseline medical therapy – FIT-PH
CCB: Calcium Channel Blocker; PAH: Pulmonary Arterial Hypertension; PD5: Phosphodiesterase-5; ERA: Endothelin Receptor Antagonist; MRA: Mineralocorticoid Receptor Antagonist; DOAC: Direct Oral Anticoagulant. 


[bookmark: _Toc82806088]The implantation of PAP monitors is currently licenced for implantation via the right femoral vein (RFV) during a standard RHC. During this study (FIT-PH 19/YH/0354) I reviewed the difference between implantation via the RFV vs right internal jugular vein (RIJV).  Access via the RIJV has been shown to be safe, procedures undertaken and can be quicker, better tolerated and have a significantly lower risk of complication than those via the RFV and can reduce length of stay by facilitating same day discharge (Cagino et al., 2016; Ranu et al., 2010). As the results of this review were outside of my initial objectives, they are documented in Appendix B.
5.3.1 [bookmark: _Toc143557582]Adverse events and data completeness
All CardioMEMSTM implant procedures were undertaken in one of the catheter labs in Sheffield Teaching Hospitals NHS Foundation Trust. There were no SAEs, and any AEs are described in Table 27. Events included one minor episode of haemoptysis during CardioMEMSTM implantation that resolved quickly with no intervention with no further episodes occurring.

[bookmark: _Ref87478655][bookmark: _Toc142404119]Table 27: Serious adverse events and adverse events reported: FIT-PH.

	Adverse Events
	Number of occurrences
	Action taken / further information

	Serious Adverse Events
	0
	NA

	Bleeding
	1
	Minor haemoptysis, resolved with no intervention

	Infection
	0
	NA

	Vascular injury
	0
	NA

	Pulmonary Embolism  
	0
	NA



Of the patients enrolled in FIT-PH, 20 patients had a concomitant ICM implant and the remaining 2 used an activity tracker for physical activity tracking. In total, as of the census date of 28th October 2021, 1365 weeks of remote PAP data and 1158 weeks of combined PAP and ICM data had been collected (



[bookmark: _Ref86838133]Table 28).



[bookmark: _Toc142404120]Table 28: Total remote monitoring data collected during FIT-PH

	
	Mean ± SD

	Weeks since PAP monitor implant
Cumulative patient data from PAP monitors (weeks)
	62.0 ± 32.8
1365

	PAP monitor and LinQ implant
	19 (86)

	Weeks since LinQ implant
Total patient data from LinQ (weeks)
	52.6 ± 36.4
1158


PAP: Pulmonary Artery Pressure

Overall compliance for sending LinQ readings was 100% and for CardioMEMSTM 91.1% in terms of taking 1 reading per week for the first 60 days post device implant (Figure 39).


	Patient
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13

	ICM (%)

	100
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100

	PAP (%) monitor
	100
	100
	100
	100
	89
	100
	67
	67
	78
	100
	100
	100
	100
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	14
	15
	16
	17
	18
	19
	20

	100

	100
	100
	100
	100
	100
	100

	78

	87
	78
	87
	100
	100
	100





[bookmark: _Ref93346272][bookmark: _Toc91933150][bookmark: _Toc91933249][bookmark: _Toc91933428][bookmark: _Toc143001546]Figure 39: Patient compliance with home readings
Review of patient compliance (%) with sending home LinQ and CardioMEMSTM readings with compliance classed as 1 x reading per week in the 60 days post device implant. Blue demonstrates ICM home readings and orange is CardioMEMSTM home readings. PAP monitor n = 22, ICM n = 20 (2 patients were not suitable for ICM due to 1. Prior breast cancer and surgery and 2. Device erosion. Physical activity  and heart rate were measured physical activity via wrist-worn activity monitor).




5.4 [bookmark: _Toc143557583]How remotely monitored haemodynamic parameters change with time, therapy, and clinical worsening

5.4.1 [bookmark: _Toc143557584]Therapeutic changes and number of PH admissions in the 12-months preceding and 12-months post CardioMEMSTM implantation.
The number of clinically indicated therapeutic changes made in the year preceding compared to the year post-CardioMEMSTM implant was observed, but no statistical analysis was performed (Figure 40). As you would expect the number of clinically-indicated therapeutic changes increased post CardioMEMSTM implant, including escalation to triple oral or intravenous therapy. This is likely due to the fact that’s more haemodynamic data was available to indicate the need for therapy personalisation. 

[image: ][bookmark: _Ref82810431][bookmark: _Toc91933152][bookmark: _Toc91933251][bookmark: _Toc91933430][bookmark: _Toc143001547]Figure 40: Cumulative number of PAH-specific medication changes pre and post CardioMEMSTM implant.
Time is expressed in days. The black line demonstrates the number of clinically indicated therapeutic changes in the year pre CardioMEMSTM implant and the blue line demonstrates this in the year post CardioMEMSTM implant.






During this time, it was also observed that the number of PH hospitalisations reduced post device insertion, Figure 41. Again, the study was observational, and no statistical analysis was undertaken.
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[bookmark: _Ref91000529][bookmark: _Toc91933153][bookmark: _Toc91933252][bookmark: _Toc91933431][bookmark: _Toc143001548]Figure 41: Comparison of the number of heart failure / PH hospital admissions in the year prior to and the year post CardioMEMSTM implantation.
Y axis demonstrates number of admission and x axis: left column is admissions 1- year pre CardioMEMSTM implant and the right column is 1 year post implant.






Chapters 3 and 4 have demonstrated that in PH there are haemodynamic parameters related to mortality that can be remotely monitored, using implantable technology. Haemodynamic data was previously only available at snapshots of time during a patient’s treatment journey but there was limited data to determine how physiology changes over this time period or how it differs at times of disease stability in comparison to time related to a clinically indicated therapy escalation or CWE. Sections 5.4.2 and 5.4.3 address these points.

5.4.2 [bookmark: _Toc82806085][bookmark: _Toc143557585]Haemodynamic response pre- and post-clinically-indicated therapy escalation
24 clinically-indicated therapeutic escalations were instigated during the period of observation and the effect of these changes on ISWD, WHO FC, NT-proBNP and RVEF from cardiac MRI was reviewed. These changes included escalation to dual oral (n=6) or triple oral (10), the addition of a CCB (n=3) and escalation to intravenous therapy (n=5). These are not continuously monitored parameters therefore the data available pre-therapy escalation was compared to the subsequent reading/ value documented post-therapy escalation. During periods of stable treatment, physiological parameters were stable and following clinically-indicated therapeutic escalation ISWD, WHO FC, NT-proBNP and RVEF values improved (Figure 42 -A-D). MRI data was underpowered as we had a low number of scans (n = 9) as this data was collected at the peak of the COVID-19 pandemic and patients were not coming in to have an MRI due to shielding.
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[bookmark: _Ref93408441][bookmark: _Toc143001549]Figure 42: Effect of clinically-indicated therapeutic escalation on established measures of disease monitoring.
A: ISWD (in metres), B: WHO FC (I - IV), C: NT-proBNP (ng/ L) and D: RVEF (%, from cardiac MRI imaging). Average time to follow-up 5.1 months. (Whole group:*p<0.05, n=18, MRI: p NS, n=9 Wilcoxon matched pairs). cMRI was underpowered due to limited scans during COVID-19 peak and shielding measures. ISWD: Incremental Shuttle Walk Distance; WHO FC: World Health Organisation Functional Class; NT-proBNP: N-terminal pro B-type natriuretic peptide; cMRI: cardiac Magnetic Resonance Imaging; RVEF: Right Ventricular Ejection Fraction. Research Ethics: FIT-PH, 19/YH/0354. Middleton, unpublished


[bookmark: _Toc87193555][bookmark: _Toc87442117][bookmark: _Toc91933155][bookmark: _Toc91933254][bookmark: _Toc91933433]I utilised a time-stratified- bidirectional case-crossover approach to provide remote monitored data at the time of TE and for matched control periods. To evaluate temporal changes in haemodynamic parameters with a clinically-indicated TE, remotely monitored changes in heart rate, physical activity, PAP, CO and TPR via PAP monitors and ICMs were reviewed, and data analysed in the period 30 days preceding and compared to days 0-30 days and then 30-60 days following clinically indicated TE, with day 0 representing the day of initiation of therapy. In the control group, comprising of patients on stable therapy for a 90-day period, HRR, physical activity and PAP were unchanged. The time to change in physiology and how it continued to change over time was observed and highlighted how quickly physiology started to change post therapy change and for how long. 
5.4.2.1 Day and night heart rate 
Figure 43 demonstrates the patient group with a therapeutic change in blue/ yellow and a control group with no therapy change in grey. Panel A demonstrates the change in day heart rate in beats per minute and panel B demonstrates the change in night heart rate over the same period. The improvement in day and night heart rate within patient comparison and between control and treatment groups was statistically significant by day 60 using one-way ANOVA with Dunnett’s correction (*p<0.05).


[image: ]
[bookmark: _Ref93412882][bookmark: _Toc143001550]Figure 43: Remote monitored day and night heart rate following clinically indicated treatment escalation in patients with PAH and ICM.
A: Change from baseline in A. Day heart rate and B. Night heart rate. Data is presented with treatment change at day 0 with days –30 to day -1 as days preceding (left of the Y-axis), and days +1 to day +60  as days following treatment change (right of the Y-axis). Control group comprises 90-day periods from patients on stable therapy. Treatment change n= 24, control n= 24, mean +/-SEM; One-way ANOVA with Dunnett’s correction (*p<0.05). BPM: Beats Per Minute; HRR: Heart Rate Reserve; PAP: Pulmonary Artery Pressure. FIT-PH REC 19/YH/0354.


5.4.2.2 Physical activity
The change in physical activity (in minutes per day) pre- and post-clinically indicated therapeutic escalation is demonstrated in the same style as for heart rate in Figure 44. There is an improvement in physical activity post-therapy change compared to the control cohort where no therapy change was made. One-way ANOVA with Dunnett’s correction demonstrated a significant improvement in physical activity post therapeutic escalation *p <0.05.

[image: ]
[bookmark: _Ref93412979][bookmark: _Toc143001551]Figure 44: Remote monitored physical activity following clinically indicated treatment change in patients with PAH and insertable cardiac monitors.
Change from baseline in physical activity in physical activity. Data is presented with treatment change at day 0 with days –30 to day -1 as days preceding (left of the Y-axis), and days +1 to day +60 as days following treatment change (right of the Y-axis). Control group comprises 90-day periods from patients on stable therapy. Treatment change n= 24, control n= 24, mean +/-SEM; One-way ANOVA with Dunnett’s correction *p <0.05 by day 60 post TE. Min*day: minutes per day; PAP: Pulmonary Artery Pressure. FIT-PH REC 19/YH/0354.

5.4.2.3 PAP, CO and TPR
The change in PAP, CO and TPR pre- and post-clinically indicated therapeutic escalation is demonstrated in the same style as for heart rate in 
Figure 45. One-way ANOVA testing with Dunnett’s correction showed a significant improvement in all these haemodynamic parameters post-therapy change compared to the control cohort where no therapy change was made (****p <0.0001 for all parameters).

 [image: ]

[bookmark: _Toc143001552]Figure 45: Remote monitored PAP following clinically indicated treatment change in patients with PAH and a pulmonary artery pressure monitor.
Change from baseline in A: pulmonary artery pressure, B: total pulmonary resistance and C: cardiac output pre and post clinically indicated therapeutic escalation. Data is presented with treatment change at day 0 with days –30 to day -1 as days preceding (left of the Y-axis), and days +1 to day +60 as days following treatment change (right of the Y-axis). Control group comprises 90-day periods from patients on stable therapy. Treatment change n= 24, control n= 24, mean +/-SEM; One-way ANOVA testing with Dunnett’s correction showed a significant improvement in mPAP, CO and TPR post therapy change compared to the control cohort where no therapy change was made (****p <0.0001 for all parameters).


Overall, this analysis has demonstrated that during periods of disease stability physiological parameters appear to remain stable. Following clinically-indicated therapeutic escalation ISWD, WHO FC, NT-proBNP and RVEF were improved as were remotely-monitored heart rate, physical activity, PAP, CO and TPR, when compared pre and post TE . 
5.4.3 [bookmark: _Toc143557586]Haemodynamic responses  pre- and post-PH-specific clinical worsening event
8 Clinical worsening events (CWE) occurred during the period of observation, and I reviewed the effect of these on ISWD, WHO FC, NT-proBNP and RVEF. CWE were defined according to established definitions: PAH-related hospitalisation (n=2); escalation of disease-specific therapy (n=4) and/or LTOT/ Need for lung transplant. (Galiè et al., 2015; Sitbon, Olivier, Channick, 2015b)

During periods of clinical stability, physiological parameters were stable and following CWE, patients’ ISWD, WHO FC, NT-proBNP and RVEF deteriorated (Figure 46). Again, cMRI data was under powered due to low numbers of scans (n=5) performed during the peak of the COVID-19 pandemic.
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[bookmark: _Ref93413892][bookmark: _Toc143001553]Figure 46: Physiological parameter changes pre and post CWE
A: ISWD (in metres), B: WHO FC (I-IV), C: NT-proBNP (ng / L) and D: RVEF (%, from cardiac MRI imaging). Wilcoxon matched pairs, whole group: *p<0.05, n=13, MRI: p=NS, n=5. Cardiac MRI analysis was underpowered due to low numbers of scans performed during COVID-19 peak. ISWD: Incremental Shuttle Walk Distance; WHO FC: World Health Organisation Functional Class; NT-proBNP: N-terminal pro B-type natriuretic peptide; cMRI: cardiac Magnetic Resonance Imaging; RVEF: Right Ventricular Ejection Fraction.


To review temporal changes in physiology in relation to CWE data for the period 30 days preceding and 30 days following CWE results were analysed and compared to the control group, comprising of patients with no CWE. Physical activity, PAP, CO and TPR were unchanged in the control group. One-way ANOVA analysis with Dunnett’s correction demonstrated a statistically significant deterioration in all parameters pre CWE (p <0.05) and an improvement to baseline with therapy (
Figure 47). 


[image: ]
[bookmark: _Ref93416207]
[bookmark: _Toc143001554]Figure 47: Remote monitored haemodynamics following clinical worsening event in patients with PAH and an ICM and PAP monitor.
Change from baseline in A: PAP (mmHg), B: CO (L/ min), C: Day heart rate (bpm), D: Night heart rate (bpm), E: Physical activity (mins/day) and TPR (WU). Data is presented with CWE at day 0 with days –30 to day -1 as days preceding (left of the Y-axis), and days +1 to day +30 as days following treatment change (right of the Y-axis). Control group comprises 60-day periods from patients with no CWE. CWE n=8, control n=24, mean +/-SEM. Remote monitored meanPAP and TPR were increased, and cardiac output and physical activity reduced 10 days prior to a clinical worsening event (*p<0.05, **p<0.01, ***p<0.001, Paired Student’s t-test). FIT-PH REC 19/YH/0354.


This analysis highlights how haemodynamics in PAH can change pre and post clinically indicated therapeutic change or CWE, with change in remote physiology often occurring prior to clinical decompensation or improvement. Analysis showed that remote monitored mPAP and TPR were increased, and cardiac output and physical activity reduced 10 days prior to presentation with a clinical worsening event (*p<0.05, **p<0.01, ***p<0.001, Paired Student’s t-test).

5.5 [bookmark: _Toc143557587]   Application of the remote PAH risk score
To consolidate the multiple signals received from remote monitoring technology I applied my physiological remote PAH risk score developed in chapters 3 and 4. Figure 48 panel A demonstrates how the remote PAH risk score improve post clinically-indicated therapeutic escalation (p<0.05, one way ANOVA with Dunnett’s correction). Panel B demonstrates how the remote PAH risk score worsened pre CWE and returned to baseline post treatment over the same time periods described above (p<0.05, one way ANOVA with Dunnett’s correction).
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[bookmark: _Ref93413609][bookmark: _Toc143001555]Figure 48: Remote PAH physiological Risk score A: Following clinically indicated therapeutic escalation and B: Pre and post CWE in patients with PAH and an ICM and PAP monitor.
Individual risk scores were calculated by summation of the mortality-weighted z-score for age, heart rate reserve, total pulmonary resistance and physical activity. data is presented with A: therapeutic escalation (TE) or B: clinical worsening event (CWE) at day 0 with days -30 to day -1 as days preceding (left of the Y-axis) and days +1 to day +30 as days following TE/CWE (right of the Y-axis). Control group comprises of 60-day periods from patients with no TE/CWE (grey). TE n=24, CWE n=8, mean+/-SEM, one-way ANOVA with Dunnett’s correction and paired Student t-test, *p<0.05,****p<0.0001). FIT-PH REC 19/YH/0354.
Review of the data demonstrates that 16 to 20 days prior to CWE the remote PAH risk score starts to increase and although this analysis includes a small number of patients, results are interesting and demonstrate the future potential for a dynamic remote PAH risk score. Historic PAH risk scores are often based on snapshot data at a set point in but with remote monitoring of haemodynamic parameters, here there has been continuous monitoring of these haemodynamic variables. In theory if a remote PAH risk score is calculated based on these remote monitoring haemodynamic parameters it would be possible to remotely review patients when their risk score increases and potentially enable earlier intervention and treatment initiation to prevent clinical decompensation.

5.6 [bookmark: _Toc143557588][bookmark: _Toc82806090]Brief summary

FIT-PH (REC 19/YH/0354) demonstrated the safety and feasibility of using PAP monitors in patients with PH.  I have identified mortality-associated parameters that may be remote monitored and developed a remote physiological risk score. This risk score integrates multiple parameters into a single figure as well as identifying any physiological changes in advance of any of the individual component in a multi-centre study

5.7 [bookmark: _Toc143557589]Discussion

Through the insertion of an ICM and a PAP monitor HRR, physical activity, mPAP, CO and TPR, all parameters related to mortality in PH, can all be measured remotely. I have demonstrated that these remote monitored parameters worsen before a CWE and improve following TE when compared to a control group, as you would expect. To consolidate these multiple parameters into one calculation I applied my physiological remote PAH risk score. With any individual parameter the earliest one started to improve was 10 days post therapeutic escalation (TPR) compared to my remote physiological risk score which had improved significantly by day 6. Prior to a CWE my remote risk score started to increase significantly 15 days prior compared to 10 days prior with TPR. This highlights that combining all parameters as a single remote physiological PAH risk score enables the earlier detection of physiological worsening, with an aim to intervene early and prevent decompensation and hospitalisation. I was also able to remotely detect the time to effect of a therapeutic escalation earlier than with a single parameter.

This analysis is observational and includes a relatively small number of patients, but results are interesting and demonstrate the future potential for this technology and a dynamic remote PAH risk score for the management of PAH. In the correct patient group this technology has the potential to change clinical practice. It can be used to inform remote teleclinic timing and treatment decisions and as physiology is dynamic through disease progression it can be utilised to guide risk stratification. Indicators of decompensation could be highlighted early, and intervention instigated sooner to reduce the risk of decompensation. Trend data would be available for the individual patient and aid confirmation of treatment response and aid personalisation of individual therapy. In Sheffield, we have been able to utilise this technology to aid with the management of high-risk patients, for example, pre-surgical optimisation; to transition off intravenous therapy and to personalise therapy for patients with significant side effects
The use of remote technology and a remote PAH physiological risk score could also change our approach to how clinical studies are set up and run. It would provide a platform of patients with remote monitoring technology implanted who could be co-enrolled into research trials. Patients could act as their own control data (using previous remote monitoring data collected prior to event that is being analysed). The data would also provide important data such as dose-response, time to effect of new or existing drugs and facilitate novel trial design.

I will discuss the involvement of patients recruited to FIT-PH in experimental medicine trials in more detail in chapter 6.


[bookmark: _Toc143557590][bookmark: _Toc82806091]Chapter 6		Experimental Medicine

[bookmark: _Toc143557591]6.1   Brief overview 

Recruitment of PH patients in Sheffield into the LinQ and FIT-PH trials has led to the development of a cohort of PH patients with implantable cardiac devices enabling remote monitoring of haemodynamic parameters related to mortality. Remote monitored haemodynamic parameters have been shown to correlate with changes in physiology and CWEs as well as the remote PAH risk score. Most clinical trials include only snap-shot data collection during research follow-up visits either in the form of a field walk test or RHC and clinical observations, studies can often involve multiple invasive tests. A cohort of PAH patients with implantable remote technology would allow a non-invasive method for continuous remote haemodynamic monitoring and could give us more detailed insight into experimental drug efficacy, time to effect and physiology during potential side effects.

6.2 [bookmark: _Toc143557592]Objectives
1. Invite patients from the FIT-PH cohort in Sheffield to co-enrol into PIPAH (Positioning Imatinib for Pulmonary Arterial Hypertension (NCT04416750), if eligible.
2. Apply the remote PAH risk score to this cohort to assess changes pre and post imatinib administration.
3. Consider future directions for the use of remote monitoring technology in experimental medicine trials.


6.3 [bookmark: _Toc143557593]
PIPAH Experimental medicine trial

PIPAH (Positioning Imatinib for Pulmonary Arterial Hypertension (NCT04416750)) is a multi-centre, phase I/ II design trial with two objectives: 1) Identify the best tolerated dose of imatinib in patients with PAH and 2) to assess the efficiency of imatinib administered at the best tolerated dose, as identified in part 1 (Wilkins et al., 2021). UK recruitment commenced in February 2021 and the first Sheffield patient was recruited in March 2021 at a set rate of one patient per month. 
6.3.1 [bookmark: _Toc143557594]Background
The current licensed treatments for PAH as described earlier, focus on pharmacologically manipulating 3 signalling pathways better known for regulating vascular tone (Humbert et al., 2022). These treatments have little impact on the underlying pulmonary vascular remodelling leading to recent studies attempting to target this remodelling directly with anti-proliferative or anti-inflammatory drugs. There have been some positive studies with the use of imatinib, an orally active tyrosine kinase inhibitor. Imatinib is a drug that was originally designed to target the ATP-binding site of tyrosine kinases for the treatment of leukaemia (Ghofrani et al., 2010), it inhibits the BCR-ABL1 fusion protein, platelet-derived growth factor receptors (PDGFR)-alpha and beta and c-KIT protein. PDGF is a potent vascular smooth muscle cell mitogen and abnormal activation of PDGF signalling pathways has been implicated in small vessel remodelling via the proliferation and hyperplasia of vascular smooth muscle cells (Wu et al., 2020; Ghofrani et al., 2010; Yu et al., 2003). It therefore makes sense that imatinib, a drug that works to block PDGF, may have an impact on reducing or reversing small vessel remodelling in PAH and it has consistently shown reversal of PH in experimental models. These models demonstrated that rats with monocrotaline-induced PH (vs sham-treated rats) and a group of chronically hypoxic mice were treated with a course of imatinib. The changes in RV pressure and RVH were reversed to near normal levels and survival rates in treated groups was 100% compared to 50% in sham-treated rats (Schermuly et al., 2005). 
6.3.1.1 Imatinib in PAH -Clinical evidence
Ghofrani et al undertook a phase II, randomised, double-blind, placebo-controlled study to investigate potential safety, tolerability, and efficacy of imatinib in PAH. 59 patients were enrolled, and results demonstrated a significant reduction in PVR and an increase in CO with imatinib compared to the placebo group. Interestingly, this study illustrated that patients with severe disease progression could respond better to imatinib however, no improvement was demonstrated between treated and untreated groups (Ghofrani et al., 2010).
 
A larger randomised, phase III clinical study IMPRES (Imatinib in PAH: NCT00902174) enrolled 202 patients to study the efficacy of imatinib in PAH patients. The Imatinib group showed marked improvement in 6MWT and PVR at week 24 compared with the placebo group. In the 6MWT the mean between-group difference was 32 metres (95% CI, p = 0.002). A significant reduction in PVR of 4.6 WU was also demonstrated in the treated group (95% CI, p <0.001 between-group difference) (Hoeper et al., 2013).
 
Serious concerns over imatinib’s safety and tolerability have limited its development as a treatment for PAH and it currently remains unlicenced for this use. Reported side effects were more common in imatinib than placebo groups such as nausea, vomiting, peripheral oedema, headache, muscle cramps and joint pain. Subdural haematoma was reported in 8 patients who received imatinib combined with anticoagulant therapy, leading to two deaths (Hoeper et al., 2013).

Despite these concerns, as there are limited effective treatments for PAH there is still interest in using imatinib as an alternate treatment option. It is currently licenced for chronic myeloid leukaemia and gastrointestinal stroma tumour and most often prescribed at a dose off 400 mg or more. Clinical experience in patients receiving imatinib on compassionate grounds indicate that lower does, even as low as 100 mg daily, may be effective in PAH. There is no evidence to demonstrate the optimal dose for treatment response or patient tolerability and PIPAH looks to answer these questions 
6.3.2 [bookmark: _Toc143557595]PIPAH-Brief Methods
A detailed description of the study methods for PIPAH are beyond the scope of this thesis but can be found online, ClinicalTrials.gov Identifier: NCT04416750 (Wilkins et al., 2021). Patients with idiopathic or heritable PAH, who are ≤80 years old and already prescribed at least dual oral therapy with a PAP monitor and ICM implanted (Sheffield cohort only) were enrolled into this study looking in to imatinib as a potential treatment for PAH. Patients on oral anticoagulation were excluded from the study due to previous safety concerns.
6.3.2.1 Study objectives:
1. Revisit the use of imatinib as a potential treatment for some patients with a diagnosis of PAH.
2. Determine drug dose tolerability and efficacy.

Part 1 of the study is designed to find the highest dose of imatinib (range 100 mg to 400 mg once per day) that is tolerated by patients with PAH and part 2 will investigate whether the tolerated dose has a beneficial effect on PAH (Wilkins et al., 2021). Due to safety concerns all patients have an MRI or CT head prior to enrolment to ensure there are no features suggestive of increased risk of brain haemorrhage. Table 29 summarises study visit frequency and requirements for part 1 of PIPAH.
	[bookmark: _Ref86019305]study period
	pre-treatment
	dosing
	open label treatment period
	follow-up 
	n/a

	Visit name
	Visit 1 (screening)
	Visit 2 (baseline)
	TV
	TV
	TV
	Visit 3
	Visit 4
	Visit 5
	TV
	TV
	Visit 6
	TV
	 Unscheduled visit

	Location
	Clinic
	Clinic
	
	
	
	Clinic
	Clinic
	Clinic
	
	
	Clinic
	
	Clinic

	Time (months)
	Before Month 0
	Month 0
	Month 1
	Month 2
	Month 3
	Month 4
	Month 5
	Month 6
	Month 7
	when needed

	Time (weeks)
	Before Week 0
	Week 0
	Week 1
	Week 2
	Week 3
	Week 4
	Week 8
	Week 12
	Week 16
	Week 20
	Week 24
	Week 28 g
	when needed

	Visit Window (days)
	0-28
	± 3 days
	± 3 days
	± 3 days
	± 3 days
	± 3 days
	± 3 days
	± 3 days
	± 3 days
	± 3 days
	± 3 days
	± 3 days
	n/a

	Inclusion/Exclusion criteria
	X
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–

	Written informed consent
	X
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–

	Demographics
	X
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–

	Medical and medication history
	X
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–

	Physical examination
	X
	X
	–
	–
	–
	X
	X
	X
	–
	–
	X
	–
	X

	Concomitant medications
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X

	Vital signs
	X
	X
	–
	–
	–
	X
	X
	X
	–
	–
	X
	–
	X

	WHO Functional Class
	X
	–
	–
	–
	–
	X
	X
	X
	–
	–
	X
	–
	  Xe

	Six-minute walk test (6MWT)
	X
	X
	–
	–
	–
	X
	X
	X
	–
	–
	X
	–
	  Xe

	Borg Dyspnoea Index
	X
	X
	–
	–
	–
	X
	X
	X
	–
	–
	X
	–
	  Xe

	Right heart catheterisation (RHC)
	–
	 Xa
	–
	–
	–
	–
	–
	–
	–
	–
	 Xa
	–
	–

	Mouth swab sample
	X
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–

	Haematology blood tests
	X
	X
	–
	–
	–
	X
	X
	X
	–
	–
	X
	–
	  Xe

	bClinical chemistry tests
	  Xb
	X
	–
	–
	–
	X
	X
	X
	–
	–
	X
	–
	  Xe

	cSerum pregnancy test
	 Xc
	 Xc
	–
	–
	–
	 Xc
	 Xc
	 Xc
	–
	–
	 Xc
	–
	–

	c,dHome urine pregnancy test
	–
	–
	–
	–
	–
	–
	–
	–
	  Xc,d
	  Xc,d
	–
	   Xc,d
	–

	Home body weight and ankle swelling self-check
	–
	–
	X
	X
	X
	–
	–
	–
	X
	X
	–
	X
	–

	Imatinib assay
	–
	X
	–
	–
	–
	X
	–
	–
	–
	–
	X
	–
	–

	Research blood samples
	–
	X
	–
	–
	–
	X
	–
	–
	–
	–
	X
	–
	–

	Electrocardiogram (ECG)
	–
	X
	–
	–
	–
	X
	X
	X
	–
	–
	X
	–
	  Xe

	Echocardiogram
	X
	–
	–
	–
	–
	–
	–
	–
	–
	–
	X
	–
	  Xe

	Brain MRI scan
	 Xa
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–

	fOptional CT head scan
	   Xa,f
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–
	–

	Quality of Life questionnaire
	–
	X
	–
	–
	–
	X
	–
	–
	–
	–
	X
	–
	–

	Administration of Imatinib
	–
	X
	–
	–
	–
	–
	–
	–
	–
	–
	X
	–
	–

	Review of the diary, Imatinib collection and reconciliation
	–
	–
	–
	–
	–
	X
	X
	X
	–
	–
	X
	–
	–

	Report of Adverse Events , if any
	–
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X


[bookmark: _Ref86949453][bookmark: _Toc142404121]Table 29: Study visit frequency and requirements during part 1 of PIPAH trial
[bookmark: _Hlk37073604][bookmark: _Hlk37078025]aCan be performed on a separate day ± 3 days apart from the original visit date, as needed. bVirology tests apply to this visit only. cFor women of childbearing potential. dUrine pregnancy (β-hCG) tests will be performed at home. A telephone call will be performed within 72 hours of the urine test date to enquire about the results. eIf clinically required. fA CT head scan will be performed at screening, when MR imaging is contra-indicated or not tolerated. The brain MRI scan will always be the first choice. gThe Follow-up Tele-visit can be performed after early termination as long as patients are off study drug for 4 weeks (±3 days).

Adapted from (Wilkins et al., 2021)


6.3.3 [bookmark: _Toc143557596]PIPAH-Early results
Recruitment to PIPAH began in Sheffield in March 2021 and 10 patients in total had been recruited at the time of writing up. The study end-point was officially at 6 months, but these are early results aimed to demonstrate proof of concept only and I’m therefore demonstrating the data from the first 5 patients who had all completed 8 week follow-up at the time of writing. Patients recruited in Sheffield were recruited from the FIT-PH (REC 19/YH/0354) cohort of patients with both an ICM and PAP monitor implanted to enable continuous monitoring of heart rate, physical activity, mPAP, CO and TPR readings. The use of remote monitoring technology enabled Sheffield patients to avoid 2 invasive RHCs during the study at the screening visit and at study completion. Baseline demographics for the recruited patents are described in Table 30.

Patients were predominantly female (60%), Caucasian (100%) and all had a diagnosis of idiopathic or heritable PAH, as per PIPAH inclusion criteria. The mean age for patients was older than expected for a typical PAH cohort at 60.2 ± 16.8 years with a mean of 8 ± 5.5 years since PAH diagnosis. Baseline investigations included an NT-proBNP 1289 ± 1535 pg/ ml and a 6MWD of 290 ± 136 metres, both intermediate to high-risk parameters according to ESC/ERS guidance and in keeping with a cohort where the majority of patients are WHO FC III (Humbert et al., 2022). CardioMEMSTM sensor readings included a mPAP of 55.0 ± 10.5 mmHg: CO 4.3 ± 0.7 L/ min and a calculated TPR of 13.3 ± 5 WU. All patients were on guideline-directed PAH-specific therapy. Demographic data and statistical analysis were performed with Dr Sarah Binmafooz, PhD student, supervisor Dr Alex Rothman, University of Sheffield.
[bookmark: _Ref83303280][bookmark: _Ref87478991][bookmark: _Toc142404122]Table 30: PIPAH: Baseline demographics for Sheffield recruited patients


	Baseline Demographics (n= 5)
	n (%) or mean ± SD

	Male sex 
	2 (40)

	Age (years)
	60.2 ± 16.8

	Ethnicity
· Caucasian
	
5 (100)

	Diagnosis – Group 1 (PAH)
· Idiopathic / Heritable PAH
	
5 (100)

	NO Responder
	0

	Years since diagnosis
	8.0 ± 5.5

	Comorbidity
	5 (100)

	WHO FC
	2.8 ± 0.4

	BMI (kg/m2)
	27 ± 3

	EmPHasis 10 score (max 50)
	13 ± 9

	Systolic BP (mmHg)
	117 ± 11

	Resting heart rate (beats per minute)
	74 ± 10

	Resting SpO2 (%)
	90 ± 13

	12-Lead ECG (Normal Sinus Rhythm)
	5 (100)

	NT-proBNP (pg /ml)
	1289 ± 1535

	6MWD (metres)
	290 ± 136

	CardioMEMSTM PAP sensor readings

· Systolic PAP (mmHg)
· Diastolic PAP (mmHg)
· Mean PAP (mmHg)
· Cardiac Output (L/min)
· TPR (WU)
	

85.6 ± 15.1
37.8 ± 7.4
55.0 ± 10.5
4.3 ± 0.7
13.3 ± 5


	MRI Head within normal limits
	5 (100)

	Echocardiogram

· Normal RVSF
· Mild RVSD
· Moderate RVSD
· Moderate to severe RVSD
	

1 (20)
2 (40)
1 (20)
1 (20)

	PAH-specific therapy

· PD5I
· ERA
· Riociguat
· Selexipag
· Iloprost nebulisers
· Intravenous prostanoid
· Diuretics
· LTOT
	

4 (80)
4 (80)
1 (20)
1 (20)
1 (20)
1 (20)
3 (60)
1 (20)

	Combination therapy

· Dual oral
· Triple oral
· Oral + nebulisers
· Oral + intravenous
	

2 (40)
1 (20)
1 (20)
1 (20)


 Results were collected between March 2021 and October 2021 in Sheffield. Values are presented as n (%) or mean ± SD.PAH: pulmonary arterial hypertension; PH: pulmonary hypertension; NO: Nitric Oxide; WHO FC: World Health Organisation Functional Class; BMI: Body Mass Index; SpO2: Oxygen saturations; NT-proBNP: N-terminal pro b-type Natriuretic Peptide; ISWD: Incremental Shuttle Walk Distance; PAP: Pulmonary Artery Pressure; TPR: Total pulmonary Resistance; WU: Woods Units (mmHg/ L/ min); PD5i: Phosphodiesterase-5 inhibitor; ERA: Endothelin Receptor Antagonist.


6.3.3.1 Side effects and adverse events

There were no serious adverse events reported during this time. Adverse events were recorded, and a decision was made whether the event was a side effect related to imatinib administration. Adverse events and action taken are described in Table 31.

[bookmark: _Ref83316391][bookmark: _Toc142404123]Table 31: Adverse Events reported during PIPAH trial

	
	Related to imatinib?
	Action taken

	Patient 1

· Arthralgia
	

Unrelated

	

Analgesia

	Patient 2

· Nausea
· Palpitations
· Dyspepsia
· Cellulitis
· Low magnesium
	

Probably
Possibly
Probably
Unrelated
Possibly

	

Advised to take imatinib with food
None
PPI prescription
Antibiotics from GP
Magnesium replacement

	Patient 3
 
· Vertigo
· Headache
· Skin flushing
· Blurred vision
	

Unrelated
Possibly
Unrelated
Unrelated

	

None
Analgesia
None
None

	Patient 4

· Nausea
· Headache
· COVID-19 infection
· Thrombocytopenia
	

Probably
Probably
Unrelated
Possibly

	

Advised to take imatinib with food
Analgesia
As per government guidance
Monitored

	Patient 5
     
· Dyspnoea
· Fatigue
· Anaemia


	

Unrelated
Unrelated
Unrelated

	

Patient has a history of diverticular disease. Had an episode of PR bleeding leading to anaemia. Treated with iron infusion.




The planned endpoint for PIPAH is 6 months in line with that used in the  phase III study of imatinib (Hoeper et al., 2013, Wilkins et al., 2021). In Sheffield, patients enrolled in PIPAH had both an ICM and CardioMEMSTM PAP monitor prior to enrolment. The remote haemodynamic data for the 5 patients who had reached 8-week follow-up is demonstrated in 
Table 32 as proof of concept for the use of daily remote data in an experimental medicine study providing early evaluation of clinical efficacy. 
[bookmark: _Ref83316354]
[bookmark: _Toc142404124]Table 32: PIPAH: Remote monitoring haemodynamic parameters
Comparison of baseline visit results to those at 8 weeks post imatinib commencement

	

	Before imatinib therapy
(Week 0)

	Post imatinib initiation
(Week 8)

	WHO FC
	2.8 ± 0.4
	2.8 ± 0.4

	Day heart rate, (bpm)
	73 ± 10
	74 ± 10

	6MWD (metres)
	290 ± 136
	342 ± 150

	NT-proBNP, (pg/mL)
	1289 ± 1535
	1182 ± 1614

	Cardiac output, (L/ min)
	4.3 ± 0.7
	4.7 ± 0.4

	Mean PAP (mmHg)
	55 ± 10
	53.2 ±6.9

	TPR (WU) 
	13.3 ± 5
	12.8 ± 1


Variables are expressed as mean ± SD. WHO FC: WHO Functional Class; bpm: beats per minute; 6MWD: 6-minute walk distance; 6MWD: 6 minute walk distance; NT-proBNP: N-terminal pro B-type natriuretic peptide; PAP: Pulmonary Artery Pressure; TPR: Total pulmonary resistance; WU: Woods Units (mmHg/ L/ min)



In contrast to using remote monitoring technology, a standard experimental medicine trial would only collect snapshot data at designated time points. Figure 49 demonstrates snapshot baseline and 8 week visit comparisons in WHO FC, 6MWD, TPR, NT-proBNP and French non-invasive risk score post imatinib administration. This snap-shot data allows a review of the difference between these 2 results but does not consider daily variability and assumes any change related to imatinib occurs in a linear way. There is also no way to determine time to effect of a new study drug and a review of only two snap-shot data points makes it appear that all changes occur immediately after drug administration.



[image: ]


[bookmark: _Ref86020764][bookmark: _Toc91933158][bookmark: _Toc91933257][bookmark: _Toc91933436][bookmark: _Toc143001556]Figure 49: Change in individual patient’s haemodynamic parameters from baseline to week 8 follow-up visit.
Parameters include A: WHO FC; B: 6-minute walk distance (6MWD), C: Total pulmonary resistance (TPR) D: French non-invasive risk score and E: NT-proBNP. French non-invasive risk score is the addition of low-risk variables (WHO FC I or II, 6MWD >40 metres, NT-proBNP <300ng/L, (Boucly et al., 2017)). All patients (n = 5): PIPAH: NCT04416750/ FIT-PH: REC 19/YH/0354 with an ICM and PAP monitor implanted. Proof of concept only demonstrating physiology changes over 8 weeks of follow-up. Official endpoint for study is 6 months.


Patients recruited to PIPAH in Sheffield all had implanted cardiac devices enabling continuous or daily readings of haemodynamic parameters allowing an accurate review of the study drugs time to effect and allowing daily variability of physiology over time to be reviewed. It was also possible to review the effect on physiology post study drug withdrawal.


6.3.4 [bookmark: _Toc143557597]Haemodynamic response pre-and post-imatinib administration
In Sheffield continuous heart rate, physical activity data, PAP, CO and TPR were recorded remotely. A review of this data gave a unique insight in to how and when imatinib had an effect on physiology in ‘real-time’ rather than snapshots of data recorded at prescribed study visits.

The changes in day and night heart rate, physical activity, PAP, CO and TPR prior to and 90 days post the initiation of imatinib treatment (day 0) were reviewed and compared to a control group, where no therapeutic changes were made. 5 of the patients started on imatinib had 8-week follow-up data and Figure 50 demonstrates how the commencement of imatinib affected A: mPAP; B: CO; C: TPR; D: night heart rate; E: day heart rate and F: physical activity. Data is expressed as mean ± SEM and analysis is ongoing. The introduction of imatinib led to a reduction in mPAP and TPR and an improvement in  CO. Results are observational as it is too early for statistical analysis and no control was used. Despite this I was able to observe important information such as imatinib’s time to effect in individual patients remotely, this data would not have been available in those patients recruited outside of Sheffield with no ICM and PAP monitor. The peak in mPAP and TPR prior to day 0 coincides with field walk test data collected as part of the clinical study for final analysis non rested data will be removed to provide representative resting haemodynamics.
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[bookmark: _Ref86021716][bookmark: _Toc91933159][bookmark: _Toc91933258][bookmark: _Toc91933437][bookmark: _Toc143001557]Figure 50: Remote monitored physiological change pre and post imatinib initiation
X axis = time (days) and y axis =Change in baseline for A: mPAP; B: CO; C: TPR; D: night heart rate; E: day heart rate and F: physical activity. All patients: PIPAH: NCT04416750/ FIT-PH: REC 19/YH/0354 with an ICM and PAP monitor implanted. Data is presented with treatment change at day 0 with days –30 to day -1 as days preceding (left of the Y-axis), and days +1 to day +90 as days following treatment change (right of the Y-axis). Treatment change n= 5; mean +/-SEM; no statistical analysis undertaken. mPAP: mean pulmonary artery pressure; CO: cardiac output; TPR: total pulmonary resistance.
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6.3.5 [bookmark: _Toc143557598]Application of remote PAH risk score in PIPAH patients
The remote physiological PAH risk score was applied to the 5 patients enrolled in PIPAH at the time of writing, observations were made to assess the changes pre and post the commencement of imatinib at day 0, shown in Figure 51.
[image: ]
[bookmark: _Ref122169982][bookmark: _Toc143001558]Figure 51: Change in remote physiological risk score pre and post imatinib initiation
X axis = time (days) and y axis = Change in baseline for remote physiological risk score. All patients: PIPAH: NCT04416750/ FIT-PH: REC 19/YH/0354 with an ICM and PAP monitor implanted. Data is presented with treatment change at day 0 with days –30 to day -1 as days preceding (left of the Y-axis), and days +1 to day +56 (8 weeks) as days following treatment change (right of the Y-axis). Treatment change n= 5; mean +/- SEM; no statistical analysis undertaken. Visits on day -10 to -1, week 4 and week 8 include exercise haemodynamics, non-rested data will be removed for final analysis.




6.4 [bookmark: _Toc143557599]Discussion
The PIPAH trial is ongoing, and the aim of this chapter was not to determine whether the study was positive but to highlight that the co-enrolment of patients with implanted remote monitoring technology into experimental medicine trials is feasible. This cohort of PAH patients have implanted devices that can remotely monitor and return disease-relevant haemodynamic and activity data, daily, to better understand the temporal variability, and the physiology of decompensation and treatment response. The development of a remote PAH physiological risk score from this data will enable signals to be utilised to personalise therapy, identify disease worsening and facilitate preventative intervention.

The co-enrolment of these patients into an experimental drug trial showed the additive utility of continuous data from remote monitoring that allows more accurate review of drug time-to-effect and patient response to these medications. The development of a platform study with a cohort of patients with remote monitoring technology to measure haemodynamic parameters during experimental trials. The utilisation of this remote monitoring technology could be used to improve clinical study design and ease patient participation by reducing the requirement for repeat invasive and non-invasive investigation.

The novelty of this approach is that this cohort is effectively its own control group, using remote data from other patients in the cohort or even from the same patient at another time point i.e., when clinically stable or with no therapy escalation. Data from PIPAH has also highlighted how remote monitoring technology can also give insight into haemodynamic changes during withdrawal of study drugs at study completion.

6.5 [bookmark: _Toc143557600]Future plans for experimental medicine trials
In Sheffield we will continue to recruit patients from our remote monitoring device cohort into both parts of the PIPAH trial. In the future, patients from this cohort could be enrolled in other experimental medicine trials: cross over studies; dose response studies; studies reviewing time-to-effect and drug withdrawal studies providing currently unknown information about haemodynamic parameters throughout.

Dr Alex Rothman and I have recently received an MRC Experimental Medicine Award (MR/W026279/1) to deliver the PHoenix study: Pulmonary Hypertension-intensification and personalisation of combination treatment. I will discuss this further in chapter 7.
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[bookmark: _Toc82806096][bookmark: _Toc143557601][bookmark: _Toc82806097]Chapter 7		Discussion

I originally hypothesised that physiological parameters-with known relationships to mortality may be remote monitored in patients with PAH and that these parameters will change with progression of disease and escalation of treatment. My broad aims were to determine which haemodynamic parameters in PH related to mortality then set up a study (FIT-PH) to implant remote monitoring technology into these patients then to develop a remote physiological PAH risk score. I wanted to show that remote monitoring can highlight specific haemodynamic parameters earlier in patients with PAH that would demonstrate early signs of clinical decompensation.

A review of Sheffield’s ASPIRE registry’s 20-year outcome data demonstrated a statistically significant relationship between mortality and several parameters frequently used to risk stratify patients. Those that were easily monitored remotely included measures of exercise capacity such as ISWD and haemodynamic indices such as heart rate and TPR. The use of insertable cardiac monitors has allowed the remote monitoring of heart rate and physical activity and PAP monitors monitor mPAP and CO, allowing a TPR calculation. Although field walk test has been demonstrated to have a relationship to mortality in PAH it cannot easily be remotely monitored, an ICM gives daily physical activity levels in minutes per day with no extra work for the patient and more data for the clinical team. Linear regression modelling demonstrated a relationship between field walk test and ICM recorded physical activity. 

To integrate the multiple parameters into a single scale measure I developed a physiological risk score by simply adding the z-score of each individual parameter and aligning the effect on mortality. This approach accurately stratified patients with PH in the ASPIRE registry and performed comparably with established risk scores in patients with PAH. In patients with heart failure this strategy has been used to identify those at high or low risk for the purpose of prioritising patients for clinic appointments (Ahmed et al., 2020; Virani et al., 2018b). Additionally, in patients with heart failure, it has been shown that physiological risk scores change with disease worsening and treatment (Boehmer et al., 2017b).

To investigate the physiological effect of TE and CWE I developed a cohort of patients with implanted devices and established a multi-professional team to guide treatment and evaluate worsening events based on established guidelines and definitions (Galiè et al., 2015; Sitbon, Olivier, Channick, 2015b). In line with published therapeutic studies TE was followed by an improvement in HRR, physical activity, mPAP, CO and TPR and as may have been predicted from studies of patients with heart failure CWE was preceded by a decline in HRR, physical activity, mPAP, CO and TPR. The timing of changes in physiology were short and observed at time points in advance of intervals between standard clinical review. This offers the opportunity for closer observation and interactive treatment changes to optimise therapy. When combined with the capacity to measure parameters daily, it also has important implications for clinical practice; clinical studies; and personalised medicine, I will highlight a couple of examples below demonstrating how this remote information has been utilised in clinical practice and clinical studies
[bookmark: _Toc143557602]7.1 Patient examples in clinical practice 
KB is a 35-year-old woman who initially presented to ED after an episode of syncope associated with SOB after a 12-month history of presyncope/ syncope on exertion. She was previously fit and well with a past medical history of asthma, on inhalers, and had a normal pregnancy with no complications 19 months earlier. An admission and multiple investigations led to a new diagnosis of iPAH with at least moderate RVH and severe RVSD on cardiac MRI. RHC demonstrated initial mean PAP of 68 mmHg, mean PCWP 6 mmHg, and PVR 19 WU. Post nitric oxide mPAP improved to 38 mmHg, and PVR to 9 WU. The patient was commenced on intravenous epoprostenol and high dose CCB. At this stage she was enrolled into FIT-PH (19/YH/0354) and an ICM and PAP monitor were inserted during repeat RHC. Increases in CCB were not tolerated due to side effects therefore sildenafil and ambrisentan were started. 


Figure 52 demonstrates changes in physiology and risk score during drug titration in clinical practice. Line A shows the patient was on triple therapy with an increase in intravenous epoprostenol over time and the change in established measures of risk in the form of WHO FC, EmPHasis-10 QoL scores and NT-proBNP related to these changes. Line B demonstrates the change in TPR, shown as a rolling average over time in WU, with the up titration of intravenous epoprostenol. Line C demonstrates the changes in day and night heart rate and line D ICM-monitored physical activity, in the same format. The calculated physiological risk over time with up-titration of iv epoprostenol is shown in E. This clinical example shows that with up-titration of intravenous epoprostenol, established measures of risk, QoL and symptom burden improved. Similarly, TPR, HRR and physical activity improved over time and physiological risk score improves from intermediate-high risk to a low-risk group. This change in physiological risk could be assessed non-invasively and remotely which is novel compared to current practice.






[bookmark: _Ref122176389][image: file:///Users/jen/Pictures/Photos%20Library.photoslibrary/originals/F/F49AAD66-7508-4877-B5F6-343A526E4646.jpeg]

[bookmark: _Toc143001559]Figure 52: Clinical example of the changes in physiology and risk score in 35-year-old lady with iPAH during epoprostenol up titration.
A: Demonstrates that this lady was taking a PDE5i and an ERA as well as intravenous epoprostenol which was increased over time. It also highlights the change in established measures of risk in the form of WHO FC, EmPHasis-10 QoL score and NT-proBNP. B: Demonstrates the change in total pulmonary resistance (TPR), shown as a rolling average over time in WU, with the up titration of iv epoprostenol. C: Demonstrates change in day and night heart rate and D: ICM-monitored physical activity, in the same format. E: This shows the calculated physiological risk over time with up-titration of iv epoprostenol and the risk category the score is within. This clinical example shows that with up-titration of iv epoprostenol established measures highlighting QoL and symptom burden improved. Similarly, TPR, HRR and physical activity improved overtime and physiological risk score improves from intermediate-high risk to a low-risk group. 


Improvements in physiological parameters however were offset by the patient’s overall experience of side effects– particularly headaches, restless legs, and jaw ache. After 7 months of treatment and 2 months of stability on triple therapy (ERA, PDE5i and intravenous prostacyclin), the patient was very keen to try and wean intravenous therapy and establish and oral regimen. She found the continuous intravenous pump to be a burden especially as she was a young mum and worked full time. 

Weaning of the intravenous epoprostenol was associated with an increase in dyspnoea and mPAP. Repeat 6MWT and EmPHasis-10 score deteriorated and there was a slight increase in NT-proBNP. The patient was admitted to switch from intravenous to a non-prostanoid IP receptor agonist. Figure 53 demonstrates how established measures of risk as well as TPR, HRR, physical activity and risk all deteriorated with the weaning of intravenous therapy but then highlighted the subsequent improvement with the introduction of selexipag.


[image: file:///Users/jen/Pictures/Photos%20Library.photoslibrary/originals/2/2D017D26-4031-4C87-A097-BF827E57BB9D.jpeg]


[bookmark: _Ref122184697][bookmark: _Toc143001560]Figure 53: Clinical example of the changes in physiology and risk score in 35-year-old lady with iPAH during epoprostenol weaning and commencement of oral selexipag.
A: Demonstrates that this lady was taking a PDE5i and an ERA as well as intravenous epoprostenol which was reduced over time the discontinued at the start of this graph. It also highlights the change in established measures of risk in the form of WHO FC, EmPHasis-10 QoL score and NT-proBNP. B: Demonstrates the change in total pulmonary resistance (TPR), shown as a rolling average over time in WU, with the reduction of iv epoprostenol and commencement of oral selexipag. C: Demonstrates change in day and night heart rate and D: ICM-monitored physical activity, in the same format. E: This shows the calculated physiological risk over time with reduction/ stopping of iv epoprostenol and the risk category the score is within. This clinical example shows that with reduction and stopping of iv epoprostenol, established measures highlighting QoL and symptom burden worsened. Similarly, TPR, HRR and physical activity deteriorated over this time and physiological risk score worsened from a low physiological risk group to and intermediate-high physiological risk group. With the introduction and up-titration of Selexipag established measures for QoL and remote monitored parameters of risk improved, and physiological risk score improved back to a low-risk group.
[bookmark: _Toc143557603]7.1.1 Summary
In clinical practice I have shown that remote monitored physiological parameters and a remote physiological risk score can be utilised. It allows the frequent, and remote evaluation of clinical risk,  can allow the personalisation of therapy, especially in those patients experiencing side effects and can facilitate an element of patient choice in the therapy. It also helps the clinical team to facilitate mitigation risk in challenging clinical situations when there are limited treatment options.

[bookmark: _Toc143557604]7.2 Clinical trial patient example
This technology and remote physiological risk score also have significant implications for the monitoring of experimental medicine trials and novel trial design. 

CL is a 48-year-old woman, with a new diagnosis of iPAH 3 months prior to recruitment to FIT-PH (19/YH/0354) and the insertion of an ICM and PAP monitor. She was prescribed dual oral therapy and was found to be intolerant of selexipag. After 7 months of clinical stability, she was recruited to PIPAH (NCT04416750) and commenced on imatinib as an investigational medicinal product. This is demonstrated in Figure 54, in the same format as figure 52.

The commencement of imatinib led to the improvement of established measures of risk such as QoL, NT-proBNP and EmPHasis-10 as well as an improvement in TPR, HRR, physical activity and physiological risk score (high to low group). After 24 weeks the drug was stopped as per study protocol and the patient started to experience worsening symptoms and remote monitoring highlighted worsening TPR, HRR, physical activity and physiological risk (low to intermediate-high risk group), the patient was transplant listed at this point.
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[bookmark: _Ref122553348][bookmark: _Toc143001561]Figure 54: Example of the changes in physiology and risk score in 48-year-old lady with iPAH before starting, during the administration of and withdrawal of an investigational medicinal product.
A: Demonstrates that this lady was taking a PDE5i and an ERA and highlights the moment an investigational medicinal product (IMP) was started and withdrawn. It also highlights the change in established measures of risk in the form of WHO FC, EmPHasis-10 QoL score and NT-proBNP. B: Demonstrates the change in total pulmonary resistance (TPR), shown as a rolling average over time in WU, with the starting and withdrawal of IMP. C: Demonstrates change in day and night heart rate and D: ICM-monitored physical activity, in the same format. E: This shows the calculated physiological risk over time with starting and withdrawing IMP and the risk category the score is within. This example shows that with the commencement of this established measures highlighting QoL and symptom burden improved along with TPR, HRR and physical activity. Physiological risk score improved from high risk to low risk over this time period. When IMP was withdrawn the established measures worsened as did TPR, HRR, physical activity and physiological risk score (low to intermediate-high). The patient became symptomatic and was listed for transplant assessment. The local medicine safety committee gave permission for drug to be restarted and established measures of risk, TPR, HRR and physical activity all improved as well as physiological risk score which returned to low risk.

Deterioration was detected remotely and did not require a further invasive RHC as others in the study were required to undergo without a PAP monitor in situ. The local medicines safety committee reviewed the case and remote data and granted permission to restart imatinib on compassionate grounds. Established measures and remote physiological risk all improved back to a low risk profile.
[bookmark: _Toc143557605]7.2.1 Summary
Here I have demonstrated an example of how remote monitored parameters and remote physiological risk can be utilised in experimental medicine and clinical trials. Patients without ICM and PAP monitor required a RHC at day 0 and day 24 giving only snapshot data, this patient did not require any invasive RHC during the study. A larger volume of data was collected throughout the study meaning that drug effect could be determined earlier potentially shortening study duration in the future. This technology also has the potential to guide new study designs and enable researchers to assess time-to-effect, dose response, effects of drug withdrawal etc. Due to the volume of data and continuous data prior to investigational medicinal product administration patients can act as their own control and would be beneficial in n = 1 studies that are useful in rare disease processes such as iPAH.
[bookmark: _Toc82806098]
[bookmark: _Toc143557606]7.3 Future directions
Dr Alex Rothman and I have recently received an MRC Experimental Medicine Award (reference MR/W026279/1) for £1.7m + £0.5m contribution in kind to deliver the PHoenix study: Pulmonary Hypertension-intensification and personalisation of combination treatment. This is a multi-centre, 2 x 2 cross-over study of 40 patients, designed to review the 2 potential therapeutic strategies for patients with PAH established on PD5i/ ERA therapy with significant symptoms as the most appropriate next treatment step is currently unknown (Benza et al., 2020). National Commissioning Guidelines permit two options: 1) add a third drug to target the prostacyclin pathway; 2) switch the PDE5i, which is endothelial nitric oxide-dependent, to an alternative that is endothelial-derived nitric oxide-independent in the form of Riociguat, an sGCS (NHS England, 2018; NHS England, 2015) . The study was co-developed with patients and will involve all national PH centres. The primary endpoint is change in RVEF measured by cardiac MRI and secondary endpoints are change in haemodynamics; change in walk distance and change in NT-proBNP. This study will review the two potential therapeutic strategies for these patients and monitor their treatment response with implantable remote technology in the form of ICM and PAP monitors. It will demonstrate how to personalise each patient’s PAH drug therapy based on their individual response to therapies available. 

If this study is successful, it will assess pathophysiology in a manner previously unachievable and examine the effect of five therapeutic changes in the time traditionally taken to test one. This will provide a platform that has the potential to transform experimental medicine for patients with PAH. It will also be an example of individualised therapy and n=1 trials that encourage personalised medicine and increase the impact of studies in rarer patient cohorts such as iPAH where recruitment numbers can be low (Kane, Bittlinger, & Kimmelman, 2021). The  PHoenix study outline is depicted in 
Figure 55.

[image: ]
[bookmark: _Ref122189282]
[bookmark: _Toc143001562]Figure 55: Study protocol for PHoenix trail: Pulmonary Hypertension-intensification and personalisation of combination treatment
Study protocol for multi-centre 2 x 2 crossover trial of Riociguat and Selexipag in patients with ICM and PAP monitor. The primary endpoint is change in RVEF measured by cMRI and secondary endpoints are change in haemodynamics; change in walk distance and change in NT-proBNP. MRC Experimental Medicine Award (reference MR/W026279/1). Rothman, Middleton.




[bookmark: _Toc143557607]7.3 Summary

In this thesis I have determined which mortality-associated parameters may be remote monitored in patients with pulmonary arterial hypertension and developed a remote physiological risk score using these parameters. This physiological risk score integrates multiple parameters into a single figure and can identify change in advance of any of the individual components in a multi-centre study.

I have shown examples demonstrating how the use of this remote technology can have significant implications for future clinical studies as we can monitor dose-response and time-to-effect remotely and use this information to facilitate novel trial designs. This technology also has the potential to aid in the management of high-risk patients with PAH, for example, pre-surgical optimisation, to transition off intravenous therapy and to guide personalised therapy for patients with significant side effects.

This concept will be tested in the Phoenix study, an MRC Experimental Medicine Award which will evaluate the capacity of remote monitoring technology to provide early evaluation of clinical efficacy in patients with pulmonary arterial hypertension.



[bookmark: _Toc143557608]Bibliography
Abbott. (2014). CardioMEMSTM HF System PA Sensor and Delivery System Model CM2000 User’s Manual.
Abbott. (2022). Abbott’s CardioMEMSTM HF System Receives FDA Approval to Support Patients Battling Earlier-Stage Heart Failure - Feb 21, 2022. Retrieved May 9, 2022, 
Abraham, W. (2017). Sensible Medical Innovations Lung FLuid Status Monitor Allows REducing Readmission Rate of Heart Failure Patients (SMILE)—A Randomized Controlled Study - Minneapolis Heart Institute Foundation. Journal of the Minneapolis Heart Institute Foundation. Retrieved September 27, 2021, from https://mplsheart.org/journal-of-the-minneapolis-heart-institute-foundation/volume-1-issue-1-january-2017/sensible-medical-innovations-lung-fluid-status-monitor-allows-reducing-readmission-rate-of-heart-failure-patients-smile-a-randomized-controlled-study
Abraham, W., Adamson, P. B., Bourge, R. C. & Yadav, J. S. (2011). Wireless Pulmonary Artery Haemodynamic Monitoring in Chronic Heart Failure: A Randomised Controlled Trial. Lancet, 377, 658–666. Retrieved July 18, 2019, 
Abraham, W., Stevenson, L., Bourge, R., Lindenfeld, J., Bauman, J. & Adamson, P. (2016). Sustained Efficacy of Pulmonary Artery Pressure to Guide Adjustment of Chronic Heart Failure Therapy: Complete Follow-up Results from the CHAMPION Randomised Trial. Lancet (London, England), 387(10017), 453–461. Retrieved October 12, 2021, 
Abraham, W. T., Adamson, P. B., Hasan, A., Bourge, R. C., Pamboukian, S. V., Aaron, M. F. & Raval, N. Y. (2011). Safety and Accuracy of a Wireless Pulmonary Artery Pressure Monitoring System in Patients with Heart Failure. American Heart Journal, 161(3), 558–566.
Abraham, W. T., Stevenson, L. W., Bourge, R. C., Lindenfeld, J. A., Bauman, J. G. & Adamson, P. B. (2016). Sustained Efficacy of Pulmonary Artery Pressure to Guide Adjustment of Chronic Heart Failure Therapy: Complete Follow-up Results from the CHAMPION Randomised Trial. The Lancet, 387(10017), 453–461.
Adamson, P., Abraham, W. & Stevenson, L. (2014). Wireless Pulmonary Artery Pressure Monitoring Guides Management to Reduce Decompensation in Heart Failure With Preserved Ejection Fraction. Circulation heart failure, 7, 935–944. Retrieved July 18, 2019, 
Adamson, P. B. (2009). Pathophysiology of the Transition from Chronic Compensated and Acute Decompensated Heart Failure: New Insights from Continuous Monitoring Devices. Current heart failure reports, 6(4), 287–92. Retrieved July 18, 2019, 
Adamson, P. B. & Abraham, W. T. (2011). CHAMPION Trial Rationale and Design: The Long-Term Safety and Clinical Efficacy of a Wireless Pulmonary Artery Pressure Monitoring System. Journal of Cardiac Failure, 17, 3–10. Retrieved April 1, 2019, 
Adamson, P. B., Abraham, W. T., Aaron, M., Aranda, J. M., Bourge, R. C., Smith, A., Stevenson, L. W., Bauman, J. G. & Yadav, J. S. (2011). CHAMPION Trial Rationale and Design: The Long-Term Safety and Clinical Efficacy of a Wireless Pulmonary Artery Pressure Monitoring System. Journal of Cardiac Failure, 17(1), 3–10.
Adamson, P. B., Abraham, W. T., Bourge, R. C., Costanzo, M. R., Hasan, A., Yadav, C., Henderson, J., Cowart, P. & Stevenson, L. W. (2014). Wireless Pulmonary Artery Pressure Monitoring Guides Management to Reduce Decompensation in Heart Failure with Preserved Ejection Fraction. Circulation: Heart Failure, 7(6), 935–944.
Adamson, P. B., Magalski, A., Braunschweig, F., Böhm, M., Reynolds, D., Steinhaus, D., Luby, A., Linde, C., Ryden, L., Cremers, B., Takle, T. & Bennett, T. (2003). Heart Failure Ongoing Right Ventricular Hemodynamics in Heart Failure Clinical Value of Measurements Derived From an Implantable Monitoring System. Journal of American College of Cardiology. Retrieved April 1, 2019, 
Ahmed, F. Z., Taylor, J. K., Green, C., Moore, L., Goode, A., Black, P., Howard, L., Fullwood, C., Zaidi, A., Seed, A., Cunnington, C. & Motwani, M. (2020). Triage‐HF Plus: A Novel Device‐based Remote Monitoring Pathway to Identify Worsening Heart Failure. ESC Heart Failure, 7(1), 107. Retrieved October 11, 2021, 
Ahmed, F. Z., Taylor, J. K., Green, C., Moore, L., Goode, A., Black, P., Howard, L., Fullwood, C., Zaidi, A., Seed, A., Cunnington, C., Motwani, M., Fozia, D. & Ahmed, Z. (2019). Triage-HF Plus: A Novel Device-Based Remote Monitoring Pathway to Identify Worsening Heart Failure.
Airhart, S., Badie, N., Doyle, M., Correa-Jacque, P., Daniels, C. & Benza, R. (2021). Assessing Hemodynamic Response to Submaximal Exercise in Pulmonary Arterial Hypertension Patients Using an Implantable Hemodynamic Monitor. The Journal of Heart and Lung Transplantation, 40(6), 430–434. Retrieved November 8, 2021, from http://www.jhltonline.org/article/S1053249821019987/fulltext
Alabed, S., Garg, P., Johns, C. S., Alandejani, F., Shahin, Y., Dwivedi, K., Zafar, H., Wild, J. M., Kiely, D. G. & Swift, A. J. (2020). Cardiac Magnetic Resonance in Pulmonary Hypertension—an Update. Current Cardiovascular Imaging Reports, 13(12). Retrieved November 8, 2021, 
Albouaini, K., Egred, M., Alahmar, A. & Wright, D. J. (2007). Cardiopulmonary Exercise Testing and Its Application. Postgraduate Medical Journal, 83(985), 675–682.
Alvares, T., Conte, C., Paschoalin, V., Silva, J., Meirelles Cde, M., Bhambhani, Y. & Gomes, P. (2012). Acute L-Arginine Supplementation Increases Muscle Blood Volume but Not Strength Performance. Applied physiology, nutrition, and metabolism, 37(1), 115–126. Retrieved October 27, 2021, from https://pubmed.ncbi.nlm.nih.gov/22251130/
ATS Committee. (2002). American Thoracic Society ATS Statement: Guidelines for the Six-Minute Walk Test. American Journal of critical care medicine, 166, 111–117.
Auricchio, A., Gold, M. R., Brugada, J., Nölker, G., Arunasalam, S., Leclercq, C., Defaye, P., Calò, L., Baumann, O. & Leyva, F. (2014). Long-Term Effectiveness of the Combined Minute Ventilation and Patient Activity Sensors as Predictor of Heart Failure Events in Patients Treated with Cardiac Resynchronization Therapy: Results of the Clinical Evaluation of the Physiological Diagnosis Func. European Journal of Heart Failure, 16(6), 663–670.
Avorn, J. (2005). Powerful Medicines: The Benefits, Risks, and Costs of Prescription Drugs. Vintage Books.
Axelsen, L., Poggesi, I., Rasschaert, F., Perez Ruixo, J. & Bruderer, S. (2021). Clopidogrel, a CYP2C8 Inhibitor, Causes a Clinically Relevant Increase in the Systemic Exposure to the Active Metabolite of Selexipag in Healthy Subjects. British journal of clinical pharmacology, 87(1), 119–128. Retrieved October 30, 2021, 
Badesch, D. B. et al. (2000). Continuous Intravenous Epoprostenol for Pulmonary Hypertension Due to the Scleroderma Spectrum of Disease. A Randomized, Controlled Trial. Annals of internal medicine, 132(6), 425–434. Retrieved November 10, 2021, 
Barst, R. (2010). How Has Epoprostenol Changed the Outcome for Patients with Pulmonary Arterial Hypertension? International Journal of Clinical Practice, 64(SUPPL. 168), 23–32. Retrieved November 10, 2021, 
Barst, R. J., Rubin, L., Long, W. & Primary Pulmonary Hypertension Study Group. (2009). A Comparison of Continuous Intravenous Epoprostenol (Prostacyclin) with Conventional Therapy for Primary Pulmonary Hypertension. NEJM, 51(10), 993. Retrieved November 10, 2021, 
Bekelman, D. B., Plomondon, M. E., Carey, E. P., Sullivan, M. D., Nelson, K. M., Hattler, B., McBryde, C. F., Lehmann, K. G., Gianola, K., Heidenreich, P. A. & Rumsfeld, J. S. (2015). Primary Results of the Patient-Centered Disease Management (PCDM) for Heart Failure Study. JAMA Internal Medicine, 175(5), 725. Retrieved August 5, 2019, 
Benza, R., Doyle, M. & Lasorda, D DO, K. S. P. (2019). Monitoring Pulmonary Arterial Hypertension Using an Implantable Hemodynamic Sensor. CHEST.
Benza, R. L., Corris, P. A., Ghofrani, H. A., Kanwar, M., McLaughlin, V. v., Raina, A. & Simonneau, G. (2020). Switching to Riociguat: A Potential Treatment Strategy for the Management of CTEPH and PAH. Pulmonary Circulation, 10(1), 1–12. Retrieved January 23, 2022, 
Benza, R. L., Doyle, M., Lasorda, D., Parikh, K. S., Correa-Jaque, P., Badie, N., Ginn, G., Airhart, S., Franco, V., Kanwar, M. K., Murali, S., Raina, A., Agarwal, R., Rajagopal, S., White, J. & Biederman, R. (2019). Monitoring Pulmonary Arterial Hypertension Using an Implantable Hemodynamic Sensor. Chest, 156(6), 1176–1186. Retrieved November 8, 2021, 
Benza, R. L., Raina, A., Abraham, W. T., Adamson, P. B., Lindenfeld, J., Miller, A. B., Bourge, R. C., Bauman, J. & Yadav, J. (2015). Pulmonary Hypertension Related to Left Heart Disease: Insight from a Wireless Implantable Hemodynamic Monitor. J Heart Lung Transplant, 34(3), 329–337. Retrieved November 8, 2021, 
Bergemann, R., Allsopp, J., Jenner, H., Daniels, F. A., Drage, E., Samyshkin, Y., Schmitt, C., Wood, S., Kiely, D. G. & Lawrie, A. (2018). High Levels of Healthcare Utilization Prior to Diagnosis in Idiopathic Pulmonary Arterial Hypertension Support the Feasibility of an Early Diagnosis Algorithm: The SPHInX Project. Pulmonary Circulation, 8(4). Retrieved from https://us.sagepub.com/en-us/nam/open-access-at-sage
Billings, C. G., Lewis, R., Hurdman, J. A., Condliffe, R., Elliot, C., Thompson, A. A. R., Smith, I. A., Austin, M., Armstrong, I. J., Hamilton, N., Charalampopoulos, A., Wild, J., Lawrie, A., Waterhouse, J. C. & Kiely, D. G. (2019). Express: The Incremental Shuttle Walk Test Predicts Mortality in Non-Group 1 Pulmonary Hypertension: Results from the ASPIRE Registry. Pulmonary Circulation, 204589401984864.
Billings, C., Lewis, R., Hurdman, J. A., Condliffe, R., Elliot, C., Thompson, A. A. R., Smith, I. A., Austin, M., Armstrong, I. J., Hamilton, N., Charalampopoulos, A., Wild, J., Lawrie, A., Waterhouse, J. C. & Kiely, D. G. (2019). Express: The Incremental Shuttle Walk Test Predicts Mortality in Non-Group 1 Pulmonary Hypertension: Results from the ASPIRE Registry. Pulmonary Circulation, 204589401984864.
Blyth, K. G., Groenning, B. A., Mark, P. B., Martin, T. N., Foster, J. E., Steedman, T., Morton, J. J., Dargie, H. J. & Peacock, A. J. (2007). NT-ProBNP Can Be Used to Detect Right Ventricular Systolic Dysfunction in Pulmonary Hypertension. European Respiratory Journal, 29, 737–744. Retrieved July 18, 2019, from https://erj.ersjournals.com/content/erj/29/4/737.full.pdf
Boehmer, J. P., Hariharan, R., Devecchi, F. G., Smith, A. L., Molon, G., Capucci, A., An, Q., Averina, V., Stolen, C. M., Thakur, P. H., Thompson, J. A., Wariar, R., Zhang, Y. & Singh, J. P. (2017a). A Multisensor Algorithm Predicts Heart Failure Events in Patients With Implanted Devices: Results From the MultiSENSE Study. JACC: Heart Failure, 5(3), 216–225.
Boehmer, J. P., Hariharan, R., Devecchi, F. G., Smith, A. L., Molon, G., Capucci, A., An, Q., Averina, V., Stolen, C. M., Thakur, P. H., Thompson, J. A., Wariar, R., Zhang, Y. & Singh, J. P. (2017b). A Multisensor Algorithm Predicts Heart Failure Events in Patients With Implanted Devices: Results From the MultiSENSE Study. JACC: Heart Failure, 5(3), 216–225. Retrieved October 12, 2021, 
Böhm, M., Drexler, H., Oswald, H., Rybak, K., Bosch, R., Butter, C., Klein, G., Gerritse, B., Monteiro, J., Israel, C., Bimmel, D., Käab, S., Huegl, B. & Brachmann, J. (2016). Fluid Status Telemedicine Alerts for Heart Failure: A Randomized Controlled Trial. European Heart Journal, 37(41), 3154–3163.
Borgundvaag, E. & Janssen, I. (2017). Objectively Measured Physical Activity and Mortality Risk Among American Adults. American Journal of Preventive Medicine.
Boriani, G., Da Costa, A., Ricci, R. Pietro, Quesada, A., Favale, S., Iacopino, S., Romeo, F., Risi, A., Stefano, L. M. D. S., Navarro, X., Biffi, M., Santini, M. & Burri, H. (2013). The Monitoring Resynchronization DEvices and CARdiac PatiEnts (MORE-CARE) Randomized Controlled Trial: Phase 1 Results on Dynamics of Early Intervention with Remote Monitoring. Journal of Medical Internet Research, 15(8).
Boucly, A., Weatherald, J., Savale, L., de Groote, P., Cottin, V., Prévot, G., Chaouat, A., Picard, F., Horeau-Langlard, D., Bourdin, A., Jutant, E. M., Beurnier, A., Jevnikar, M., Jaïs, X., Simonneau, G., Montani, D., Sitbon, O. & Humbert, M. (2022). External Validation of a Refined Four-Stratum Risk Assessment Score from the French Pulmonary Hypertension Registry. The European Respiratory Journal, 59(6). Retrieved December 12, 2022, from /pmc/articles/PMC9245192/
Boucly, A., Weatherald, J., Savale, L., Jaïs, X., Cottin, V., Prevot, G., Picard, F., de Groote, P., Jevnikar, M., Bergot, E., Chaouat, A., Chabanne, C., Bourdin, A., Parent, F., Montani, D., Simonneau, G., Humbert, M. & Sitbon, O. (2017). Risk Assessment, Prognosis and Guideline Implementation in Pulmonary Arterial Hypertension. European Respiratory Journal, 50(2), 1–10.
Brugada, J. et al. (2020). ESC Guidelines for the Management of Patients with Supraventricular Tachycardia. European Heart Journal, 41(5), 655–720. Retrieved November 1, 2021, 
Cagino, L., Ataya, A., Richards, L., Wu, X. & Alnuaimat, H. (2016). Internal Jugular Versus Femoral Vein Access for Right Heart Catheterization in the Evaluation of Pulmonary Hypertension. Does the Site of Access Matter? American Journal of Respiratory and Critical Care Medicine, 193:A7391. Retrieved November 2, 2021, 
Casserly, B. & Klinger, J. R. (2009). Drug Design, Development and Therapy Brain Natriuretic Peptide in Pulmonary Arterial Hypertension: Biomarker and Potential Therapeutic Agent. Retrieved July 18, 2019, from www.dovepress.com
Chin, K., Lewis, R., Channick, R., di Scala, L., Gaine, S., Galie, N., Ghofrani, H., Hoeper, M., Lang, I., McLaughlin, V., Preiss, R., Simmoneau, G., Sitbon, O. & Tapson, V. (2019). NT-ProBNP and Long-Term Outcome in PAH. Circulation, 139(21), 2440–2450. Retrieved September 27, 2021, 
Chin, K., Rubin, L., Channick, R., di Scala, L., Gaine, S., Galie, N., Ghofrani, H.-A., Hoeper, M., Lang, I., McLaughlin, V., Preiss, R., Simmoneau, G., Sitbon, O. & Tapson, V. (2019). Association of N-Terminal Pro Brain Natriuretic Peptide and Long-Term Outcome in Patients With Pulmonary Arterial Hypertension Insights From the Phase III GRIPHON Study. Circulation, 139, 2440–2450. Retrieved July 18, 2019, 
Chu, A. H. Y., Ng, S. H. X., Paknezhad, M., Gauterin, A., Koh, D., Brown, M. S. & Mü Ller-Riemenschneider, F. (2017). Comparison of Wrist-Worn Fitbit Flex and Waist-Worn ActiGraph for Measuring Steps in Free-Living Adults. Retrieved July 24, 2019, 
Connolly, H. (1997). Valvular Heart Disease Associated with Fenfluramine- Phentermine. The New England Journal of Medicine, 337(9), 581–588.
Conraads, V. M., Tavazzi, L., Santini, M., Oliva, F., Gerritse, B., Yu, C. M. & Cowie, M. R. (2011). Sensitivity and Positive Predictive Value of Implantable Intrathoracic Impedance Monitoring as a Predictor of Heart Failure Hospitalizations: The SENSE-HF Trial. European Heart Journal, 32(18), 2266–2273.
Cowan, C. (2014). NUICE Guidance: Management of Atrial Fibrillation. NICE guidance. Retrieved February 13, 2019, 
Cowie, M. (2018). COAST CardioMEMS HF System OUS Post Market Study.
Cowie, M. R., Sarkar, S., Koehler, J., Whellan, D. J., Crossley, G. H., Tang, W. H. W., Abraham, W. T., Sharma, V. & Santini, M. (2013). Development and Validation of an Integrated Diagnostic Algorithm Derived from Parameters Monitored in Implantable Devices for Identifying Patients at Risk for Heart Failure Hospitalization in an Ambulatory Setting. European Heart Journal, 34(31), 2472–2480.
Cox, N. S., Alison, J. A., Butto, B. M., Wilson, J. W. & Holland, A. E. (2013). Assessing Exercise Capacity Using Telehealth: A Feasibility Study in Adults with Cystic Fibrosis. Respiratory Care, 58(2), 286–290. Retrieved October 29, 2021, 
Coyle, K., Coyle, D., Blouin, J., Lee, K., Jabr, M. F., Tran, K., Mielniczuk, L., Swiston, J. & Innes, M. (2016a). Cost Effectiveness of First-Line Oral Therapies for Pulmonary Arterial Hypertension: A Modelling Study. PharmacoEconomics, 34(34), 509–520. Retrieved September 28, 2021, 
Coyle, K., Coyle, D., Blouin, J., Lee, K., Jabr, M. F., Tran, K., Mielniczuk, L., Swiston, J. & Innes, M. (2016b). Cost Effectiveness of First-Line Oral Therapies for Pulmonary Arterial Hypertension: A Modelling Study. PharmacoEconomics, 34(34), 509–520.
D. Schraufnagal. (2010). American Thoracic Society. Breathing in America: Disease, Progress & Hope.
D’Alonzo, G. E., Barst, R. J., Ayres, S. M., Bergofsky, E. H., Brundage, B. H., Detre, K. M., Fishman, A. P., Goldring, R. M., Groves, B. M. & Kernis, J. T. (1991). Survival in Patients with Primary Pulmonary Hypertension. Results from a National Prospective Registry.1. D’Alonzo GE, Barst RJ, Ayres SM, Bergofsky EH, Brundage BH, Detre KM, et al. Survival in Patients with Primary Pulmonary Hypertension. Results from a. Annals of internal medicine, 115(5), 343–9. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/1863023
Deboeck, G. L., Taboada, D., Hagan, G., Treacy, C., Page, K., Sheares, K., Naeije, R., Pepke-Zaba, J. & Morty, R. E. (2014). Maximal Cardiac Output Determines 6 Minutes Walking Distance in Pulmonary Hypertension. PLoS ONE, 9(3), e92324.
Degano, B., Sitbon, O., Savale, L., Garcia, G., O’Callaghan, D. S., Jaïs, X., Humbert, M. & Simonneau, G. (2010). Characterization of Pulmonary Arterial Hypertension Patients Walking More Than 450 m in 6 Min at Diagnosis. Chest, 137(6), 1297–1303. Retrieved September 28, 2021, 
Dominick, G. M., Winfree, K. N., Pohlig, R. T. & Papas, M. A. (2016). Physical Activity Assessment Between Consumer- and Research-Grade Accelerometers: A Comparative Study in Free-Living Conditions. JMIR mHealth and uHealth, 4(3), e110. Retrieved July 24, 2019, 
Dyakova, E. Y., Kapilevich, L. v., Shylko, V. G., Popov, S. v. & Anfinogenova, Y. (2015). Physical Exercise Associated with NO Production: Signaling Pathways and Significance in Health and Disease. Frontiers in Cell and Developmental Biology, 3(APR), 19. Retrieved October 27, 2021, 
Evans, J. D. W. et al. (2016). BMPR2 Mutations and Survival in Pulmonary Arterial Hypertension: An Individual Participant Data Meta-Analysis. The Lancet Respiratory Medicine, 4(2), 129–137.
Evans, R. A. & Goldstein, R. S. (2014a). Pulmonary Rehabilitation. Comprehensive Biomedical Physics, 10, 411–422. Retrieved September 28, 2021, 
Evans, R. A. & Goldstein, R. S. (2014b). Pulmonary Rehabilitation. Comprehensive Biomedical Physics, 10, 411–422.
Fitbit. (2007). Www.Fitbit.Com.
Fokkert, M. J., van Dijk, P. R., Edens, M. A., Abbes, S., de Jong, D., Slingerland, R. J. & Bilo, H. J. G. (2017). Performance of the Freestyle Libre Flash Glucose Monitoring System in Patients with Type 1 and 2 Diabetes Mellitus. BMJ Open Diabetes Research and Care, 5(1). Retrieved October 11, 2021, 
Fokkert, M. J., Van Dijk, P. R., Edens, M. A., Abbes, S., De Jong, D., Slingerland, R. J. & Bilo, H. J. G. (2017). Performance of the Freestyle Libre Flash Glucose Monitoring System in Patients with Type 1 and 2 Diabetes Mellitus. BMJ Open Diabetes Research and Care, 5(1).
Fox, B. D., Kassirer, M., Weiss, I., Raviv, Y., Peled, N., Shitrit, D., Kramer, M. R., Tiqwa, P. & Aviv, T. (2011). Ambulatory Rehabilitation Improves Exercise Capacity in Patients With Pulmonary Hypertension. Journal of Cardiac Failure, 17, 196–200.
Gaine, Sean, Simonneau, G. & Gaine, S. (2013). The Need to Move from 6-Minute Walk Distance to Outcome Trials in Pulmonary Arterial Hypertension. European Respiratory Review, 22, 487–494. Retrieved September 24, 2021, 
Galiè, N., Barberà, J. A., Frost, A. E., Ghofrani, H.-A., Hoeper, M. M., McLaughlin, V. V., Peacock, A. J., Simonneau, G., Vachiery, J.-L., Grünig, E., Oudiz, R. J., Vonk-Noordegraaf, A., White, R. J., Blair, C., Gillies, H., Miller, K. L., Harris, J. H. N., Langley, J. & Rubin, L. J. (2015). Initial Use of Ambrisentan plus Tadalafil in Pulmonary Arterial Hypertension. New England Journal of Medicine, 373(9), 834–844. Retrieved December 17, 2022, from https://www.nejm.org/doi/full/10.1056/nejmoa1413687
Galiè, N., Channick, R. N., Frantz, R. P., Grünig, E., Jing, Z. C., Moiseeva, O., Preston, I. R., Pulido, T., Safdar, Z., Tamura, Y. & McLaughlin, V. V. (2019). Risk Stratification and Medical Therapy of Pulmonary Arterial Hypertension. The European respiratory journal, 53(1).
Gan, C. T., Mccann, G. P., Marcus, J. T., van Wolferen, S. A., Twisk, J. W., Boonstra, A., Postmus, P. E., Vonk-Noordegraaf, A. & Vonk-Noordegraaf, C. A. (2006). NT-ProBNP Reflects Right Ventricular Structure and Function in Pulmonary Hypertension. EUROPEAN RESPIRATORY JOURNAL Eur Respir J, 28(6), 1190–1194. Retrieved July 18, 2019, from https://erj.ersjournals.com/content/erj/28/6/1190.full.pdf
Ghofrani, H., Morrell, N., Hoeper, M., Olschewski, H., Peacock, A., Barst, R., Shapiro, S., Golpon, H., Toshner, M., Grimminger, F. & Pascoe, S. (2010). Imatinib in Pulmonary Arterial Hypertension Patients with Inadequate Response to Established Therapy. American journal of respiratory and critical care medicine, 182(9), 1171–1177. Retrieved October 28, 2021, 
Ghofrani, H.-A., D’Armini, A. M., Grimminger, F., Hoeper, M. M., Jansa, P., Kim, N. H., Mayer, E., Simonneau, G., Wilkins, M. R., Fritsch, A., Neuser, D., Weimann, G. & Wang, C. (2013). Riociguat for the Treatment of Chronic Thromboembolic Pulmonary Hypertension. New England Journal of Medicine, 369(4), 319–329.
Givertz, M. M., Stevenson, L. W., Costanzo, M. R., Bourge, R. C., Bauman, J. G., Ginn, G. & Abraham, W. T. (2017a). Pulmonary Artery Pressure-Guided Management of Patients With Heart Failure and Reduced Ejection Fraction. Journal of the American College of Cardiology, 70(15), 1875–1886.
Givertz, M. M., Stevenson, L. W., Costanzo, M. R., Bourge, R. C., Bauman, J. G., Ginn, G. & Abraham, W. T. (2017b). Pulmonary Artery Pressure-Guided Management of Patients With Heart Failure and Reduced Ejection Fraction. Journal of the American College of Cardiology, 70(15), 1875–1886. Retrieved July 18, 2019, 
Gosh, R. (2017). Selexipag in Pulmonary ArterialHypertension: Most Updated EvidenceFrom Recent Preclinical and Clinical Studies. The Journal of Clinical Pharmacology.
Haxhiu, M. A., Chang, C. H., Dreshaj, I. A., Erokwu, B., Prabhakar, N. R. & Cherniack, N. S. (1995). Nitric Oxide and Ventilatory Response to Hypoxia. Respiration Physiology, 101(3), 257–266. Retrieved October 27, 2021, 
Heist, E. K., Herre, J. M., Binkley, P. F., Van Bakel, A. B., Porterfield, J. G., Porterfield, L. M., Qu, F., Turkel, M. & Pavri, B. B. (2014). Analysis of Different Device-Based Intrathoracic Impedance Vectors for Detection of Heart Failure Events (from the Detect Fluid Early from Intrathoracic Impedance Monitoring Study). American Journal of Cardiology, 114(8), 1249–1256.
Heywood, J. T. & Jermyn, R. (2017). Impact of Practice-Based Management of Pulmonary Artery Pressures in 2000 Patients Implanted with the CardioMEMS Sensor. Circulation.
Hindricks, G., Taborsky, M., Glikson, M., Heinrich, U., Schumacher, B., Katz, A., Brachmann, J., Lewalter, T., Goette, A., Block, M., Kautzner, J., Sack, S., Husser, D., Piorkowski, C. & Søgaard, P. (2014). Implant-Based Multiparameter Telemonitoring of Patients with Heart Failure (IN-TIME): A Randomised Controlled Trial. The Lancet, 384, 583. Retrieved April 1, 2019, 
Ho, J. E., Zern, E. K., Lau, E. S., Wooster, L., Bailey, C. S., Cunningham, T., Eisman, A. S., Hardin, K. M., Farrell, R., Sbarbaro, J. A., Schoenike, M. W., Houstis, N. E., Baggish, A. L., Shah, R. v., Nayor, M., Malhotra, R. & Lewis, G. D. (2020). Exercise Pulmonary Hypertension Predicts Clinical Outcomes in Patients With Dyspnea on Effort. Journal of the American College of Cardiology, 75(1), 17–26. Retrieved May 9, 2022, from https://doi.org/10.1016/j.jacc.2019.10.048
Hoeper, M., Kramer, T., Pan, Z., Eichstaedt, C., Spiesshoefer, A., Benjamin, Olsson, K., Meyer, K., Vizza, C., AVonk-Noordegraaf, A., Distler, O., Opitz, C., Gibbs, J., Delcroix, M., Ghofrani, H., Huscher, D., Pittrow, D., Rosenkranz, S. & Grünig, E. (2017). Mortality in Pulmonary Arterial Hypertension: Prediction by the 2015 European Pulmonary Hypertension Guidelines Risk Stratification Model. The European respiratory journal, 50(2). Retrieved October 29, 2021, 
Hoeper, M. M. et al. (2020). Idiopathic Pulmonary Arterial Hypertension Phenotypes Determined by Cluster Analysis from the COMPERA Registry. Journal of Heart and Lung Transplantation, 39(12), 1435–1444. Retrieved April 26, 2022, from http://creativecommons.org/licenses/by-nc-nd/4.0/
Hoeper, M. M. et al. (2022). COMPERA 2.0: A Refined Four-Stratum Risk Assessment Model for Pulmonary Arterial Hypertension. The European Respiratory Journal, 60(1). Retrieved December 12, 2022, from /pmc/articles/PMC9260123/
Hoeper, M. M. et al. (2023). Phase 3 Trial of Sotatercept for Treatment of Pulmonary Arterial Hypertension. New England Journal of Medicine, 388(16), 1478–1490. Retrieved August 7, 2023, from https://www.nejm.org/doi/full/10.1056/NEJMoa2213558
Hoeper, M. M., Barst, R. J., Bourge, R. C., Feldman, J., Frost, A. E., Galié, N., Gómez-Sánchez, M. A., Grimminger, F., Grünig, E., Hassoun, P. M., Morrell, N. W., Peacock, A. J., Satoh, T., Simonneau, G., Tapson, V. F., Torres, F., Lawrence, D., Quinn, D. A. & Ghofrani, H. A. (2013). Imatinib Mesylate as Add-on Therapy for Pulmonary Arterial Hypertension: Results of the Randomized IMPRES Study. Circulation, 127(10), 1128–1138. Retrieved October 28, 2021, 
Hoeper, M. M. & Dinh-Xuan, A. T. (2004a). Combination Therapy for Pulmonary Arterial Hypertension: Still More Questions than Answers. ERJ, 24, 339–340. Retrieved September 28, 2021, 
Hoeper, M. M. & Dinh-Xuan, A. T. (2004b). Combination Therapy for Pulmonary Arterial Hypertension: Still More Questions than Answers. ERJ, 24, 339–340.
Hoeper, M. M., Galiè, N., Simonneau, G. & Rubin, L. J. (2002). New Treatments for Pulmonary Arterial Hypertension. American journal of respiratory and critical care medicine, 165(9), 1209–1216. Retrieved November 10, 2021, 
Howard, L., Rosenkranz, S., Frantz, R., Hemnes, A., Pfister, T., Shiraga, Y., Skaara, H., Humbert, M. & Preston, I. (2020). Asessing Daily Life Physical Activity by Actigraphy in PAH: Insights from the Randomised Controlled Study with Selexipag (TRACE). CHEST  , 158(4), A2449–A2451. Retrieved May 9, 2022, 
Howard, L. S. (2011a). Prognostic Factors in Pulmonary Arterial Hypertension: Assessing the Course of the Disease. European Respiratory Review, 20(122), 236–242.
Howard, L. S. (2011b). Prognostic Factors in Pulmonary Arterial Hypertension: Assessing the Course of the Disease. European Respiratory Review, 20(122), 236–242. Retrieved September 27, 2021, 
Humbert, M. et al. (2022). 2022 ESC/ERS Guidelines for the Diagnosis and Treatment of Pulmonary HypertensionDeveloped by the Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European Respiratory Society (ERS). Endorsed by the International Society for Heart and Lung Transplantation (ISHLT) and the European Reference Network on Rare Respiratory Diseases (ERN-LUNG). European Heart Journal, 43(38), 3618–3731. Retrieved December 12, 2022, from https://academic.oup.com/eurheartj/article/43/38/3618/6673929
Humbert, M., Sitbon, O. & Simonneau, G. (2004). Treatment of Pulmonary Arterial Hypertension. New England Journal of Medicine, 351(14), 1425–1436. Retrieved January 23, 2019, from http://www.nejm.org/doi/abs/10.1056/NEJMra040291
Hurdman, J., Condliffe, R., Elliot, C. A., Davies, C., Hill, C., Wild, J. M., Capener, D., Sephton, P., Hamilton, N., Armstrong, I. J., Billings, C., Lawrie, A., Sabroe, I., Akil, M., O’Toole, L. & Kiely, D. G. (2012). ASPIRE Registry: Assessing the Spectrum of Pulmonary Hypertension Identified at a. European Respiratory Journal, 39(4), 945–955.
Irisawa, H., Takeuchi, K., Inui, N., Miyakawa, S., Morishima, Y., Mizushima, T. & Watanabe, H. (2014). Incremental Shuttle Walk Test as a Valuable Assessment of Exercise Performance in Patients with Pulmonary Arterial Hypertension. Circulation journal : official journal of the Japanese Circulation Society, 78(1), 215–221. Retrieved September 28, 2021, 
Joshi, S. R., Liu, J., Pearsall, R., Andre, P., Li, G. & Kumar, R. (2020). Activin Receptor Type IIA-Fc (Sotatercept) Suppresses Inflammation to Alleviate Pulmonary Arterial Hypertension in Preclinical Models. American Journal of Respiratory and Critical Care Medicine, 201, A3835. Retrieved September 27, 2021, 
Kane, P. B., Bittlinger, M. & Kimmelman, J. (2021). Individualized Therapy Trials: Navigating Patient Care, Research Goals and Ethics. Nature Medicine 2021 27:10, 27(10), 1679–1686. Retrieved December 17, 2022, from https://www.nature.com/articles/s41591-021-01519-y
Khushhal, A., Nichols, S., Evans, W., Gleadall-Siddall, D. O., Page, R., O’Doherty, A. F., Carroll, S., Ingle, L. & Abt, G. (2017). Validity and Reliability of the Apple Watch for Measuring Heart Rate During Exercise. Sports Medicine International Open, 1(6), E206. Retrieved October 29, 2021, 
Kiely, D. (2013). Pulmonary Hypertension: Diagnosis and Management. British Medical Journal, 346–357. Retrieved December 12, 2018, 
Kiely, D. (2021). National Audit of Pulmonary Hypertension, Great Britain, 2020-2021. Retrieved April 26, 2022, from https://files.digital.nhs.uk/D9/A21E73/NAPH%2012AR%20-%20Main%20Report%20v1.0.pdf
Kiely, D. G., Channick, R., Flores, D., Galiè, N., Marcus, J. T., Peacock, A., Rosenkranz, S., Tawakol, A., Torbicki, A., Noordegraaf, A. V., Wetherill, G. & Swift, A. J. (2021). Comparison of Standardised Treatment Effect Sizes for Invasive and Non Invasive Endpoints in Pulmonary Arterial Hypertension: Insights from the Repair Study. Journal of the American College of Cardiology, 77(18), 1672. Retrieved November 8, 2021, 
Kiely, D. G., Lawrie, A. & Humbert, M. (2019). Screening Strategies for Pulmonary Arterial Hypertension. European Heart Journal Supplements, 21, K9–K20. Retrieved April 26, 2022, from https://academic.oup.com/eurheartjsupp/article/21/Supplement_K/K9/5678711
Koehler, F. et al. (2018a). Efficacy of Telemedical Interventional Management in Patients with Heart Failure (TIM-HF2): A Randomised, Controlled, Parallel-Group, Unmasked Trial. The Lancet, 6736(18), 1–11.
Koehler, F. et al. (2018b). Efficacy of Telemedical Interventional Management in Patients with Heart Failure (TIM-HF2): A Randomised, Controlled, Parallel-Group, Unmasked Trial. The Lancet, 6736(18), 1–11.
Koehler, F. et al. (2018c). Efficacy of Telemedical Interventional Management in Patients with Heart Failure (TIM-HF2): A Randomised, Controlled, Parallel-Group, Unmasked Trial. The Lancet, 6736(18), 1–11.
Kovacs, G., Herve, P. & Olschewski, H. (2019). The Pulmonary Haemodynamics during Exercise – Research Network (PEX-NET) ERS Clinical Research Collaboration: Investigating the Prognostic Relevance of Exercise Haemodynamics. European Respiratory Journal, 53(4). Retrieved May 9, 2022, from https://erj.ersjournals.com/content/53/4/1900458
Kylhammar, D., Kjellström, B., Hjalmarsson, C., Jansson, K., Nisell, M., Söderberg, S., Wikström, G. & Rådegran, G. (2018). A Comprehensive Risk Stratification at Early Follow-up Determines Prognosis in Pulmonary Arterial Hypertension. European heart journal, 39(47), 4175–4181. Retrieved October 29, 2021, 
Lear, S. A. et al. (2017). The Effect of Physical Activity on Mortality and Cardiovascular Disease in 130 000 People from 17 High-Income, Middle-Income, and Low-Income Countries: The PURE Study. The Lancet, 390. Retrieved July 24, 2019, from http://dx.doi.org/10.1016/
Levy, M., Eyries, M., Szezepanski, I., Ladouceur, M., Nadaud, S., Bonnet, D. & Soubrier, F. (2016). Genetic Analyses in a Cohort of Children with Pulmonary Hypertension. European Respiratory Journal, 48(4), 1118–1126. Retrieved January 18, 2022, from https://erj.ersjournals.com/content/48/4/1118
Lewis, N. Infected Device Protocol for Device Clinic STH.
Lewis, R. A. et al. (2020). Identification of Cardiac Magnetic Resonance Imaging Thresholds for Risk Stratification in Pulmonary Arterial Hypertension. American Journal of Respiratory and Critical Care Medicine, 201(4).
Lewis, R., Billings, C., Hurdman, J., Smith, I., Austin, M., Armstrong, I., Swift, A., Rothman, A., Charalampopoulos, A., Sabroe, I., Elliot, C., Thompson, R., Lawrie, A., Condliffe, R. & Kiely, D. (2019). The Incremental Shuttle Walking Test Can Be Used to Risk Stratify Patients with Pulmonary Hypertension as Per the European Respiratory/Cardiac Society Guidelines. AJRCCM, A2507–A2507. Retrieved October 29, 2021, 
Lewis, R., Durrington, C., Condliffe, R. & Kiely, D. G. (2020). BNP/ NT-ProBNP in Pulmonary Arterial Hypertension: Time for Point-of-Care Testing? European Respiratory Review, 29(156). Retrieved September 29, 2021, 
Libby, Bonow, Mann & Zipes. (2008a). Braunwald’s Heart Disease. Saunders Elsevier.
Libby, Bonow, Mann & Zipes. (2008b). Braunwald’s Heart Disease. Saunders Elsevier.
Lindenfeld, J. et al. (2021). Haemodynamic-Guided Management of Heart Failure (GUIDE-HF): A Randomised Controlled Trial. The Lancet, 398, 991–1001. Retrieved October 29, 2021, from https://doi.org/10.1016/
Lindenfeld, J. A. et al. (2021). Haemodynamic-Guided Management of Heart Failure (GUIDE-HF): A Randomised Controlled Trial. The Lancet, 398(10304), 991–1001. Retrieved May 9, 2022, 
Ling, Y., Johnson, M. K., Kiely, D. G., Condliffe, R., Elliot, C. A., Gibbs, J. S. R., Howard, L. S., Pepke-Zaba, J., Sheares, K. K. K., Corris, P. A., Fisher, A. J., Lordan, J. L., Gaine, S., Coghlan, J. G., Wort, S. J., Gatzoulis, M. A. & Peacock, A. J. (2012). Changing Demographics, Epidemiology, and Survival of Incident Pulmonary Arterial Hypertension: Results from the Pulmonary Hypertension Registry of the United Kingdom and Ireland. American Journal of Respiratory and Critical Care Medicine, 186(8), 790–796. Retrieved December 6, 2021, 
Luzak, A., Karrasch, S., Thorand, B., Nowak, D., Holle, R., Peters, A. & Schulz, H. (2017). Association of Physical Activity with Lung Function in Lung-Healthy German Adults: Results from the KORA FF4 Study. BMC pulmonary medicine. Retrieved July 23, 2019, 
Magic Bullet. (2019). Project Breathe. Retrieved November 1, 2021, from https://magicbullet.co.uk/
Maines, M., Zorzi, A., Tomasi, G., Angheben, C., Catanzariti, D., Piffer, L. & del Greco, M. (2018). Clinical Impact, Safety, and Accuracy of the Remotely Monitored Implantable Loop Recorder Medtronic Reveal LINQTM. EP Europace, 20(6), 1050–1057. Retrieved July 18, 2019, 
McDonagh, T. A. et al. (2021). 2021 ESC Guidelines for the Diagnosis and Treatment of Acute and Chronic Heart FailureDeveloped by the Task Force for the Diagnosis and Treatment of Acute and Chronic Heart Failure of the European Society of Cardiology (ESC) With the Special Contribution of the Heart Failure Association (HFA) of the ESC. European Heart Journal, 42(36), 3599–3726. Retrieved April 29, 2022, from https://academic.oup.com/eurheartj/article/42/36/3599/6358045
Medtronic. (2016a). Https://Www.Medtronicacademy.Com/.
Medtronic. (2016b). Reveal LinQ Product Specifications. Medtronic.com. Retrieved October 29, 2021, from documents
Medtronic Inc. (2015). REVEAL LINQTM LNQ11 Insertable Cardiac Monitor and Patient Assistant PA96000. Clinician Manual. Retrieved October 31, 2021, 
Middleton, J. T., Konganige, S., Dahaghin, P., Zafar, H., Reddy, A., Martin, C., Thompson, A. A. R., Swift, A. J., Morris, P. & Condliffe, R. (2020). Effect of COVID-19 Public Health Measures on Activity and Quality of Life in Patients With Pulmonary Arterial Hypertension. Circulation, 142(Suppl_3), A15636–A15636.
Middleton, J., Zafar, H., Kiely, David. G. & Rothman, A. (2021). Comparing the Safety and Feasibility of Implanting Pulmonary Artery Pressure Monitors via the Internal Jugular Vein Compared to Standard Femoral Venous Access in Patients with Pulmonary Arterial Hypertension. , A93.1-A93. Retrieved May 12, 2022, 
Mittal, S., Sanders, P., Pokushalov, E., Dekker, L., Kereiakes, D., Schloss, E., Pouliot, E., Franco, N., Zhong, Y., di Bacco, M. & Pürerfellner, H. (2015). Safety Profile of a Miniaturized Insertable Cardiac Monitor: Results from Two Prospective Trials. Pacing and clinical electrophysiology : PACE, 38(12). Retrieved October 30, 2021, 
Morgan, J. M., Kitt, S., Gill, J., McComb, J. M., Andre Ng, G., Raftery, J., Roderick, P., Seed, A., Williams, S. G., Witte, K. K., Wright, D. J., Harris, S. & Cowie, M. R. (2017). Remotemanagement of Heart Failure Using Implantable Electronic Devices. European Heart Journal, 38(30), 2352–2360.
Morrell, N. (2018). Genetics and Genomics of Pulmonary Arterial Hypertension. ERJ.
Mostofsky, E., Chan, H. T. H., Coull, B. A. & Mittleman, M. A. (2018). Analysis of Observational Self-Matched Data to Examine Acute Triggers of Outcome Events with Abrupt Onset. 804 | www.epidem.com Epidemiology •, 29(6). Retrieved August 8, 2023, from www.epidem.com
Mullens, W., Sharif, F., Dupont, M., Rothman, A. M. K. & Wijns, W. (2020). Digital Health Care Solution for Proactive Heart Failure Management with the Cordella Heart Failure System: Results of the SIRONA First-in-Human Study. European Journal of Heart Failure, 22(10), 1912–1919. Retrieved November 1, 2021, 
Müller, A. R., Brands, M. M. M. G., van de Ven, P. M., Roes, K. C. B., Cornel, M. C., van Karnebeek, C. D. M., Wijburg, F. A., Daams, J. G., Boot, E. & van Eeghen, A. M. (2021). Systematic Review of N-of-1 Studies in Rare Genetic Neurodevelopmental Disorders. Neurology, 96(11), 529–540. Retrieved January 19, 2022, 
Murray, K., Godbole, S., Natarajan, L., Full, K., Hipp, J. A., Glanz, K., Mitchell, J., Laden, F., James, P., Quante, M., Kerr, J. & Romigi, A. (2017). The Relations between Sleep, Time of Physical Activity, and Time Outdoors among Adult Women. PLOS ONE. Retrieved July 23, 2019, 
National Institute of Health. (2017). Benefits of Physical Activity on Health. National Institute of Health.
NHS Engand. (2015). NHS Commissioning Policy : Targeted Therapies for Use in Pulmonary Hypertension in Adults.
NHS England. (2015). NHS Commissioning Policy : Targeted Therapies for Use in Pulmonary Hypertension in Adults.
NHS England. (2018). NHS Commissioning Policy: Selexipag for Pulmonary Arterial Hypertension.
Nhs, R., England, A., England, N. H. S. & Reader, I. (2015). Commissioning Policy : Targeted Therapies for Use in Pulmonary Hypertension in Adults.
NICE. (2018a). Chronic Heart Failure in Adults: Diagnosis Chronic Heart Failure in Adults: Diagnosis and Management and Management NICE Guideline. Retrieved April 1, 2019, 
NICE. (2018b). NICE: Impact Cardiovascular Disease Prevention. Retrieved December 21, 2021, 
NICE. (2019a). Systemic Hypertension in Adults: Diagnosis and Management NICE Guideline. NICE guidelines (NG133), 1–41. Retrieved October 11, 2021, 
NICE. (2019b). Hypertension in Adults: Diagnosis and Management NICE Guideline. NICE guidelines (NG133), 1–41.
NICE UK. (2015). Type 1 Diabetes in Adults: Diagnosis and Management. Type 1 Diabetes in Adults: Diagnosis and Management, (August 2015), 1–89.
Noble, A., Johnson, R., Thomas, A. & Bass, P. (2010a). The Cardiovascular System. Churchill Livingstone.
Noble, A., Johnson, R., Thomas, A. & Bass, P. (2010b). The Cardiovascular System. Churchill Livingstone.
Parreira, V. F., Janaudis-Ferreira, T., Evans, R. A., Mathur, S., Goldstein, R. S. & Brooks, D. (2014). Measurement Properties of the Incremental Shuttle Walk Test: A Systematic Review. Chest, 145(6), 1357–1369. Retrieved September 28, 2021, 
Peacock, A. J., Crawley, S., McLure, L., Blyth, K., Vizza, C. D., Poscia, R., Francone, M., Iacucci, I., Olschewski, H., Kovacs, G., Vonk Noordegraaf, A., Marcus, J. T., van de Veerdonk, M. C. & Oosterveer, F. P. T. (2014). Changes in Right Ventricular Function Measured by Cardiac Magnetic Resonance Imaging in Patients Receiving Pulmonary Arterial Hypertension-Targeted Therapy: The EURO-MR Study. Circulation. Cardiovascular imaging, 7(1), 107–114. Retrieved November 9, 2021, 
Penedoa, F. & Dahn, J. R. (2005). Exercise and Well-Being: A Review of Mental and Physical Health Benefits Associated with Physical Activity. Current Opinions in Psychiatry, 18, 189–193.
Pérez-Rodon, J., Francisco-Pascual, J., Rivas-Gándara, N., Roca-Luque, I., Acosta-Vélez, G., Bellera, N., García-Dorado, D. & Moya-Mitjans, À. (2014). Cryptogenic Stroke and Role of Loop Recorder. JAFIB, 7. Retrieved July 18, 2019, 
Pokreisz, P., Marsboom, G. & Janssens, S. (2007). Pressure Overload-Induced Right Ventricular Dysfunction and Remodelling in Experimental Pulmonary Hypertension: The Right Heart Revisited. European Heart journal, 9(Supplement H), H75-84.
Ponikowski, P. et al. (2016). ESC Guidelines for the Diagnosis and Treatment of Acute and Chronic Heart Failure. European Heart Journal, 37(27). Retrieved January 2, 2019, 
Ponikowski, Piotr, Voors, A. (2016). 2016 ESC Guidelines for the Diagnosis and Treatment of Acute and Chronic Heart Failure. European heart journal, 37, 2129–2200. Retrieved March 28, 2019, from http://www.escardio.org/guidelines.
del Pozo, R., Hernandez Gonzalez, I. & Escribano-Subias, P. (2017). The Prostacyclin Pathway in Pulmonary Arterial Hypertension: A Clinical Review. Expert review of respiratory medicine, 11(6), 491–503. Retrieved October 28, 2021, 
Pürerfellner, H., Sanders, P., Pokushalov, E., di Bacco, M., Bergemann, T. & Dekker, L. R. C. (2015). Miniaturized Reveal LINQ Insertable Cardiac Monitoring System: First-in-Human Experience. Heart Rhythm, 12(6), 1113–1119. Retrieved July 18, 2019, 
Rabinovitch, M. (2012). Molecular Pathogenesis of Pulmonary Arterial Hypertension. The Journal of Clinical Investigation, 122(12), 4306–4313.
Raeside, D., Brown, A., Patel, K., Welsh, D. & Peacock, A. (2002). Ambulatory Pulmonary Artery Pressure Monitoring during Sleep and Exercise in Normal Individuals and Patients with COPD. Thorax, 57(12), 1050. Retrieved October 29, 2021, 
Ranu, H., Smith, K., Nimako, K., Sheth, A. & Madden, B. (2010). A Retrospective Review to Evaluate the Safety of Right Heart Catheterization via the Internal Jugular Vein in the Assessment of Pulmonary Hypertension. Clinical cardiology, 33(5), 303–306. Retrieved November 2, 2021, 
Redfield, Margaret M, Anstrom, Kevin J, L. J. A. (2015). Isosorbide Mononitrate in Heart Failure with Preserved Ejection Fraction. N Engl J Med, 373, 2314–2338. Retrieved May 1, 2019, 
Rich, S., Haworth, S. G., Hassoun, P. M. & Yacoub, M. H. (2018a). Pulmonary Hypertension: The Unaddressed Global Health Burden. The Lancet Respiratory Medicine, 6(8), 577–579. Retrieved September 28, 2021, from http://www.thelancet.com/article/S2213260018302686/fulltext
Rich, S., Haworth, S. G., Hassoun, P. M. & Yacoub, M. H. (2018b). Pulmonary Hypertension: The Unaddressed Global Health Burden. The Lancet Respiratory Medicine, 6(8), 577–579.
Rich, S., Kaufman, E. & Levy, P. (1992). The Effect of High Doses of Calcium-Hannel Blockers on Survival in Primary Pulmonary Hypertension. New England Journal of Medicine, (327), 76–81. Retrieved July 4, 2019, 
Rothman, A. V. J. (2018). Pulmonary Artery Denervation for the Treatment of Pulmonary Arterial Hypertension: Preliminary Results of the TROPHY 1 Study. European Heart journal, 39(1). Retrieved from ehy564.P567, doi.org/10.1093/eurheartj/ehy564.P567
Rubin, L. J., Mendoza, J., Hood, M., McGoon, M., Barst, R., Williams, W. B., Diehl, J. H., Crow, J. & Long, W. (1990). Treatment of Primary Pulmonary Hypertension with Continuous Intravenous Prostacyclin (Epoprostenol). Results of a Randomized Trial. Annals of internal medicine, 112(7), 485–491. Retrieved November 10, 2021, from https://pubmed.ncbi.nlm.nih.gov/2107780/
Samara, M. A. & Tang, W. H. W. (2011). Device Monitoring Strategies in Acute Heart Failure Syndromes. Heart Failure Reviews, 16(5), 491–502.
Sanders, P., Piorkowski, C., Kragten, Johannes A, Goode, G. K., Raj, S. R., Dinh, T., Sohail, M. R., Anand, R., Moya-Mitjans, A., Franco, N., Stromberg, K. & Rogers, J. D. (2019). Safety of In-Hospital Insertable Cardiac Monitor Procedures Performed Outside the Traditional Settings: Results from the Reveal LINQ in-Office 2 International Study. BMC Cardiovascular Disorders. Retrieved July 18, 2019, 
Sanders, P., Piorkowski, C., Kragten, Johannes A., Goode, G. K., Raj, S. R., Dinh, T., Sohail, M. R., Anand, R., Moya-Mitjans, A., Franco, N., Stromberg, K. & Rogers, J. D. (2019). Safety of In-Hospital Insertable Cardiac Monitor Procedures Performed Outside the Traditional Settings: Results from the Reveal LINQ in-Office 2 International Study. BMC Cardiovascular Disorders, 19(1), 132. Retrieved July 29, 2019, from https://bmccardiovascdisord.biomedcentral.com/articles/10.1186/s12872-019-1106-3
Sanders, P., Pürerfellner, H., Pokushalov, E., Sarkar, S., di Bacco, M., Maus, B. & Dekker, L. R. C. (2016). Performance of a New Atrial Fibrillation Detection Algorithm in a Miniaturized Insertable Cardiac Monitor: Results from the Reveal LINQ Usability Study. Heart Rhythm, 13(7), 1425–1430. Retrieved July 18, 2019, 
Sanna, T., Diener, H.-C., Passman, R. S., Lazzaro, V. C. E. di, Bernstein, R. A., Morillo, C. A., Rymer, M. M., Thijs, V., Rogers, T., Beckers, F., Lindborg, K., Brachmann, J. & Coburg, H. K. (2014). Cryptogenic Stroke and Underlying Atrial Fibrillation A BS TR AC T. N Engl J Med, 370, 2478–86. Retrieved October 8, 2021, 
Schermuly, R. T., Seeger, W., Grimminger, F., Dony, E., Ghofrani, H. A., Pullamsetti, S., Savai, R., Roth, M., Sydykov, A., Lai, Y. J. & Weissmann, N. (2005). Reversal of Experimental Pulmonary Hypertension by PDGF Inhibition. The Journal of Clinical Investigation, 115(10), 2811–2821. Retrieved March 8, 2021, 
Schraufnagal, D. (2010). American Thoracic Society. Breathing in America: Disease, Progress & Hope. Retrieved September 12, 2021, from https://www.researchgate.net/publication/265168590
Senn, S. (2018). Statistical Pitfalls of Personalized Medicine. Nature.
Shavelle, D., Desai, A. & Abraham, W. (2019). Pulmonary Artery Pressure-Guided Therapy for Ambulatory Heart Failure Patients in Clinical Practice: 1-Year Outcomes from the CardioMEMS Post-Approval Study. ACC.
Sikirica, M., Iorga, S. R., Bancroft, T. & Potash, J. (2014a). The Economic Burden of Pulmonary Arterial Hypertension (PAH) in the US on Payers and Patients. BMC Health Services Research, 14, 676. Retrieved September 28, 2021, 
Sikirica, M., Iorga, S. R., Bancroft, T. & Potash, J. (2014b). The Economic Burden of Pulmonary Arterial Hypertension (PAH) in the US on Payers and Patients. BMC Health Services REsearch, 14, 676.
Sitbon, oliver, Humbert, m & Jais, x. (2005). Long Term Response to Calcium Channel Blockers in Idiopathic Pulmonary Arterial Hypertension . Circulation, 111, 3105–3111. Retrieved July 4, 2019, 
Sitbon, O. & Vonk Noordegraaf, A. (2017). Epoprostenol and Pulmonary Arterial Hypertension: 20 Years of Clinical Experience. European Respiratory Review, 26(143). Retrieved November 10, 2021, 
Sitbon, Olivier, Channick, R. (2015a). Selexipag for the Treatment of Pulmonary Arterial Hypertension. The New England Journal of Medicine, 373, 2522–2533.
Sitbon, Olivier, Channick, R. (2015b). Selexipag for the Treatment of Pulmonary Arterial Hypertension. The New England Journal of Medicine, 373, 2522–2533.
Slotwiner, D. et al. (2015). HRS Expert Consensus Statement on Remote Interrogation and Monitoring for Cardiovascular Implantable Electronic Devices. Heart Rhythm, 12(7), e69–e100. Retrieved July 18, 2019, 
Smith, G. (2017). Sheffield Teaching Hospitals NHS Foundation Trust, Diagnostic Cardiology Unit, Standard Operating Procedure, Cardiac Device Follow Up in the Diagnostic Cardiology Unit.
Sommer, N., Ghofrani, H. A., Pak, O., Bonnet, S., Provencher, S., Sitbon, O., Rosenkranz, S., Hoeper, M. M. & Kiely, D. G. (2021). Current and Future Treatments of Pulmonary Arterial Hypertension. British Journal of Pharmacology, 178(1), 6–30. Retrieved April 26, 2022, 
Strange, G., Gabbay, E., Kermeen, F., Williams, T., Carrington, M., Stewart, S. & Keogh, A. (2013). Time from Symptoms to Definitive Diagnosis of Idiopathic Pulmonary Arterial Hypertension: The Delay Study. Pulmonary Circulation, 3(1). Retrieved from www.pulmonarycirculation.org
Swift, A. J. et al. (2021). Repeatability and Sensitivity to Change of Non-Invasive End Points in PAH: The RESPIRE Study. Thorax, 0, 1–4. Retrieved from http://dx.doi.org/10.1136/thoraxjnl-2020-216078
Swift, A. J., Capener, D., Johns, C., Hamilton, N., Rothman, A., Elliot, C., Condliffe, R., Charalampopoulos, A., Rajaram, S., Lawrie, A., Campbell, M. J., Wild, J. M. & Kiely, D. G. (2017). Magnetic Resonance Imaging in the Prognostic Evaluation of Patients with Pulmonary Arterial Hypertension. American Journal of Respiratory and Critical Care Medicine, 196(2), 228–239.
Swift, A. J., Rajaram, S., Campbell, M. J., Hurdman, J., Thomas, S., Capener, D., Elliot, C., Condliffe, R., Wild, J. M. & Kiely, D. G. (2014). Prognostic Value of Cardiovascular Magnetic Resonance Imaging Measurements Corrected for Age and Sex in Idiopathic Pulmonary Arterial Hypertension. Circulation. Cardiovascular imaging, 7(1), 100–106. Retrieved November 9, 2021, 
Thenappan, T., Shah, S. J., Rich, S., Tian, L., Archer, S. L. & Gomberg-Maitland, M. (2010). Survival in Pulmonary Arterial Hypertension: A Re-Appraisal of the NIH Risk Stratification Equation. The European respiratory journal, 35(5), 1079–87. Retrieved January 23, 2019, 
Thomson, J. R. et al. (2000). Sporadic Primary Pulmonary Hypertension Is Associated with Germline Mutations of the Gene Encoding BMPR-II, a Receptor Member of the TGF-Beta Family. Journal of medical genetics, 37(10), 741–5. Retrieved from http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1757155&tool=pmcentrez&rendertype=abstract
van de Veerdonk, M., Kind, T., Marcus, J. T., Mauritz, G. J., Heymans, M. W., Bogaard, H. J., Boonstra, A., Marques, K. M. J., Westerhof, N. & Vonk-Noordegraaf, A. (2011). Progressive Right Ventricular Dysfunction in Patients With Pulmonary Arterial Hypertension Responding to Therapy. Journal of the American College of Cardiology, 58(24), 2511–2519. Retrieved November 9, 2021, 
Van Veldhuisen, D. J., Braunschweig, F., Conraads, V., Ford, I., Cowie, M. R., Jondeau, G., Kautzner, J., Muñoz Aguilera, R., Lunati, M., Yu, C. M., Gerritse, B. & Borggrefe, M. (2011a). Intrathoracic Impedance Monitoring, Audible Patient Alerts, and Outcome in Patients with Heart Failure. Circulation, 124(16), 1719–1726.
van Veldhuisen, D. J., Braunschweig, F., Conraads, V., Ford, I., Cowie, M. R., Jondeau, G., Kautzner, J., Muñoz Aguilera, R., Lunati, M., Yu, C. M., Gerritse, B. & Borggrefe, M. (2011). Intrathoracic Impedance Monitoring, Audible Patient Alerts, and Outcome in Patients with Heart Failure. Circulation, 124(16), 1719–1726. Retrieved October 12, 2021, 
Van Veldhuisen, D. J., Braunschweig, F., Conraads, V., Ford, I., Cowie, M. R., Jondeau, G., Kautzner, J., Muñoz Aguilera, R., Lunati, M., Yu, C. M., Gerritse, B. & Borggrefe, M. (2011b). Intrathoracic Impedance Monitoring, Audible Patient Alerts, and Outcome in Patients with Heart Failure. Circulation, 124(16), 1719–1726.
Virani, S. A., Sharma, V., McCann, M., Koehler, J., Tsang, B. & Zieroth, S. (2018a). Prospective Evaluation of Integrated Device Diagnostics for Heart Failure Management: Results of the TRIAGE-HF Study. ESC Heart Failure, 5(5), 809–817.
Virani, S. A., Sharma, V., McCann, M., Koehler, J., Tsang, B. & Zieroth, S. (2018b). Prospective Evaluation of Integrated Device Diagnostics for Heart Failure Management: Results of the TRIAGE-HF Study. ESC Heart Failure, 5(5), 809–817. Retrieved October 11, 2021, 
West, J. B. (2011). Respiratory Physiology. Lippincott, Williams & Wilkins.
Wilkins, M. R., Mckie, M. A., Law, M., Roussakis, A. A., Harbaum, L., Church, C., Coghlan, G., Condliffe, R., Howard, L. S., Kiely, D. G., Lordan, J., Rothman, A., Suntharalingam, J., Toshner, M., Wort, S. J., Ia, S. & Villar, S. (2021). Positioning Imatinib for Pulmonary Arterial Hypertension: A Phase I/II Design Comprising Dose Finding and Single-Arm Efficacy Background and Rationale. Pulmonary Circulation, 11(4), 1–12. Retrieved November 5, 2021, 
van Wolferen, S., Marcus, J. T., Boonstra, A., Marques, K. M. J., Bronzwaer, J. G. F., Spreeuwenberg, M. D., Postmus, P. E. & Vonk-Noordegraaf, A. (2007). Prognostic Value of Right Ventricular Mass, Volume, and Function in Idiopathic Pulmonary Arterial Hypertension. European heart journal, 28(10), 1250–1257. Retrieved November 9, 2021, 
Wood, A., O’Neal, D., Furler, J. & Ekinci, E. I. (2018). Continuous Glucose Monitoring: A Review of the Evidence, Opportunities for Future Use and Ongoing Challenges. Internal Medicine Journal, 48(5), 499–508.
Wu, K. et al. (2020). Endothelial Platelet-Derived Growth Factor-Mediated Activation of Smooth Muscle Platelet-Derived Growth Factor Receptors in Pulmonary Arterial Hypertension. Pulmonary Circulation, 10(3), 1–15. Retrieved October 27, 2021, 
Yamada, Y., Okuda, S., Kataoka, M., Tanimoto, A., Tamura, Y., Abe, T., Okamura, T., Fukuda, K., Satoh, T. & Kuribayashi, S. (2012). Prognostic Value of Cardiac Magnetic Resonance Imaging for Idiopathic Pulmonary Arterial Hypertension before Initiating Intravenous Prostacyclin Therapy. Circulation journal : official journal of the Japanese Circulation Society, 76(7), 1737–1743. Retrieved November 9, 2021, 
Yu, C. M., Wang, L., Chau, E., Chan, R. H. W., Kong, S. L., Tang, M. O., Christensen, J., Stadler, R. W. & Lau, C. P. (2005). Intrathoracic Impedance Monitoring in Patients with Heart Failure: Correlation with Fluid Status and Feasibility of Early Warning Preceding Hospitalization. Circulation, 112(6), 841–848.
Yu, Y., Sweeney, M., Zhang, S., Platoshyn, O., Landsberg, Rothman, A. & Yuan, J. (2003). PDGF Stimulates Pulmonary Vascular Smooth Muscle Cell Proliferation by Upregulating TRPC6 Expression. American journal of physiology. Cell physiology, 284(2). Retrieved October 25, 2021, 
Yuki, K., Fujiogi, M. & Koutsogiannaki, S. (2020). COVID-19 Pathophysiology: A Review. Clinical Immunology, 215, 108427. Retrieved October 28, 2021, 
Zamanian, R. T., Hedlin, H., Greuenwald, P., Wilson, D. M., Segal, J. I., Jorden, M., Kudelko, K., Liu, J., Hsi, A., Rupp, A., Sweatt, A. J., Tuder, R., Berry, G. J., Rabinovitch, M., Doyle, R. L., de Jesus Perez, V. & Kawut, S. M. (2018). Features and Outcomes of Methamphetamine-Associated Pulmonary Arterial Hypertension. American Journal of Respiratory and Critical Care Medicine, 197(6), 788–800.
Zile, M. R., Bennett, T. D., st. John Sutton, M., Cho, Y. K., Adamson, P. B., Aaron, M. F., Aranda, J. M., Abraham, W. T., Smart, F. W., Stevenson, L. W., Kueffer, F. J. & Bourge, R. C. (2008). Transition From Chronic Compensated to Acute Decompensated Heart Failure. Circulation, 118(14), 1433–1441. Retrieved April 1, 2019, 
 









[bookmark: _Toc143557609]List of submissions and prizes

Prizes
· Young Investigator finalist- American Heart Association 2022
· Dame Turner Warwick Royal college of Physicians lectureship winner 2021

Manuscripts
Sammut. M…Middleton. J et al. Atrial flutter and fibrillation in patients with pulmonary arterial hypertension or chronic thromboembolic pulmonary hypertension in the ASPIRE registry: Comparison of rate versus rhythm control approaches. (2022) International journal of cardiology 371(1). DOI:10.1016/j.ijcard.2022.09.031

Jeroen Dauw, Mateusz Sokolski, Jennifer Middleton, Petra Nijst, Matthias Dupont, Alex Rothman, Andreas Flammer, Wilfried Mullens. Remote Pulmonary Artery Pressure Monitoring: A multinational European perspective. (2022) ESC: Heart Failure. DOI:10.1002/ehf2.14056

Alandejani, Faisal…..J.Middleton et al. Imaging and Risk stratification in PAH: Time to include RV assessment. Frontiers Cardiovascular medicine 2022 Mar25;9:797561. Doi: 10.3389/fcvm.2022.797561. 

[bookmark: _Toc122528479][bookmark: _Toc122554548][bookmark: _Toc142403282]Zafar.H…Middleton.J et al. Pulmonary Artery Anatomical Characterization: Relevance to Pulmonary Artery Pressure Sensors. (2022) Preprint DOI:10.21203/rs.3.rs-1643488/v1.

Lewis, R, …..Middleton J et al. Identification of cardiac MRI thresholds for risk stratification in pulmonary arterial hypertension. American Journal of respiratory and critical care 2020. doi: 10.1164/rccm.201909-1771OC. Impact Factor: 17.452 

Lewis. R …… Jennifer Middleton et al. Maximal Exercise Testing Using The Incremental Shuttle Walking Test Can Be Used To Risk-Stratify Patients With Pulmonary Arterial Hypertension. Annals of the American Thoracic Society. (2020) https://doi.org/10.1513/AnnalsATS.202005-423OC 

Alexander M. K. Rothman… Jennifer T. Middleton, Hamza Zafar, S. Kim Suvarna, David G Kiely, Julian Gunn. Feasibility and safety of a telemetric pulmonary artery pressure monitoring system in acute and chronic porcine models of pulmonary hypertension. (Preprint) doi: https://doi.org/10.1101/2020.12.27.424411 

Robert. A. Lewis ….Jennifer Middleton et al. Percent-predicted incremental shuttle walking test distance stratifies risk in pulmonary arterial hypertension. European Respiratory Journal. 2020 56:1497. DOI: 10.1183/13993003.congress2020.1497 

J.T.Middleton et al. Arrhythmic Burden and Outcomes in Pulmonary Arterial Hypertension. (2019). Frontiers in medicine. 10.3389. DOI:10.3389/fmed.2019.00169

Posters and abstracts
J.T.Middleton. Development of a remote PAH risk score. Oral poster talk at British Thoracic society winter meeting 2022

J.T.Middleton et al. Abstract 13553. Remote monitoring of the haemodynamic response to clinically indicated therapeutic escalation and clinical worsening events in patients with PAH. (2022) Circulation (American Heart Association). 146 (Suppl_1). doi/10.1161/circ.146.suppl_1.13553.

J.T.Middleton et al. Comparing the safety and feasibility of implanting pulmonary artery presseure monitors via the internal jujgular vein compared to standard femoral venous access in patients with pulmonary arterial hypertension. (2021). Heart (British Cardiac Society) 107 (Suppl 1):A93.1-A93. DOI:10.1136/heartjnl-2021-BCS.121.

J.T.Middleton et al. Effect of UK COVID-19 public health measures on activity and quality of life in patients with pulmonary arterial hypertension (2021). Heart (British Cardiac Society) 107 (Suppl 1):A91. DOI:10.1136/heartjnl-2021-BCS.118.

J.T.Middleton et al. Abstract 15636: Effect of COVID-19 public health measures on activity and quality of life in patients with pulmonary arterial hypertension. (2020). Circulation (American Heart Association). 142 (Suppl_3). DOI:10.1161/circ.142.suppl_3.15636

[bookmark: _Toc82806100]

[bookmark: _Toc143557610]Appendices
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[bookmark: _Toc143557612]Method for utilising the WebPlotDigitizer software
https://automeris.io/WebPlotDigitizer/
Open link, launch software. 
Load Image of patient data.
Select 2D (X-Y) Plot and Align Axes.[image: Chart, diagram

Description automatically generated][image: Graphical user interface, application, PowerPoint

Description automatically generated][image: Graphical user interface, application, Word

Description automatically generated]
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Click to add points at:
X1 (1, min y) 
X2 (60, min y) 
Y1 (0, min y) 
Y2 (100, max y) 

Click roughly on the graph, then you can use the arrow keys to align the exact pixel, as shown above. 
[image: Graphical user interface, text, application, email

Description automatically generated]
[image: Graphical user interface, text, application, email

Description automatically generated][image: Graphical user interface, text, application
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Next, click on the Foreground Colour (shown above in the red circle).
Select colour picker and click on the colour of the line you wish to extract.



Under Automatic extraction, select box. 
Now draw a box around the graph you are extracting from.


Finally, change format to Digits :2 fixed and select download .CSV
Change the drop-down algorithm to X Step w/ Interpolation.
Set the ΔX Step to 1 and click run.





NOTES:
-Few of the points may be misaligned.
To correct this select Adjust Point.[image: Graphical user interface, application

Description automatically generated]
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Click the misaligned point, once selected it will turn green.
Now, only adjust its y position using the up or down keys.

Once complete, click View Data.












- To Add points in the red circle area, select Add Point
[image: Graphical user interface, application

Description automatically generated][image: Graphical user interface, application

Description automatically generated]






[bookmark: _Ref103259193][bookmark: _Toc143557613]Appendix B
[bookmark: _Toc143557614]Route of access: Right femoral versus right internal jugular venous access for CardioMEMSTM implantation.

(Middleton et al., 2021)

The implantation of PAP monitors is currently licenced via the right femoral vein (RFV) during a standard RHC. Although access via the RFV and right internal jugular vein (RIJV) for RHC have been shown to be safe, procedures undertaken via the RIJV can be quicker, better tolerated and shown to have a significantly lower risk of complication than those via the RFV, and can reduce length of stay by facilitating same day discharge (Cagino et al., 2016; Ranu et al., 2010). 

Of the patients recruited to FIT-PH, 12 implants were undertaken via RFV access and 12 via RIJV. Demographics and background therapy were well matched between groups. No procedure or device-related complications were identified. Screening time for RFV procedures: 21.03 ± 13 minutes compared to RIJV procedures: 11 ± 4 minutes (p= 0.0253) and RFV radiation dose: 20.6 ± 22.1 GYCM2 compared to RIJV: 22.14 ± 16 GYCM2 (non-significant). Values are represented as mean ± SEM and were calculated from an unpaired student t-test in PRISM. 

Patients with PAP sensors implanted via the RIJV had a statistically significant reduction in screening time and a reduction in radiation dose received, although this was non-significant (Figure 56). RIJV procedures were well tolerated and quicker procedures and I determined that the implantation of PAP monitors via the RIJV was a safe and feasible alternative to RFV access in patients with PAH. There were significantly reduced procedural times with RIJV procedures and this route facilitated early and safe, often same day, discharge.

[image: ]
[bookmark: _Ref87478765][bookmark: _Toc91933151][bookmark: _Toc91933250][bookmark: _Toc91933429][bookmark: _Toc143001563]Figure 56: Comparison of screening time and radiation dose of those patients with a CardioMEMS implanted via the RFV compared to those via the RIJV as part of the FIT-PH study.
Screening time is documented in minutes and seconds and radiation dose is documented in GYSCM2. Using an unpaired student t-test a reduction in screening time was determined to be statistically significant (p= 0.0253) and the radiation dose was reduced but not significantly. Values are represented as mean ± SEM
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