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Abstract 

 

Heart failure (HF) remains the leading cause for hospitalisation in patients over the 

age of 65 years in industrialised nations. Furthermore, prognosis of HF remains 

poor and lags behind the improvements observed for similar chronic conditions like 

cancer, despite efforts for new therapies. However, these therapies are mostly 

available for patients with HF and a reduced ejection fraction (HFrEF), whereas 

prognostically relevant therapies for patients with HF and a preserved ejection 

fraction (HFpEF) have been absent for more than 20 years and this only changed 

very recently with the results of the EMPEROR-preserved trial1 investigating 

treatment with empagliflozin (10 mg once daily) in patients with HFpEF. Equally, 

a significant improvement of quality of life and physical limitations has been shown 

for patients with HFpEF following treatment with dapagliflozin in PRESERVED-

HF.2 

An increasing amount of evidence describes more subtypes of the complex and 

rather arbitrarily classified syndrome of HF and thus, there is a growing need for 

comprehensive, non-invasive imaging techniques to identify and individually 

phenotype patients affected. Furthermore, the same approach could be used to 

assess novel treatments as well as identify treatment responders, further tailoring 

individual patient management and aid efforts to improving prognosis. 

Additionally, use of a model imaging technique may lower the exponential costs of 
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drug development by reducing the numbers of subjects needing to be enrolled and 

increasing reproducibility of findings. 

Cardiovascular magnetic resonance (CMR) fulfils many of the demands for a model 

imaging technique in the context of HF-phenotyping and -drug development. 

Firstly, CMR is the gold standard method to assess cardiac structure and function. 

More importantly, it allows examination of imaging and metabolic parameters alike 

and, with novel techniques like dynamic nuclear polarisation (i.e. hyperpolarized 

MR spectroscopy), even direct assessments of molecular cellular pathways. 

Thirdly, HF is a syndrome affecting multiple organ systems and thus, has complex 

and incompletely understood links in need of exploration. MR offers the possibility 

of multi-organ assessment in the same session and therefore, is perfectly placed to 

gather information on the biological interplay in HF. 

The underlying mechanism for the observed benefits of sodium glucose like 

transporter 2 inhibitors (SGLT2i) like empagliflozin in HFrEF are not yet 

understood. One of the leading hypotheses brought forward was that SGLT2i may 

induce changes in myocardial substrate selection via increased availability of 

ketone bodies which may serve as an additional energy source for the failing heart. 

Thus, I sought to investigate whether empagliflozin treatment (10mg per day) 

would enhance myocardial energetics in patients with HFrEF (phosphocreatine to 

adenosine triphosphate ratio, PCr/ATP). In this randomised controlled trial (RCT), 

patients did not improve measures of resting or dobutamine stress myocardial 

energetics (Chapter 3) and empagliflozin treatment neither altered a panel of 19 

serum metabolites assessed by targeted metabolomic analysis. However, there were 

interesting changes to the amount of triglycerides stored in the heart, myocardial 
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cell volume and hypertrophy as well as markers of fibrosis and quality of life (QoL). 

This exemplifies the usefulness of CMR in the interrogation of novel treatments 

and likewise emphasises that the broad range of indications for SGLT2i (diabetes, 

chronic kidney disease, heart failure) is possibly mirrored by a multi-organ rather 

than a single cardio-specific effect in patients with HFrEF. 

 

As it was unclear until very recently if patients with HFpEF would equally benefit 

from treatment with SGLT2i, I further integrated a HFpEF cohort into the RCT and 

investigated the identical variety of parameters as for the HFrEF patients (Chapter 

4). Similarly to the findings in the HFrEF cohort (Chapter 3), I could not observe 

any changes to myocardial energetics (resting PCr/ATP as primary endpoint) or 

whole-body substrate usage (targeted metabolomics). Interestingly, I detected 

certain similarities nevertheless as myocardial triglycerides reduced in the treatment 

arm but not in the placebo group. Furthermore, systolic function (peak 

circumferential and radial strain) and measures of pulmonary function improved. 

This was also paralleled by a numerically improved walking distance in the six-

minute walk test (6MWT) and increased QoL (assessed by the Kansas City 

Cardiomyopathy Questionnaire; KCCQ). The present results reinforce the need for 

mechanistic experiments in human subjects in-vivo, as they highlight the disparity 

of results from animal models that previously showed a metabolic effect following 

treatment with SGLT2i. Furthermore, more research is needed into effects of drugs 

in different HFpEF subtypes (e.g. diabetic, obese) to improve risk stratification and 

adequate treatment. 
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To explore novel, non-pharmacological treatments targeting unique subgroups 

under the ‘HFpEF-umbrella’, I aimed to explore whether a lifestyle intervention of 

weight loss is an effective treatment for patients with obesity and HFpEF (Chapter 

5). Accordingly, I enrolled patients with a clinical diagnosis of HFpEF and 

observed cardio-metabolic effects following 10 weeks of a very low energy diet 

(VLED). Assessments included exercise CMR and dobutamine stress phosphorus 

magnetic resonance spectroscopy (31P-MRS). While cardiac energetics at rest or 

during dobutamine stress did not change, prognostic serum markers (n-terminal 

pro-BNP; NT-proBNP) and symptom burden (New York Heart Association; 

NYHA) improved significantly and cardiac structure (LV-mass) as well as function 

(diastolic function on echo and RV function at rest and during exercise) 

ameliorated. The results emphasise that lifestyle treatments in select patient groups 

are underutilised yet cost-efficient, safe and successful. Furthermore, the obesity 

paradox (describing the observation that mild obesity appears to be protective in 

HF) may not equally apply to the group of severely obese HFpEF patients (BMI>30 

kg/m2) and thus, this should be investigated in larger trials. 

Finally, I was interested to examine the feasibility of CMR in the context of early 

(phase IIa) cardio-metabolic drug development. In Chapter 6, I enrolled 22 patients 

with type 2 diabetes (T2D) but no underlying HF and investigated the effects of 

ninerafaxstat, a novel drug intended to enhance myocardial substrate metabolism 

via restoring metabolic flexibility in the heart. Here I show that the drug’s proposed 

mechanism of action can indeed be successfully investigated by using [1-

13C]pyruvate hyperpolarized MRS. The pyruvate dehydrogenase (PDH) flux was 

improved in the majority of subjects (7/9). Furthermore, this resulted in 
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significantly improved PCr/ATP and reduced myocardial steatosis. Diastolic 

function and early LV-filling also improved following drug treatment for 4 or 8 

weeks. Based on these results, hyperpolarized MRS is a suitable tool to investigate 

the mechanism of action in early drug development in humans with reduced sample 

sizes. The broader implication is certainly that, similar to treatments for immune 

modulation (e.g. canakimumab), patient selection is key for metabolic assessments 

in clinical trials. 

To summarise, this Thesis examines cardio-metabolic effects of different 

pharmacological and lifestyle treatments in distinct populations and further 

demonstrates the suitability of CMR as an investigational tool for drug 

development. While the results underpin the importance of substrate selection and 

implications on cardiac structure and function, improved patient selection is key for 

demonstrating these effects with statistical significance. Furthermore, refuting the 

‘fuel hypothesis’ theory as the main contributor to SGLT2i’s mode of action, I 

provide evidence for multi-organ effects of SGLT2i being likely responsible for the 

benefits observed in HF. Secondly, I add to the existing evidence that intentional 

weight loss is a safe and effective treatment in obese HFpEF patients. 
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1  Introduction 

	

1.1 Overview 

Chronic heart failure (CHF) is a clinical syndrome with significant consequences 

for the individual but also society as a whole. Globally, it generates costs of more 

than $100 billion and in the UK alone accounts for more than 2% of all healthcare-

related annual spending.3 HF prevalence is continuously rising while its incidence 

remains broadly unaffected, despite available drug and device management.4 For 

the last decade, the number of patients with HFpEF have increased steadily and 

HFpEF is now the most common form of HF.5 

Currently, HF is categorised following the arbitrary measure of left ventricular 

ejection fraction (LVEF), which is a result of the early availability of 

echocardiography for the first therapeutic clinical trials of vasodilating agents in 

HF6 rather than reflection of pathophysiological links. As such, there is continuous  

debate whether this emphasis on a measure of ventricular output is adequate to 

mirror the pathophysiological changes underlying HF.7 

The heart has an unmitigated need for energy provision as systolic contraction and 

diastolic relaxation are active consumers of adenosine triphosphate (ATP). As a 

result, almost 30 % of the cardiomyocyte volume is reserved for mitochondria in 

which energy in form of ATP is generated under use of oxygen	 (oxidative 

phosphorylation).8 Substrates for this process are fat, carbohydrates, branched chain 
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amino acids (BCAA), ketones and lactate which are converted into acetyl coenzyme 

A (acetyl-CoA) before entering the tricarboxylic acid cycle (TCA). HF and 

metabolic diseases like type 2 diabetes (T2D) and obesity share common features 

of derangements in energy metabolism. However, each of these conditions has a 

distinct signature of adverse metabolic alterations. Thus, in the first part of the 

introductory chapter, I will review existing evidence on changes of metabolism in 

the normal heart and conversely, elaborate on distinct changes in cardio-metabolic 

diseases. 

Therapeutic modulation of energy metabolism is the central topic of this thesis 

hence, I will examine the available literature on pharmacological and lifestyle 

interventions and their effects on substrate metabolism in the failing heart. 

Cardiovascular magnetic resonance (CMR) is perfectly suited to investigate 

metabolic and functional changes of the heart muscle in health and disease. 

However, other techniques to investigate metabolism exist and thus, the last part of 

this chapter will be devoted to review the potential advantages and drawbacks of 

the different available techniques. 

1.2 Physiological energy metabolism in the heart 

The heart is frequently described as an epicurean of all forms of available energy. 

Generating around three grams of ATP per heartbeat it has a vast demand of 

continuous energy supply.9,10 Overall, three important (main) steps can be singled 

out of the process of supplying incessant energy: 
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1. Energetic substrates are shuffled into the cell 

2. Conversion of substrates into Acetyl-CoA before entering the tricarboxylic 

acid cycle (TCA) generating reducing equivalents to fuel the reaction of 

oxidative phosphorylation in the mitochondria11 

3. Replenishing the ATP pool by transferring energy-containing phosphate 

bonds from ADP to ATP 

Myocardial energy supply, under resting conditions and with sufficient availability 

of oxygen, is mainly secured by use of fat (70 %) and glucose (20 %) while the 

other 10% are a mix of ketone bodies, lactate, pyruvate and BCAAs.12 The ability 

to swiftly switch between different substrates according to demands and availability 

has been termed ‘metabolic flexibility’ and represents one of the core features of 

the healthy heart (Figure 1.1).13 

Figure 1.1: Physiological Cardiac Energy Metabolism 

	

Figure 1.1: Physiological Cardiac Energy Metabolism. The healthy heart uses a variety 

of available substrates concomitantly and can momentarily switch from one to the other. 



1.	Introduction	
	

4	
	

This metabolic flexibility is one of the hallmarks of the healthy heart’s energy metabolism. 

𝛂-KG=alpha	 ketoglutarate; Acetyl-Coa=acetyl coenzyme A; AMPK=adenosine 

monophosphate activated protein kinase; ATP=adenosine triphosphate; 

BCAA=branched-chain amino acids; Succinyl CoA=succinyl coenzyme A 

1.2.1 Myocardial substrates 

Lipids, in the form of fatty acids, bound to albumin or triglycerides as part of very 

low-density lipoproteins (VLDL) reach cardiomyocytes via the bloodstream. 

Cellular uptake is generally passive although the process is often facilitated by a 

complex in the cellular membrane called fatty acid translocase (FAT or CD36; 

Figure 1.2).14 When inside the cell, the rate limiting enzyme carnitine palmitoyl 

transferase 1 (CPT-1) facilitates formation of long chain acylcarnitine which then 

enters the mitochondria. Here, a series of chemical reactions called ‘beta-oxidation’ 

converges this further into acetyl-CoA which enters the TCA and generates proton 

donors (FADH2 and NADH) for the respiratory chain and thus, ATP replenishment. 

This finely tuned process is orchestrated and tightly regulated. CPT-1 for example 

is inhibited by malonyl-CoA which is only accumulated in higher concentrations if 

there is an oversupply of acetyl-CoA. Upstream regulation occurs via peroxisome 

proliferator activated receptors (PPAR) which are activated by triglycerides.15 The 

energy yield from fatty acid oxidation (FAO) is the greatest of all substrates but 

likewise uses the most oxygen hence, paradoxically, fatty acids are the least 

efficient energy substrates when comparing the amount of ATP produced per mol 

of oxygen consumed.16 

Glucose on the other hand, is considered the most efficient carbon substrate fuel for 

ATP generation as it has a favourable amount of oxygen consumption due to the 
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fact that its glycolytic conversion to pyruvate can occur anaerobically, producing 

lactate.17,18 Glucose is taken up by the cardiomyocyte largely via glucose 

transporter 4 (GLUT4) which facilitates glucose shuffling in an insulin-dependent 

manner while GLUT1 enables insulin independent translocation.19 In order to keep 

the glucose in the cytoplasm, the enzyme ‘hexokinase’ phosphorylates it to glucose-

6-phosphate which may be converted to glycogen for storage or enter glycolysis to 

produce pyruvate. Pyruvate can be converted to lactate (in case of hypoxic 

environments) or enter the mitochondria via mitochondrial pyruvate carriers (MPC) 

and is then oxidised to acetyl-CoA via pyruvate dehydrogenase (PDH) before 

entering the TCA. Equally to FA usage, energy production from glucose has 

multiple regulating steps. PDH is inhibited by a surplus of acetyl-CoA and NADH 

from beta-oxidation resulting in inhibition of activity via PDH-kinase.20 

Glucose and lipid metabolism are co-dependent on one another and regulate each 

other via a process called the ‘Randle cycle’.21 In short, this process is designed to 

link substrate usage to availability (Figure 1.2). 

	 	



	

7	
	

Figure 1.2: Glucose- and Fatty Oxidation Pathways	
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Figure 1.2: Glucose and Fat Oxidation pathways. Schematic overview of the individual 

steps required for translocation of glucose (left) and fatty acids (right) into the 

mitochondria to feed into the tricarboxylic acid cycle. 

Lactate, under conditions of higher levels in the bloodstream, can be taken up by 

the heart via monocarboxylate transporter 4 (MCT4) and reversibly be converted to 

pyruvate via lactate dehydrogenase (LDH) which then enters the mitochondria 

where it is used for ATP-generation (see above).18 

Recently, it was shown that ketone bodies as substrates can contribute to ATP-

production considerably if general ketone levels are elevated.22 beta-

hydroxybutyrate (b-OHB) and acetoacetate are the two main ketone isoforms 

circulating in the blood stream and the heart preferentially uses b-OHB as a 

substrate. Uptake into cardiomyocytes occurs via MCT1 (SLC16A1) and the rate 

limiting enzyme for conversion into acetyl-CoA is succinyl-CoA:3-oxoacid-CoA-

transferase (SCOT). Regulation is currently poorly understood and ketone bodies 

also appear to have signalling properties hence, more research is needed to elucidate 

this complex procedural network.23 

Branched-chain amino acids (BCAA) can be oxidised in the heart and thus, 

represent a potential source of ATP generation (usually  < 2 %).24 More importantly, 

BCAAs appear to have a substantial function in modulating cardiac signalling 

pathways and as such may be promoting insulin resistance via leucine induced 

impairment of insulin receptors and/or accumulation of potentially toxic BCAA 

intermediates.25 
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1.2.2 Oxidative phosphorylation 

The vast majority of energy generated (95% under resting conditions) results from 

a process whereby electrons are shuffled through a series of enzymatic complexes 

(electron transport chain, ETC) located in the inner mitochondrial membrane under 

the use of reducing equivalents (NADH / FADH).8 As there is a proton gradient 

across the inner mitochondrial membrane which is created by electron donation of 

reducing equivalents (FADH2 and NADH) created from metabolic substrates 

feeding into the TCA11, a hydrogen gradient drives the electron transfer to oxygen 

and thus the ATP-synthase creating ATP from ADP (Figure 1.3).8 Importantly not 

all substrates create an equal amount of usable, free energy (DG ATP) as reducing 

equivalents enter the ETC in different locations. As such, FADH2 entering the ETC 

in complex II will provide a lower energetic gradient, resulting in a lower amount 

of ATP generated.26,27 

Figure 1.3: Electron Transport Chain 
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Figure 1.3: Electron Transport Chain. Graphic of the outer (top layer) and inner (bottom 

layer) mitochondrial membrane and intermembrane space. The electron transport chain 

(ETC) consists of four complexes that transfer hydrogen (H+) from reducing equivalents 

(NADH2 / FADH) and shuffle them into the intermembrane space while transferring 

electrons (e-) to oxygen (O2). This creates a gradient which fuels the ATP-synthase creating 

adenosine triphosphate (ATP). 

FAO produces twice as much NADH than FADH2 while the generation of NADH 

from glucose oxidation and oxidation of ketones is four times greater.28 

Furthermore, ketones increase the redox potential between complex I and II of the 

ETC by oxidising Coenzyme Q and thus, increase DG	from	ATP-hydrolysis.29	

1.2.3 Phosphotransfer 

Because the heart would run out of ATP exceptionally quickly if only relying on 

the turnover rate of the mitochondrial ETC, it needs an energy reserve.30,31 In the 

adult heart, phosphocreatine (PCr) content is twice as high as ATP.32 The enzyme 

creatine kinase (CK) facilitates the reversible transfer of the g-phosphoryl group 

of ATP to creatine and thus, creates PCr and ADP.33 As ATP is polar and 

relatively big, it cannot move quickly within the cardiomyocyte to reach areas in 

higher demand of energy. As such, the phosphotransfer reactions ensure constant 

ATP levels and likewise adequate spatial distribution of high-energy phosphates. 

Due to the fact that CK exists in two different isoforms, mitochondrial CK 

(CKmito) and myofibrillar CK (CKMB), the reaction has a polarity and its 

equilibrium rests on the site of ATP-creation (Figure 1.4). 
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Figure 1.4: The Creatine Kinase System 

	

Figure 1.4: The Creatine Kinase System. Top row shows the spatial distribution of high-

energy phosphates by means of the creatine kinase (CK) system from mitochondria (left 

top row) using mitochondrial CK (CKmito) to facilitate production of phosphocreatine 

(PCr) and shuttle it to the myofibrils (right, top row) where myofibrillar CK (CKMB) is 

used to generate ATP. The bottom row shows the CK-reaction in which the equilibrium is 

on the right side. 

1.3 Metabolic alterations in different diseases 

Alterations in substrate metabolism but also in ATP-generation and the creatine 

kinase system are a hallmark of various forms of cardio-metabolic diseases, 

including and especially HF, and often precede structural remodelling and 

clinically overt disease.34 Correspondingly, patients with HF9,35-37, T2D38,39 and 

obesity40 exhibit lower concentrations of ATP and PCr in-vivo, respectively. 

Nevertheless, despite sharing the overall reduced amount myocardial energy, each 

syndrome presents with certain distinct metabolic derangements hence, the 

following part of the introduction will review these in more detail. 
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1.3.1 Heart failure with reduced ejection fraction 

In HFrEF, the heart loses its ability to swiftly shift from one fuel source to a 

different one. This process, termed ‘metabolic flexibility’, is a key characteristic of 

the adult, healthy heart and as such, losing it has wide-ranging consequences.13 The 

heart gradually but progressively and in correlation to the severity of HF, loses up 

to a third of ATP content.32,41,42 Importantly, the failing, non-ischaemic heart is not 

a hypoxic environment 43 and likewise well supplied with metabolic substrates. 

Thus, the energetic failure is deemed a mismatch between ATP-synthesis and 

degradation pathways.44 This mismatch also affects the high phosphate energy 

transfer and buffering via PCr as the total creatine content in HF is reduced by 

around two-thirds of normal and expression of creatine transporters as well as CK 

isoenzymes is lower, too.45 Many mechanisms may contribute to the end-result of 

reduced oxidative phosphorylation. Increased oxidative stress by reactive oxygen 

species (ROS) was described to damage mitochondrial DNA, increases lipid 

peroxidation and overall reduce ATP-synthesis.46,47 Additionally, an impaired 

mitochondrial Ca2+-equilibrium contributes substantially to mitochondrial 

dysfunction as too low levels of Ca2+ can reduce mitochondrial enzyme function 

while an elevation may turn mitochondria into ‘death machines’ by inducing 

apoptotic pathways.48 Lastly, mitochondrial biogenesis is reduced and degradation 

of damaged mitochondria (mitophagy) increased in HF with post-translational 

modification of mitochondrial proteins being insufficient all these mechanisms 

contribute to mitochondrial dysfunction in HF.49,50 

On a substrate level, uptake of FA into cardiomyocytes51 and FAO are decreased in 

HFrEF and its main transcriptional regulator, peroxisome proliferator activator 
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alpha (PPARa), is repressed.52,53 The reduction in myocardial FAO escalates the 

energetic deficit, in turn increasing HF-severity.16 

While glucose oxidation (relative to FAO) is overall decreased in the failing heart54, 

glucose uptake via GLUT155 and glycolysis are reportedly increased.56 

Interestingly, this matches observations from deleterious mouse models where mice 

developed diastolic and systolic dysfunction following GLUT4 and PDH-deletion, 

respectively.57,58 Of note, insulin resistance is a frequent phenomenon (even in non-

diabetic) HF and as insulin is required for GLUT4-mediated glucose uptake, it will 

equally contribute to reduced glucose uptake.59 

In recent years, a growing interest in ketone body metabolism revealed that 

circulating ketones and myocardial ketone body oxidation are substantially 

increased in HF.22,60 Momentarily, it is unclear if these effects are seen as salutary 

or disadvantageous. Contrary to pyruvate (from glucose oxidation), ketones are not 

anaplerotic substrates and can thus lead to dysfunction of the TCA and knock-on 

effects on glucose oxidation. Furthermore, FAO seems to be inhibited by increased 

rates of ketone body oxidation.61,62 

Levels of BCAAs increase in HFrEF and this might be due to an impairment of 

BCAA oxidation.63,64 Accumulation of BCAAs might be a driver of adverse 

remodelling in HF via stimulation of the mammalian target of rapamycin (mTOR). 

This hypothesis would be in keeping with the observation that mTOR-inhibition 

with rapamycin improves cardiac function while further supplementation with 

BCAAs worsens it in HF.65,66 Similarly, accumulation of BCAA-intermediates 
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appears to contribute to insulin resistance in HF which in turn may promote LV 

hypertrophy and metabolic and contractile dysfunction.67-69 

1.3.2 Heart failure with preserved ejection fraction 

Regrettably, the metabolic and molecular changes underlying HFpEF are 

incompletely investigated and thus remain poorly understood. Furthermore, there 

is a lack of appropriate animal models reflecting the true, admittedly very complex, 

aetiology of this syndrome.70,71 Typically, experiments aiming to increase the 

mechanistic understanding of metabolic changes in HFpEF make use of volume 

and pressure overload, aortic banding, obesity and T2D. However, these models are 

restricted to a single causal aetiology which in human HFpEF, is rarely the case. 

Only recently, a novel porcine multifactorial model of HFpEF was created hence, 

results of studies are eagerly awaited.72 

Patients with HFpEF have a similar state of energy depletion seen in HFrEF.73,74 It 

has been established that increased circulating concentrations of FA increase the 

risk of HFpEF-development however it is unclear whether this implication holds 

true for patients with already established HFpEF.75 FAO is increased in patients 

with diabetic and/or obese HFpEF76,77 and transgenic murine models of FAO-

inhibition also display cardiac hypertrophy and impairment of cardiac function.78,79 

It is unclear what role glucose oxidation plays in the development and worsening 

of HFpEF. While it is generally thought to be decreased80,81 a study in rodents 

exposed to transverse aortic constriction (TAC) inducing HFpEF exhibited 

increases in glucose oxidation and glycolysis.82 
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More work is required regarding alterations and possible contribution of ketones 

and BCAAs metabolism in HFpEF.24,83 Generally, increased levels of circulating 

substrates (both ketones and BCAAs) have been observed in HFpEF which led to 

the assumption that oxidation of these metabolites is likely increased.84 However, 

despite this association it is unclear whether these metabolites carry a causal role in 

the aggravation of HFpEF.16 

1.3.3 Type 2 diabetes and obesity 

Obesity and T2D are mutually related as the vast majority of T2D patients are 

obese. Equally, obesity is not a disease occurring in isolation and as such, metabolic 

changes observed are not unique to obesity.85 Correspondingly, a ‘metabolic’ 

phenotype of normal weight and BMI exists who exhibit classical features of 

obesity emphasising that not only weight itself but lipid distribution seems to be of 

relevance.86 

The presence of cardiac dysfunction in the absence of typical aetiologies (CAD, 

valvular heart disease, overt hypertension) other than diabetes is currently described 

as ‘diabetic cardiomyopathy’. A myriad of potential pathological mechanisms have 

been described and these include inflammation, RAAS-activation, cardiac 

autonomic neuropathy (overactivation of sympathetic nervous system promoting 

hypertrophy, fibrosis and dysfunction), microvascular dysfunction and oxidative 

stress.87-89 At present, there is no established marker of disease to predict cardiac 

dysfunction in patients with T2D and no specific disease management strategies 

exist. 
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Further to the aforementioned, T2D and obesity induce certain metabolic 

derangemens: Rates of FA-uptake and FAO are elevated in obese and diabetic 

humans and this is thought to contribute to the accrual and storage of lipids in the 

myocardium.77,90 Myocardial steatosis induces accumulation of FAO intermediates 

such as long-chain acyl CoA, diacylglycerol as well as ceramides and these 

contribute to metabolic dysfunction, a process termed ‘lipotoxicity’.91,92 The 

increase in FAO further inhibits glucose oxidation via the Randle cycle, thus 

contributing to reduced metabolic flexibility and over-reliance on lipids.21 On a 

molecular level, obese and diabetic patients show an overly active AMP-activated 

protein kinase (AMPK) which regulates FA-synthesis and oxidation and also 

promotes insulin resistance and downregulation of glucose oxidation.93 The 

shuttling and buffering of high-energy phosphates via the CK-system is upregulated 

in obese patients but under higher workloads, cannot compensate for increased 

demand and thus, might lead to exercise intolerance and blunted cardiac adaptation 

to stress.40 

1.4 Therapeutic modulation of energy metabolism in heart 

failure 

As outlined above, the mechanistic evidence generated for HF and other metabolic 

cardiomyopathies offers plenty of intriguing metabolic targets. Unfortunately, most 

potential treatments do not make it into clinical development and thus, metabolic 

modulation is an underdeveloped therapeutic research area. Further to this, animal 

data is frequently conflicting. This part of the introduction of this Thesis will thus 

focus on available human evidence for metabolic modulators in HF. 
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1.4.1 Pharmacological agents 

Targeted therapies to improve mitochondrial function have rarely been translated 

to trials in patients. However, some human evidence exists for myocardial effects 

of treatment with Coenzyme Q (CoQ).94 Furthermore, Q-SYMBIO, randomising 

420 patients with HFrEF to treatment with CoQ and following them up 

prospectively for more than 2 years, did show impressive improvements in CV-

mortality and MACE as well as improved symptom burden.95 However, this 

treatment has never been implemented into routine care and no larger outcome trial 

was performed to replicate these results. 

Elamipretide, a small molecule aiming to improve mitochondrial biodynamics by 

associating to cardiolipin in the inner mitochondrial has shown success in various 

animal models of mitochondrial dysfunction. A first trial in 8 patients with chronic 

HFrEF was encouraging as it did reduce markers of adverse remodelling.96 

In HFrEF and HFpEF alike, derangements in the redox state of NADH have been 

reported and mouse models have successfully demonstrated that administration of 

Nicotinamide riboside (NR) slowed development of HF.97,98 Interestingly, patients 

with a naturally high NAD+-precursor rich diet also appear to have lower rates of 

CV-disease and overall mortality.99 As a result, this novel therapeutic approach has 

now been translated to clinical trials in patients with HF (ClinicalTrials.gov 

NCT04528004) although results are yet outstanding. 

Another agent currently under investigation is resveratrol, a naturally occurring 

polyphenol which appears to have effects on ROS in mitochondria.100 In a clinical 

trial enrolling 40 adults with previous myocardial infarction, resveratrol improved 
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diastolic and endothelial function.101 Trials with HF patients (ClinicalTrials.gov 

NCT03525379 and NCT01914081) are currently underway and results will 

hopefully shed more light on resveratrol’s potential in this population. 

Dichloroacetate (DCA) inhibits PDH-kinase (PDK) which effectively increases 

glucose oxidation. In the HF setting, particularly with increasing reliance on FAO, 

this appears to be beneficial.13 Small pilot trials testing DCA have elicited 

conflicting results with one reporting improved cardiac function but another one 

not showing statistically valid improvements.102,103 As outlined before, patient 

selection appears to be key to demonstrate salutary effects. 

Inhibiting FAO in patients with HF conversely increases glucose oxidation via the 

Randle cycle. Etomoxir and perhexiline, two inhibitors of the rate-limiting enzyme 

for FAO (carnitine palmitoyltransferase 1, CPT1), have been tested in patients with 

HF in-vivo. While both etomoxir and perhexiline demonstrated improvements in 

cardiac function, output and symptom burden104-106, perhexiline also improved 

energy metabolism.107,108 Sadly, hepatotoxicity was observed and thus, impeded 

further testing and development. Interestingly, isolated downregulation of FA 

uptake without compensatory increase of glucose oxidation with the lipolysis-

inhibitor Acipimox resulted in decreased myocardial function in patients with 

DCM.109 These results emphasise the continuous need for energy provision in the 

heart and underscore the interconnected metabolic network in which homeostasis 

is required. 

Trimetazidine has been used as an anti-anginal agent in over 100 countries for a 

significant amount of time. Concerning substrate metabolism, trimetazidine inhibits 
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the final enzyme of beta-oxidation (3-ketoacyl CoA thiolase) and thus reverses 

overreliance on FAO in HF.110 In HF patients, trimetazidine treatment on top of 

optimal medical treatment (OMT), improved cardiac function and energetics.111,112 

The mechanism is thought to be beneficial in T2D and obesity and thus, has been 

investigated in this Thesis (Chapter 6). 

Allopurinol is another pharmacological agent that has demonstrated enhancing 

metabolic effects in patients with HF. By inhibiting xanthine oxidase, a critical 

enzyme in the degradation of purines and ATP, inhibition resulted in reduced 

amounts of ROS in animal studies. Interestingly, high-energy phosphotransfer via 

the CK-reaction was acutely improved in non-ischaemic HF patients.113 

1.4.2 Dietary interventions 

A considerable lack exists on data from human subjects regarding the effects of 

intentional weight loss in HF. No large-scale outcome trial has investigated 

intentional, supervised weight loss for patients with chronic HF. Small-scale, 

largely retrospective evidence exists often resulting in detection of increased all-

cause mortality with weight loss (obesity paradox in HF).114 However, these studies 

do not distinct between fat distribution, weight loss due to underlying concomitant 

diseases (e.g. cancer) and often include a survivorship bias.  

Increasing evidence describes a distinct HFpEF phenotype typically female, 

characterised by obesity, T2D and inflammation and this ‘metabolic 

cardiomyopathy’ subgroup appears to react differently to treatments compared to 

other HF phenogroups.115,116  
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A recent RCT enrolling 100 patients with a mean BMI of almost 40 kg/m2 and a 

diagnosis of chronic HFpEF, a patient group frequently omitted from outcome trials 

in HF, showed that caloric restriction (i.e. weight loss) and exercise both increase 

quality of life (QoL) exercise capacity (peak ⩒O2) and importantly have an additive 

effect when combined.117 In a similar patient group of subjects with severe obesity 

and HFrEF, patients undergoing bariatric surgery was associated with significantly 

improved LVEF and NYHA class.118 

In a very recent study, 41 patients with obesity and HFpEF (mean BMI 40.8 kg/m2) 

underwent a 26-week weight management program. Following the intervention, 

QoL and exercise tolerance had improved. Importantly, measurable improvements 

in diastolic function E/e’ were only seen after 26 weeks.119 Given the evidence 

outlined above and the findings in this thesis (Chapter 5) outlining that filling 

pressures, cardiac structure and adaptation to exercise significantly improve in HF 

patients with substantial obesity, it appears odd that international guidelines do not 

even comment on the possibility of weight management in selected patients with 

HF.120,121 

1.5 Investigation of cardiac metabolism 

Various technologies exist to interrogate energy metabolism.122 However, most of 

these methods require invasive assessments (like withdrawal of blood from the 

aorta and coronary sinus) and thus pose a significant risk as well as logistical 

challenges, or pose a possible health hazard as they employ radioactivity on the 

human body which carries stochastic radiation effects irrespective of the radiation 

dose. 
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CMR is the gold-standard for most accurate and reproducible assessment of cardiac 

mass, volumes and function.123-125 Its reliable image quality allows reproducible 

evaluation of cardiac structure, image quality is not adversely affected by body 

habitus, and it does not involve ionising radiation or radioactive isotopes. One of 

its main advantages is the fact that different nuclei, other than hydrogen (1H) used 

for imaging, can be utilised to investigate certain metabolites and also energetic 

equivalents. Other nuclei (besides 1H) include 31Phosphorus (31P), 17Oxygen, 

13Carbon (13C) and principally 2H (Deuterium). 

1.5.1 1H-MRS 

Protons (1H) are naturally abundant in most body tissues and also considerably 

sensitive to magnetisation. As such, 1H-magnetic resonance spectroscopy (MRS) 

enables detection of metabolites such as creatine, lactate, carnitine, taurine and 

lipids.126,127 

Use of 1H-MRS in this thesis concerned assessment of ectopically stored fat in the 

myocardium (myocardial steatosis) and this has been correlated with diastolic 

dysfunction, inflammation and adverse remodelling.128,129 

Human use of this technique usually involved single-voxel techniques such as a 

stimulated echo acquisition mode (STEAM) or point-resolved spectroscopy 

(PRESS) which are usually ECG-gated and  typically acquired during a breath 

hold to compensate for respiratory motion.130,131 Using these techniques assessing 

myocardial steatosis in humans typically generates a spectrum of water and 

triglycerides as well as total creatine (Figure 1.5). 
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Figure 1.5: Assessment of Myocardial Steatosis with 1H-MRS 

	

Figure 1.5: Assessment of myocardial steatosis with 1H-MRS. Representative spectrum 

generated by stimulated echo acquisition mode (STEAM) proton magnetic resonance 

spectroscopy (1H-MRS). Adapted from Taegtmayer et al.122 

Limitations in the signal-to-noise ratio as well as arrhythmia, which is frequently 

seen in patients with T2D, obesity and HFpEF, adds to the complexity of avoiding 

reliable chemical information in-vivo. 
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1.5.2 31Phosphorus MRS 

31P-MRS enables assessment of ATP and PCr separately due to a phenomenon 

commonly referred to as ‘chemical shift’.132 This principle describes that the precise 

resonance frequency of a nucleus is dependent on its chemical milieu and as such, 

the 31P-nucleus in PCr has a different resonance frequency than those bound in 

ATP. This is emphasised in a typical 31P-MRS spectrum (Figure 1.6). 

Figure 1.6: 31P-MRS Spectrum 

	

Figure 1.6: Spectrum obtained with 31P-MRS. Representative spectrum obtained from the 

myocardium of a healthy volunteer. The ratio of phosphocreatine (PCr) and the three (𝛄, 

𝛂, 𝛃) ATP peaks (left to right). 2, 3 DPG = diphosphoglycerate;l PDE=phosphodiester; 

adapted from Taegtmayer et al.122 
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Different varieties within the field of 31P-MRS exist which all have certain 

advantages and drawbacks. Depth resolved surface coil spectroscopy (DRESS) uses 

a single slice within the myocardium in parallel to the surface receiver coil.133 Its 

main advantage is the reduced time to acquire the spectrum which is usually 3-4 

minutes. The technique of choice nowadays, which has also been applied in this 

Thesis, is three-dimensional chemical shift imaging (3D-CSI).134 The sequence 

employed herein makes use of phase encoding to differentiate signal received 

spatially. This method enables creation of a matrix of individual voxels (Figure 

1.7) which improves spatial localisation however, acquisition times are 

substantially longer (around 13 minutes) and a small voxel size for each individual 

voxel leads to a relatively low signal to noise ratio and furthermore makes 

contamination from neighbouring voxels more likely.135 An important point is the 

application of saturation bands to avoid signal contamination from the liver (high 

PDE but no PCr) and skeletal muscle (higher PCr/ATP than myocardium).136 
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Figure 1.7: 31P-MRS 3D-CSI Voxel Matrix 

 

Figure 1.7: 31P-MRS 3D-CSI Voxel Matrix. Matrix of voxels created by using three-

dimensional chemical shift imaging (3D-CSI) which enables individual voxel selection; 

here in the middle part of the interventricular septum highlighted in red (upper picture). 

The lower two pictures show the localisation of the voxel matrix in different views (HLA 

left; VLA right). 

Whole heart analysis, instead of a single voxel in the interventricular septum, would 

be possible with methods allowing for creation of a non-cuboidal voxel matrix such 

as spatial localization with optimal point spread function (SLOOP).137 
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Similarly to quantification of PCr/ATP, 31P-MRS can be used to investigate the CK-

system and especially the reaction speed of transferring high-energy phosphates 

from mitochondria to the myofibrils. This ‘CK flux’ investigation is useful as the 

majority of immediate energy provision and buffering of higher workloads is 

covered by this system. By saturating the magnetisation of γ-ATP, the PCr-signal 

is reduced due to both substances being near equilibrium through the CK-reaction. 

This reduction of the PCr peak is proportional to the rate constant of the forward 

flux in the CK-reaction. Knowing this and the tissue PCr-content, it enables 

calculation of total CK-flux.138 

Importantly, 31P-MRS can easily be combined with pharmacological stress to assess 

the myocardial energy reserve under states of increased stress. Dobutamine has 

been used frequently in this context. It is a sympathomimetic catecholamine with 

strong beta1-adrenergic receptor activity, and mild alpha1- and beta2-receptor 

activity. This results in marked inotropic effects at low doses (<10 µg/kg/min), with 

increased chronotropic effects alongside increased myocardial oxygen demand and 

myocardial work at higher doses (20-40 µg/kg/min). Dobutamine is rapidly 

metabolised (half-life approximately two minutes) thus, effects decaying quickly 

and can be antagonised by beta blockade making it suitable for stress testing.139 It 

is administered as an intravenous (IV) infusion, typically commenced at a dose of 

5 µg/kg/min followed by an increase to 10 µg/kg/min after 3 minutes and then in 

10 µg/kg/min increments every 3 minutes thereafter to a maximum dose of 40 

µg/kg/min. A typical endpoint is achievement of a target heart rate of 65% of 

maximal predicted heart rate (Age in years – 220). 
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1.5.3 Hyperpolarized CMR 

By labelling a metabolite (pyruvate, beta hydroxybutyrate) with 13C, it will be 

detectable against the background of carbon structures in the myocardium. 

However, 13C has a very low polarity as such, is difficult to detect with MRS. By 

hyperpolarizing the so-called ‘probe’, a hugely complex process involving cooling 

the substance to < -272 °C, it increases the susceptibility to magnetisation by a 

factor of 10.000. This enables detection of individual metabolites (for example 

pyruvate) but also downstream products and thus, live visualisation of metabolic 

substrate pathways in-vivo (Figure 1.8). Chapter 6 in this Thesis uses this 

modality for the first time in the context of a human phase II two trial with a novel 

IMP. 
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Figure 1.8: Hyperpolarized [1-13C]pyruvate MRS 

	

Figure	1.8: Hyperpolarized [1-13C]pyruvate MRS.	To hyperpolarize a sample, the 13C 
labelled molecule is mixed with a stable radical, placed in a high magnetic field (>3.35 T) 
and cooled to <1.4 K. At this temperature, the electron spins of the radical are almost 
completely polarised. Irradiation with microwaves near to the resonant frequency of the 
electron spin transfers this polarisation to the 13C nuclei. A superheated, pressurised buffer 
is used to rapidly melt the molecule, and return it to near room temperature with 30–50% 
polarisation, which then decays exponentially over the next 2–3 minutes. This rapid decay 
means there is only a short time to administer the pyruvate to the subject under test and 
acquire spectra before signal is lost. Figure amended according to Rider et al.140 ; used 
with author permission. 
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1.5.4 Nuclear metabolic imaging 

Positron emission tomography (PET) uses radiolabelled substrates (tracers) which 

are taken up by the target organ, in this case the heart, and can then be visualised 

in place of their accumulation.141,142 Use of positron emitting radioisotopes 

improves spatial resolution and contrast however, the technique is rather 

expensive and thus has lost importance as more metabolic assessments are now 

performed with single-photon emission computed tomography (SPECT). SPECT 

detects γ-radiation emitted from radiotracers which have a significantly longer 

half-life compared to positron emitting tracers. This substantially improves 

logistics and as such, reduces costs but also makes the modality more widely 

available.141 Unfortunately, SPECT-specific radiotracers for assessment of 

glucose metabolism are not currently available. Consequently, its main use is the 

assessment of fatty acid metabolism by using tracers such as 123I-βmethyl-P-

iodophenylpentadecanoic acid (BMIPP) which is retained in the cellular 

triglyceride pool and thus offers good image quality.143,144 

Myocardial glucose metabolism is still principally assessed with PET as this 

technique remains the gold-standard for this application. The.  Typical radiotracer 

used for assessment is 18F-Fluorodeoxyglucose (18F-FDG).145 A major 

disadvantage of 18F-FDG is the need for a mathematical correction called the 

‘lump constant’ which limits accuracy and the inability to assess glucose 

metabolism downstream as FDG does not follow the same metabolic fate as 

naturally occurring glucose.146 
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1.6 Important previous work on CMR and metabolism 

Essentially all of the CMR techniques used in this thesis would never have been 

imaginable 100 years ago and even today, are only used by few centres around the 

planet. Being able to use these sophisticated techniques is a special privilege and 

would not have remotely been possible without the pioneers in the field making 

these methods accessible to the broader scientific community. A variety of 

scientists over a broad period of time have contributed to these discoveries and 

naturally, only very few have had the privilege of being awarded with the most 

coveted scientific honours, the Nobel Prize. Nevertheless, the following Nobel 

Laureates have contributed to the CMR techniques used in this thesis and thus, are 

mentioned separately: 

Otto Stern won the Nobel Prize in Physics in 1943 for discovering the magnetic 

momentum of the proton, essentially laying the foundation for using NMR for 

diagnostic purposes by demonstrating that certain nuclei of atoms interact with 

magnetic fields. 

Building on Stern’s work, Isidor I. Rabi received the Nobel Prize in Physics in 

1944 for proving that a magnetic field is able to change the state of the magnetic 

moment of an atomic nuclei (Rabi Oscillation). 

Felix Bloch (Bloch equations) discovered an equation to calculate the nuclear 

magnetisation in a magnetic field. Together with the discoveries of Edward Mills 

Purcell this enabled material’s compositions using NMR. Their work was 

distinguished by the Nobel Committee in 1952 with a Nobel Prize in Physics. 
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Richard R. Ernst proved in 1966 that the sensitivity of NMR spectroscopy could 

be dramatically improved when using radiofrequency pulses and thus, laid the 

basis of modern-day NMR spectroscopy. His work was awarded with a Nobel 

Prize in Chemistry in 1991. 

In 2002, Kurt Wüthrich was awarded a Nobel Prize in Chemistry for making it 

possible to use NMR for determining a three-dimensional structure in solution 

(for example proteins in a cellular environment). 

The Nobel Prize in Physiology or Medicine in 2003 was awarded jointly to Sir 

Peter Mansfield and Paul C. Lauterbur. Their discoveries made MRI usable for 

diagnostic purposes and thus, contributed significantly to the exponential use of 

non-invasive imaging techniques for diagnostics and medical research.  

Equally important were the discoveries surrounding cellular (energy) metabolism. 

Although a total of 24 Nobel Prizes in different categories have been awarded to 

scientist investigating important parts of cellular metabolism (carbohydrates and 

lipids) as well as enzymes and vitamins, a few especially relevant Laureates for 

the context of this thesis are listed in the following section.  

In 1922, Otto Fritz Meyerhof and Archibald Vivian Hill received the Nobel Prize 

in Physiology or Medicine for their discoveries around energy conversions in 

anaerobic conditions (e.g. exercise) and the conversion of carbohydrates to lactate 

as well the need for oxygen for using lactate during exercise recovery.  

Otto Heinrich Warburg provided compelling evidence on the importance of iron 

and hemoglobin as a respiratory enzyme and its subsequent involvement in 

cellular ‘respiration’. Another important observation, despite not being honoured 
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with a Nobel Prize, was the process of ‘aerobic glycolysis’ in tumour cells, an 

effect used today for diagnostic purposes in a PET scan. 

Important discoveries relating to anaerobic cellular metabolism were made by 

Carl Ferdinand and Gerty Theresa Cori. Amongst findings relating to the catalytic 

breakdown of glycogen they showed that lactate, produced during anerobic 

glycolysis in cells, is transported to the liver where it is used for gluconeogenesis 

before being returned to the cells. This work received the Nobel Prize in 

Physiology or Medicine in 1947.  

All metabolic substrates are converged to a single compound (acetyl-CoA) which 

undergoes cyclic transformation to deliver reducing equivalents for oxidative 

phosphorylation in the mitochondria. This process, called the tricarboxylic acid 

cycle, and the necessary enzyme for this catalytic conversion (coenzyme A), were 

discovered by Hans Adolf Krebs and Fritz Lipmann whose achievements were 

honoured with a Nobel Prize in Physiology or Medicine in 1953. 

Their work regarding how fatty acid and cholesterol metabolism are orchestrated 

and regulated won Konrad Bloch and Feodor Lynen the Nobel Prize in 

Physiology or Medicine in 1964. 

ATP is the universal energetic currency of all living organisms and was 

discovered by Karl Lohmann in 1929. Interestingly, it was Fritz Lipmann (see 

above) who also discovered that ‘energy-rich phosphate bonds’ in ATP are the 

provider of chemical energy in living cells. Peter Mitchell was honoured with the 

Nobel Prize in Chemistry for his investigations concerning the process of 

oxidative phosphorylation and thus, creation of ATP via the electron transport 
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chain in the mitochondria. In 1997, the Nobel Prize in Chemistry was awarded to 

Paul D. Boyer and John E. Walker for the discovery of the enzyme ATP-synthase 

and how it regenerates ATP from ADP and inorganic phosphate. 

 

All of the work mentioned here can be found on the official Nobel Committee 

website.147 

1.7 Current knowledge gaps 

It is clear from the evidence summarised in this introductory Chapter that many 

processes in the metabolic network in patients with HF and metabolic 

cardiomyopathies are poorly explored. It is particularly evident, that the currently 

used approach to phenotype HF patients according to their LVEF needs significant 

improvements as it has become clear with the rise of HFpEF that distinct subgroups 

exist within the broad umbrella of clinical HF-syndromes and importantly, these 

respond to treatment differently. Exploring novel treatments in the context of 

myocardial substrate metabolism may provide valuable insights and promote 

broader understanding of mechanisms involved thus, promoting further 

development of novel therapies. Subsequently, I sought to address the topics 

outlined above over the course of this Thesis and cogently, the following topics will 

be explored: 

 1.7.1 Effects of SGLT2-inhibition in patients with HFrEF 

Evidence from many, mostly rodent, animal models supported the hypothesis that 

SGLT2i such as empagliflozin may enhance myocardial energy metabolism as they 
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induce a mild hyperketonaemia. With increasing amount of circulating ketone 

bodies, the heart appears to increase its use for energy generation. Yet, nothing is 

known about the metabolic effects of SGLT2i in patients with HFrEF in-vivo. 

Whether a measurable increase in energy metabolism can be detected and what 

other structural, functional and physiological parameters might be affected to 

explain SGLT2is salutary effects in HFrEF will be investigated in Chapter 3. 

1.7.2 Effects of SGLT2-inhibition in patients with HFpEF 

HFpEF is now the most prevalent HF-phenotype and efforts to characterise these 

patients have revealed marked differences compared to patients with HFrEF. 

Notably, all established HFrEF therapies trialled in patients with HFpEF have 

elicited negative results in large outcome trials. Thus, there is a considerable unmet 

medical need combined with an extensive lack of mechanistic understanding of 

metabolic processes involved in HFpEF. Chapter 4 pursued to explore if SGLT2i 

effects differ in patients with HFpEF. 

1.7.3 Effects of weight loss in patients with HFpEF 

Observational studies have determined the existence of a so-called ‘obesity 

paradox’ in HF. This describes the paradoxical finding that mild obesity may be 

protective and protect from mortality in HF. On the other hand, severe obesity, 

often associated with T2D, is now the most frequent comorbidity in HFpEF and a 

distinct obese HFpEF phenotype has been described. As such, it is surprising that 

no prospective data exists on metabolic and functional changes of weight loss in 

this cohort. Hence, Chapter 5 aims to provide evidence for use of this 
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underutilised resource by investigating the effects of a VLED in patients with 

obesity and HFpEF. 

1.7.4 Effects of metabolic substrate inhibition in patients with 

diabetic cardiomyopathy 

The final chapter (Chapter 6) of this Thesis examines the novel cardiac mitotrope 

ninerafaxstat in a phase IIa trial with obese diabetic patients. Numbers of patients 

affected by T2D are constantly rising and presence of T2D has a direct 

detrimental impact on development but also aggravation of HF. Metabolic 

derangements are frequently observed in T2D and thus re-balancing substrate 

metabolism may be a promising strategy for patients with diabetic 

cardiomyopathy. Notably, as the obese HFpEF phenotypes shares many 

similarities with obese T2D, this may also shed some light on general mechanisms 

which could be exploited for novel therapeutics in HFpEF. 
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Chapter 2  Methods 

	

2.1 Ethical considerations 

All investigations carried out in this thesis received a favourable opinion from the 

South Central – Oxford A Research Ethics Committee (REC reference: 

13/SC/0376) of the National Research Ethics Service (NRES) representing the 

NRES Directorate within the National Patient Safety Agency and Research Ethics 

Committees in England. Further to this, each project involving an IMP likewise was 

approved by the Medicines and Healthcare products regulatory Agency. Thirdly, 

the Healthcare Research Authority and Oxford University Hospitals NHS 

Foundation Trust (OUH) permitted carrying out this research work. All procedures 

were carried out in accordance with institutional procedures and the Declaration of 

Helsinki. All participants gave written informed consent for participation, and such 

was obtained prior to any study investigations taking place. Data was recorded in 

an anonymised fashion and stored on a high-compliance server off-site with 

independent backups in different locations. Written confidential data was kept in 

locked filing cabinets on our study site.  
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2.2 Study participants 

Patients with Heart Failure with a reduced Ejection Fraction (HFrEF) 

Patients with chronic and thus, stable HFrEF, on OMT referred to Oxford 

University Hospitals NHS Foundation Trust for assessment in the HF clinic, the 

general practitioner (GP) cardiology service or clinical cardiac MRI between April 

2018 and May 2020 were screened for eligibility. Patients satisfying the inclusion 

criteria and without any exclusion criteria present were provided with a patient 

information leaflet and invited to take part in the study. Patients who provided 

written informed consent were then invited for a screening visit and, given 

eligibility, subsequently enrolled and randomised to treatment (see Chapter 3).  

	

Patients with Heart Failure with a preserved Ejection Fraction (HFpEF) 

Patients with clinically diagnosed HFpEF undergoing routine clinical assessments 

in OUH were screened for eligibility. Data from patients meeting the inclusion 

criteria and without any exclusion criteria and who provided written informed 

consent were invited for a screening visit and, if eligible, enrolled and randomised 

to treatment (see Chapter 4).  

	

Patients with Obesity and Heart Failure with a preserved Ejection (HFpEF) 

Patients with obesity (BMI ≥ 30 kg/m2) and an established diagnosis of HFpEF 

were recruited for this longitudinal study when attending MRI appointments at the 

John Radcliffe Hospital (Oxford, UK) as part of an NHS investigation or after 
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having been involved in other observational studies on site if they consented to be 

contacted for further research projects. After providing informed consent, eligible 

patients were enrolled on the study and received the proposed intervention (see 

Chapter 5) 

	

Patients with Obesity and Type 2 Diabetes 

Patients with obesity (BMI ≥ 30kg/m2) and type 2 diabetes (T2D; HbA1c ≥ 6,5%) 

were recruited from various sources within OUH NHS Foundation Trust (Diabetes 

Clinics Churchill Hospital) as well as research collaborators (Thames Valley 

Clinical Research Network Primary Care Database, Oxford Centre for Diabetes, 

Endocrinology and Metabolism – OCDEM) and domestic databases (Oxford 

Biobank, NIHR BioResource, University of Oxford). Patients who expressed 

interest in taking part in the trial were invited to attend a screening visit. Following 

provision of their written informed consent, eligible patients were enrolled and 

allocated treatment (see Chapter 6). 

	

2.2.1  Inclusion criteria 

The following inclusion criteria provide an overview of the general criteria 

applied for each respective study. For further details, the reader is advised to 

kindly refer to the individual chapters in the results section of this thesis. 
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All subjects 

• Male or female, between 18 and 75 years of age 

• Able and willing to give informed consent for participation in the study and 

able to comply with all study requirements 

	

Patients with HFrEF for SGLT2i (Chapter 3) 

• Patients referred to Oxford University Hospitals NHS Foundation Trust for 

assessment for HF: 

o Chronic HF diagnosed at least 3 months before informed consent 

o NYHA II-IV at screening 

o LVEF ≤ 40% measured by TTE at screening 

o Elevated NT-proBNP (> 125pg/ml in patients in sinus rhythm or > 

600pg/ml in patients with AF) 

o Stable doses of OMT for HF 

	

Patients with HFpEF for SGLT2i (Chapter 4) 

• Patients referred to University of Oxford Centre for Clinical Magnetic 

Resonance Research (OCMR) for clinical assessment of HF: 

o Chronic HF diagnosed at least 3 months before informed consent 

o NYHA II-IV at screening 

o LVEF ≥ 50% 
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o Structural left heart disease (LAVI ≥ 34 ml/m2; LVMI ≥ 115 g/m2 

for males and ≥ 95 g/m2 for females) 

o NT-proBNP > 125pg/ml for patients in sinus rhythm or	> 600pg/ml 

for patients in AF	

Patients with Obesity and HFpEF (Chapter 5) 

Patients with clinically diagnosed chronic HFpEF and obesity (BMI ≥ 28.5kg/m2) 

with no documented previous ischaemic heart disesase (IHD) or any symptoms 

suggesting active ischaemia were recruited. 

Patients with Obesity and T2D (Chapter 6) 

Patients with obesity (BMI ≥ 30 but ≤ 40kg/m2) and T2D (HbA1c ≥ 6.5%) who 

were registered with the Oxford Biobank (OCDEM,Oxford, UK) or research active 

GP surgeries within the Thames Valley clinical research network (CRN) were 

invited to enrol in the study if the following criteria applied: 

o Preserved LVEF of ≥ 50% on echo 

o Preserved renal function (eGFR ≥ 60ml/min) 

o Stable antidiabetic therapy within the last 3 months before informed 

consent 

o No SGLT2i or insulin 
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2.2.2  Exclusion criteria 

All subjects 

• Age < 18 or > 75 years old 

• Inability to give informed consent 

• Significant valvular heart disease (particularly moderate or severe aortic 

stenosis) 

• Severe outflow tract obstruction (hypertrophic cardiomyopathy) 

• Uncontrolled arterial hypertension (persistently > 180/100 mmHg) 

• Uncontrolled arrhythmias 

• Significant renal impairment (creatinine clearance < 30 ml/min) will be 

excluded for CMR scans involving intravenous contrast agent 

administration (but can still safely undergo CMR scans which do not 

involve contrast administration) 

• Contraindications to dobutamine  

• Woman of childbearing potential (WOCBP) who is pregnant, lactating, or 

planning pregnancy during the course of the study 

• Inability to tolerate CMR scanning (claustrophobia, inability to lie flat) 

• Contraindications to CMR scanning (implantable devices or other metallic 

implants, cardiac pacemaker, internal cardioverter-defibrillator, cranial 

aneurysm clips, metallic ocular foreign bodies, hypersensitivity to 

gadolinium or other study drugs) 



2.	Methods	

41	
	

• Any other significant disease or disorder which may put the participant at 

risk or affect the participant’s ability to participate in the study, or may 

influence the reliability of the study results as determined by the Investigator 

	

2.3 Clinical assessment 

On the day of scanning, all subjects underwent a focused clinical assessment. This 

included history for: 

• Inclusion and exclusion criteria as above 

• MRI safety screening questionnaire 

• Drug history including allergies 

• History of recent caffeine intake and fasting (subjects were required to have 

had no food or fluid intake other than water for at least 6 hours prior) 

	

The following study procedures were also performed in selected studies and are 

listed in the respective Methods section of each chapter. 

• Height (cm) and weight (kg) using calibrated scales 

• Blood pressure measurement 

• Resting 12-lead electrocardiogram (ECG) 

• Intravenous cannulation and blood sampling for biochemical analysis 

• Blood sample processing for serum metabolomic analysis  

• Resting transthoracic echocardiogram (TTE) for assessment of LV volumes 

and systolic and diastolic function 
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• Cardio-pulmonary exercise testing (CPET) including basic spirometry to 

assess cardio-respiratory fitness 

• Six-minute walking test (6-MWT) for assessment of walking distance and 

exercise symptoms (Borg-Scale) 

• Assessment of patient reported outcomes via Kansas City Cardiomyopathy 

Questionnaire (KCCQ) and EQ-5D5L. 

	

2.4 Cardiac CT 

Participants underwent research coronary computed tomography coronary 

angiography (CTCA) to rule out significant coronary artery disease (CAD) if no 

clinical CTCA or ischemia testing (for example myocardial perfusion scan) had 

been performed within 6 months prior to informed consent. 

CTCA scans were performed on a 320-slice CT scanner (Canon Medical Systems 

Ltd, Crawley, UK) in accordance with performance guidelines outlined by the 

Society of Cardiovascular Computed Tomography.148 Patients received beta-

blockade (IV metoprolol tartrate) to achieve a heart rate (HR) of < 60 bpm as well 

as glycerol trinitrate for coronary vasodilation. Intravenous iodine contrast was 

administered via a cannula placed in a peripheral vein followed by a saline flush. 

The acquisition covered a region from 2cm above the left main coronary artery to 

2cm below the cardiac apex in a single breath hold. CT image reconstruction and 

analysis followed international recommendations.149 
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2.5 CMR protocols 

A variety of different CMR techniques were used in each of the four experiments 

in this thesis however, these consisted of: 

1) Phosphorus magnetic resonance spectroscopy for investigation of cardiac 

energy metabolism at rest and during pharmacological dobutamine stress 

2) [1-13C]pyruvate hyperpolarized magnetic resonance spectroscopy to assess 

pyruvate dehydrogenase flux 

3) Proton magnetic resonance spectroscopy for assessment of myocardial 

steatosis (via myocardial triglycerides) 

4) Left ventricular volumes and function at rest and during pharmacological 

dobutamine stress as well as physiological exercise 

5) Native and post-contrast T1-mapping for tissue characterisation and 

estimation of extracellular volume 

6) Short axis myocardial tagging to investigate left ventricular myocardial 

deformation (strain) 

7) Rest perfusion imaging to assess for quantification of myocardial blood 

flow 

8) Late gadolinium enhancement (LGE) to assess for focal areas of cellular 

necrosis/fibrosis 

CMR examinations were performed using two 3-Tesla MRI scanners (Magnetom 

PRISMA and Magnetom TRIO, Siemens Healthineers, Erlangen, Germany) as well 

as a General Electric SpinLab System for dynamic nuclear polarisation (described 

respectively below). Imaging and 1H-MRS were performed using an 18-channel 
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phased-array surface coil with the participant supine, whereas 31P-MRS was 

performed by use of a dual channel heart liver coil in prone position. 

Hyperpolarized MRS spectra were generated using a two channel transmit, eight 

channel receiver array (Rapid Biomedical, Rimpar, Germany). Careful skin 

preparation included cleaning of the skin with a special abrasive skin gel to enhance 

electrical conduction. Electrodes were positioned carefully to ensure good ECG 

quality and a large R-wave to T-wave ratio, to reduce the risk of mistriggering 

during acquisitions. Images were typically acquired during a breath hold at the end 

of expiration to minimise respiratory motion effects and enable standardised slice 

positioning. 

2.5.1 Phosphorus magnetic resonance spectroscopy 

All participants underwent cardio-metabolic assessments in fasting state, defined as 

having been at least 6 hours without solid food or any drinks other than water. Scans 

were performed on a 3T MR scanner (Magnetom TRIO, Siemens Healthineers, 

Erlangen, Germany).  A Siemens Heart/Liver 31P coil was used consisting of a large 

outer element (26 x 28 cm) which acts as 1H transmit-receive and 31P transmit, with 

a smaller loop/butterfly receive pair (12 x 15 cm loop and 23 x 12 cm butterfly) 

receiving the 31P signal.   

Subjects laid prone with their left ventricle positioned over the center of the coil at 

the magnet isocentre.  Proton localisers were used to position the subject correctly.  

Ten free induction decay inversion recovery (IR-FID) curves (1 ms hard inversion) 

with increasing inversion delay (100 – 3000 ms) are acquired, along with locations 

of phenylphosphonic acid (PPA) fiducial and cod-liver oil phantoms. 
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Pilot images were taken to position the CSI matrix.  Piloting was performed in 

vertical long axis (VLA), horizontal long axis (HLA) and short axis planes, where 

a stack of 20 slices was obtained. Fast low-angle shot (FLASH) images were used: 

slice thickness 10 mm, TR 7 ms, TE 3.37 ms, FOV 400 x 340 mm. 

A 3D acquisition-weighted chemical shift imaging (CSI) was used with an 

acquisition matrix size measuring 16 x 8 x 8 and a field of view of 240 x 240 x 200 

mm resulting in a nominal voxel size of 11.25 ml.  The grid was oriented to place 

voxels in the inter-ventricular septum. Two saturation bands were placed over the 

skeletal muscle in the chest wall and one over the liver in order to minimise signal 

contamination.  

The acquisition was non-gated with TR around 910-1010 ms depending upon the 

specific absorption rate (SAR). The acquisition delay was reduced to a minimum 

(TE* = 0.3 ms) using the ultra-short echo time (UTE-CSI) technique to maximise 

acquired signal and reduce first order phase effects (therefore reducing artefact).  

The optimised RF pulse (duration 2.4 ms) was centred between γ and α peaks of 

ATP (usually by subtracting 250 Hz from the observed phosphocreatine frequency) 

to ensure uniform excitation over the entire spectral bandwidth. Nuclear Overhauser 

effect (NOE) enhancement was used to increase the signal-to-noise ratio in acquired 

spectra: five pulses, length 2.5 ms, inter-pulse delay 80.5 ms, pulse voltage 222.5 

V and average flip angle 150°.   

2.5.1.1 Dobutamine stress phosphorus magnetic resonance spectroscopy 

Prior to any stress investigations, participants were asked to withhold their beta 

blockers for at least 24 hours, if not clinically contra-indicated. For protocols where 
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participants underwent stress imaging or -spectroscopy an infusion pump and a long 

line of extension tubing was used so that the participant could remain in the magnet 

bore following successful acquisition of the resting part of the protocol. 

Dobutamine was administered at incremental rates as a continuous intravenous 

infusion via a syringe driver (Perfusor, B. Braun Medical Ltd, Sheffield, UK). 

Starting dose initially at 10 µg/kg/min but increased up to a maximum of 40 

µg/kg/min depending on presence of a satisfactory haemodynamic response. This 

was defined as 65 % of the age maximum (220-age in years) heart rate which was 

subsequently maintained at the elevated rates for the duration of the acquisition 

(approximately 11 minutes). Heart rate and blood pressure were measured at 

baseline and at	 two-to-three-minute intervals during and after pharmacological 

stress, until the indices returned to normal or near-normal figures (i.e., baseline 

results). Wherever possible, additional cine imaging in HLA, VLA and a mid-short 

axis slice were acquired to measure myocardial function during peak stress. For 

logistical reasons, this had to be performed without moving the patient out of the 

scanner and thus, the images were acquired using an individually created GRE-

sequence with the integrated scanner receiver coil. As such, the images were 

significantly more prone to artefacts and generally of a lower quality. 

2.5.1.2 Spectral analysis 

The basal septal voxel was selected for analysis: this was the only user-dependent 

part of the process, the rest being fully automated. In-house Matlab software 

(OXSA150) determined the flip angle for the selected voxel by co-registering the 

short axis images with the spectral data. Flip angle variation due to coil loading 

effects was calculated by the use of acquired inversion recovery data and the 
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localizer containing the locations of cod liver oil capsules in fixed positions in the 

coil.  

Pre-processing (baseline correction) was undertaken before fitting spectral peaks 

using the AMARES (advanced method of accurate, robust and efficient 

spectroscopic fitting) method. Peaks for phosphocreatine, α, β, γ - ATP, 2,3-

diphosphoglycerate and phosphodiesters were fitted using prior knowledge of 

relative peak frequencies, J-coupling constants for ATP, relative peak amplitudes, 

relative phases and assumed Lorentzian line shapes along with acquisition 

parameters (central frequency, bandwidth, TR and calculated flip angles at various 

depths).  Peak areas were corrected for RF partial saturation effects using the 

recorded excitation flip angle, T1 values (PCr 3.8 s, γ-ATP 2.4 s, α-ATP 2.5 s, β-

ATP 2.7 s, 2,3-DPG 1.39 s, PDE 1.11 s) and spectral overlap with the NADH peak. 

The value of the ATP peak was corrected for blood contamination by subtracting 

11 % of the DPG peak area151.  

PCr/ATP was calculated using the average of the three ATP peaks.  The quality of 

spectral fit was assessed using the coefficient of variation in the coefficient of 

variation in the measured PCr/ATP, based on Cramer-Rao lower bounds (an 

indicator of signal to noise ratio in the sample) and standard error propagation 

formulae. Samples with a greater than 35 % coefficient of variation were excluded. 
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2.5.2 Hyperpolarized magnetic resonance spectroscopy 

2.5.2.1 Sterile pathway production and injection 

Sterile fluid pathways (SFPs) were assembled in a Grade A sterile environment 

containing 1.47 g [1-13C]pyruvic acid (Sigma Aldrich, Gillingham, UK) and 15 mM 

AH111501 (Syncom, Groningen, Netherlands) as the electron paramagnetic agent 

(EPA). SFPs were loaded into a General Electric SpinLab system (GE Healthcare, 

Chicago, USA) which was used for the process of Dynamic Nuclear Polarisation. 

Sufficient polarisation levels were achieved after 2-3 hours. Dissolution was 

undertaken using 38.5 g of sterile water heated to 130 °C under pressure, released 

through the pyruvate containing vial into a receiver vessel containing 17.7 g of 

trometamol buffer solution (600 mM NaOH, 333 mM Tris base, and 333 mg/L 

disodium EDTA [as the chelating agent], Royal Free Hospital, London, UK) and a 

further 19.5 g of sterile water. The EPA was removed by filtration prior to the 

receiver vessel, with the final product for injection drawn from the receiver vessel 

into a 50 ml injection syringe (Bayer, Indianola, USA) via a further 0.2 µm	

sterilization filter (Saint-Gobain, Gaithersburg, USA). Rigorous quality control 

(QC) of the final filtered sodium [1-13C]pyruvate solution was undertaken prior to 

human injection. This consisted of both online measurements (pyruvate 

concentration, residual EPA concentration, temperature, polarization, volume) 

directly from the SpinLab inbuilt QC console, with further ‘offline’ pH 

measurement (RQflex 10, Merck, Darmstadt, Germany) and visual inspection of 

the product (for visible particulates and appearance) undertaken manually prior to 

release. Pathways were only released for human injection if the following criteria 

were met: pH 6.7-8.4, temperature 25.0-37.0 °C, polarization ≥ 15 %, [pyruvate] 
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220-280 mM, [EPA] ≤ 3.0 µM, appearance: clear, colourless solution with no 

visible particulate matter. Pathways not meeting these release criteria were rejected. 

Hyperpolarized [1-13C]pyruvate solution was administered through a venous 

cannula inserted in a sufficiently sized peripheral vein, at a dose of 0.4 ml/kg, 

followed by a 25 ml 0.9 % normal saline flush. Injections were performed at a rate 

of 5 ml per second using a MEDRAD® power injector system (Bayer, Berlin, 

Germany). 

2.5.2.2 Spectral acquisition and analysis 

Patients were positioned supine on the scanner table with a two channel transmit, 8 

channel surface-receive array (Rapid Biomedical, Rimpar, Germany). 

Hyperpolarized data were obtained from a 10mm mid-ventricular, short axis slice 

of the heart using a single slice-selective excitation spectroscopy sequence which 

acquired gated to the R-wave and acquiring data with every heartbeat during and 

up to a total of 4 minutes after the injection of the pyruvate pathway. As the ratios 

of certain metabolites (bicarbonate, alanine, lactate) are known to correlate linearly 

with the kinetic rate constants of the PDH-reaction, metabolite-to-pyruvate ratios 

were calculated by summing the first 60-90 s of spectral data acquired following 

the initial appearance of the hyperpolarized pyruvate resonance in the acquired 

spectra. 

Multi-coil data were recombined in MATLAB using the Whitened Singular Value 

Decomposition algorithm, with coil combination weights calculated for spectra 

with the highest SNR subsequently applied to the entire dataset.	 Spectra were 

background-subtracted prior to quantification with the AMARES algorithm, with 
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appropriate prior knowledge. Total integrated metabolite-to-pyruvate ratios were 

calculated from the data available.	

2.5.3 Proton magnetic resonance spectroscopy 

Patients were positioned supine on the scanner table using an 18-channel surface 

coil (Siemens Healthineers, Erlangen, Germany) array. Anatomical images in 

keeping with the slice positioning for cine imaging (see Chapter 2.5.4 below) were 

used and spectral acquisition performed from the inter-ventricular septum of a mid-

short axis slice using a stimulated echo sequence (STEAM) as previously 

described.127 Spectroscopic acquisitions were performed using an ECG-trigger at 

end-diastole and in expiration to best reduce motion artefacts. To be able to 

correctly perform spectral quantification of the data, water-suppressed and 

unsuppressed spectra were obtained. Water suppressed spectra were collected over 

5 breath holds, encompassing 5 acquisitions each, i.e. 25 measurements combined. 

Next three measurements of water unsuppressed spectra were acquired for internal 

reference in a single breath hold. Sequence parameters were as follows: echo time 

10 ms, mixing time 7 ms, and repetition time at least 750 ms for water-suppressed 

scans and at least 4,000 ms for non–water-suppressed scans with acquisitions 

synchronized to the patients' ECG 

2.5.3.1 Spectral analysis 

Spectral quantification was again performed using the AMARES algorithm 

included in the OXSA toolbox.150 The amplitude of the lipid resonance at 1.3 ppm 

(-CH2-) from the spectra was then selected for myocardial lipid quantification 

within the selected voxel. The lipid content is expressed as a percentage relative to 
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water (proton density fat fraction, PDFF) with the amplitude of the lipid peak 

divided by the amplitude of the water peak and subsequently multiplied by 100. 

2.5.4 Cine imaging for cardiac volumes and function 

After standard planning, cine images were acquired in three long axis views 

(horizontal long axis, HLA; vertical long axis, VLA; left ventricular outflow tract 

view, LVOT) and in short axis slices covering the whole left ventricle (LV) using 

balanced steady-state free precession cine imaging. Scan parameters were typically: 

TR/TE = 40.5/1.14 ms, flip angle = 55°, FOV = 380 x 380 mm, voxel size = 2.0 x 

2.0 x 8.0 mm, slice thickness = 8.0 mm, GRAPPA = 3, reference lines = 24, 

segments = 15, measurements = 1, bandwidth = 930 Hz/Px. Cines were acquired 

using retrospective ECG gating for participants in sinus rhythm at the time of the 

scan. For patients in atrial fibrillation/flutter or with frequent ectopy and where 

acceptable images could not be obtained, prospectively triggered cines were 

acquired instead.  

Image analysis for biventricular indices was performed offline in accordance with 

Society for Cardiovascular Magnetic Resonance (SCMR) guidelines125, using cvi42 

post-processing software (version 5.10.1, Circle Cardiovascular Imaging Inc., 

Calgary, Canada). Epicardial and endocardial borders on LV short axis images were 

manually contoured at end-diastole; endocardial contours were also placed at end-

systole. End-systolic (ESV) and end-diastolic (EDV) volumes were used to 

calculate stroke volume (SV) as SV = EDV – ESV. Ejection fraction (EF) was 

calculated as EF = SV/EDV. Papillary muscles were included	as part of the LV 

volume but excluded from LV mass. LV mass results from the difference between 
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the total epicardial volume (sum of epicardial cross-sectional areas multiplied by 

the sum of the slice thickness and interslice gap) minus the total endocardial 

volume, multiplied by the specific density of myocardium (1.05 g/ml).   

2.5.4.1 Free-breathing exercise cine acquisition 

A retrospectively gated, four-fold accelerated, compressed sensing, free-breathing 

2D cine imaging sequence was used to acquire a short axis stack covering the entire 

heart, including both atria. This BEAT-2CV sequence was based on a modified 

bSSFP sequence, with a variable-density trajectory, and reconstructed using the 

open-source toolkit Gadgetron, as described previously.152,153 

Exact sequence parameters were optimised on a per-patient basis, but these were 

typically a TR of 42–43 ms, determined to be minimal but subject to dynamically 

evolving SAR and FOV constraints; TE 1.17 ms, determined by a desire for a fixed 

readout bandwidth of 1302 Hz/Px, flip angle 30–40°, slice thickness 8 mm, FOV 

typically 340 × 340 mm2 (but increased on a per-patient basis to avoid spatial 

aliasing). The base resolution was 160 points with a 77% phase resolution with a 

6/8 the phase partial Fourier scheme, corresponding to the acquisition of 92 

reconstructed to a matrix size of 160 × 120, and a typical spatial resolution 1.8 × 

1.8 mm, with 25 cardiac phases. 

Exercise stress was then performed using a CMR-compatible stepping ergometer 

in the supine position (Cardio Step, Ergospect GmbH, Innsbruck, Austria; (Figure 

2.1). The exercise protocol comprised a fixed workload of	20 W for 6 minutes. 

Repeat whole-heart cine images were acquired during the final minute of the 

exercise period. 
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Figure 2.1: Exercise CMR 

	

Figure 2.1: Exercise CMR. Schematic illustration of the setup for exercise CMR 

investigations using a CMR-compatible pedal ergometer. 

2.5.5 T1-mapping (native) 

Myocardial T1-mapping was performed using the ShMOLLI 5(1)1(1)1 sequence 

as previously published.154 Typical scan parameters were: TR/TE = 378.98/1.07 

ms, flip angle = 35°, FOV read = 360 mm, FOV phase = 75 %, interpolated voxel 

size = 0.9 x 0.9 x 8.0 mm, slice thickness = 8.0 mm, trigger delay (TD) = 260 ms, 
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TI 260 ms, measurements = 1, bandwidth = 898 Hz/Px. T1-maps were acquired in 

the basal, mid-ventricular, and apical slices as described above.  

Specific modifications to the typical ShMOLLI sequence described above were 

undertaken to permit application in the presence of atrial fibrillation or flutter.155 

Briefly, the trigger delay (TD) was reduced to permit readout in systole, thereby 

reducing the risk of mistriggering that is often encountered when applying the 

standard diastolic readout (TD = 260 ms) sequence in the presence of tachycardia.  

Quality assessment of ShMOLLI T1-maps was performed by visually inspecting 

the (R2) maps (Figure 2.2), which were immediately available in-line at time of 

acquisition.154,156 R2 maps are a tool to assess the quality of T1-maps generated, 

identify compromised acquisitions and re-acquire maps of insufficient quality.157  

Offline post-processing of T1-maps was conducted in the OCMR imaging corelab 

using dedicated in-house software (MC-ROI) developed by Professor Stefan K 

Piechnik (Interactive Data Language v6.1, Exelis Visual Information Solutions, 

Boulder, Colorado, USA). Endocardial and epicardial contours were placed using 

dedicated automated software158 and manually checked for errors and corrected in 

compliance with internal training standards.159 Care was taken to minimise 

contamination of the myocardium by blood-pool and extra-myocardial structure 

partial volume effects (Figure 2.2).  
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Figure 2.2: T1-Map Analysis 

	

Figure 2.2: T1-map analysis from a mid-ventricular slice using MC-ROI software. The 

anterior right ventricular/ left ventricular insertion point is annotated, while endocardial 

and epicardial contours are placed within the myocardium to avoid contamination from 

extra-myocardial tissues and partial volume effects. 

	

2.5.6 Myocardial tagging 

Tagged MR images were obtained before administration of gadolinium contrast 

agents for measurement of LV-strain, using an ECG-triggered segmented k-space 

fast gradient echo sequence with spatial modulation of magnetization in orthogonal 

planes creating a square grid of parallel tag lines, as previously described.160 Three 

short axis (basal, mid and apical slice respectively) and one long axis (horizontal) 
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images were obtained. The scan parameters were typically as follows: voxel size 

2.1 x 1.4 x 8.0 mm, field of view = 360 x 292 mm, matrix 141 x 256, TR/TE = 

40.45/3.89 ms, flip angle 14°, segments = 9, phases = 16, grid tag distance = 7mm, 

bandwidth = 184 Hz/Px.  

Post-processing analysis was performed by an independent analysist blinded to 

treatment status and patient details using CIM software (CIMTag2D, Auckland, 

New Zealand). Semi-automated analysis was performed by aligning a grid to the 

myocardial tagging planes in end-diastole. End-systole was then determined 

visually, and tags adjusted at each frame throughout the cardiac cycle to derive peak 

systolic circumferential strain for the mid-ventricular slice, which is expressed as a 

percentage change from end-diastole. Normal strain has previously been described 

as -19 ± 234; impaired myocardial contractility is indicated by a more positive 

value.  

	

2.5.7  Resting perfusion 

An intravenous cannula with a three-way tap was placed into a suitable peripheral 

vein to allow administration of a bolus of gadolinium-based contrast agent.  

Perfusion imaging was performed every cardiac cycle (over 60 heart beats) during 

the first pass of an intravenous gadolinium-based contrast agent using a T1-

weighted fast (spoiled) gradient echo sequence. Typical scan parameters were: 

TR/TE = 142/1.04 ms, flip angle = 50°, FOV read = 360 mm, FOV phase = 75%, 

voxel size = 1.9 x 1.9 x 8.0 mm, slice thickness = 8.0 mm, TI = 105 ms, GRAPPA 

= 3, measurements = 60, segments = 37, phases = 1, bandwidth = 1085 Hz/Px.  
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First-pass perfusion imaging was performed on matching short axis slices (basal, 

mid-ventricular, apical) to the T1-maps. A 0.05 mmol/kg intravenous bolus 

injection of a gadolinium contrast agent (gadobutrol, Gadovist) was administered, 

immediately followed by a 15-20 ml saline flush, both dispensed at 4-6 ml/sec via 

a power injector (Medrad, Bayer, Leverkusen, Germany). This injection was 

manually triggered after an interval of 8 heart beats from the initiation of image 

acquisition. Automated inline pixel-wise perfusion maps were immediately 

generated, which provide absolute quantification of MBF based on the AHA 16-

segment model.161-163    

Offline perfusion analysis was performed using cvi42 post-processing software 

(version 5.10.1, Circle Cardiovascular Imaging Inc., Calgary, Canada). First-pass 

stress and rest perfusion images were carefully analysed for the presence of 

reversible perfusion defects. Quality assessment of the dual AIF sequence approach 

was performed based on correct positioning of the region of interest (ROI) within 

the LV blood pool, as well as heart rate mistriggering. Global and segmental 

quantitative myocardial blood flow measurements were derived from rest and stress 

pixel-wise perfusion maps (Figure 2.3).	
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Figure 2.3: Pixel-wise Perfusion Analysis 

 

 

 

 

 

 

 

Figure 2.3: Pixel-wise perfusion maps for quantification of myocardial blood flow. Examples of perfusion maps at rest acquired in the basal, 

mid-ventricular, and apical slice positions. This visualises the quantitative estimates of myocardial blood flow (MBF) measurements with both 

segmental and global estimates.  
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2.5.8  Late gadolinium enhancement  

Late gadolinium enhancement (LGE) images were acquired using a prospectively 

triggered T1-weighted phase-sensitive inversion recovery sequence approximately 

8-10 minutes after administration of a top up of the same intravenous gadolinium-

based contrast agent (Gadovist, 0.1 mmol/kg). The inversion time (TI) was adjusted 

for optimal nulling of remote normal myocardium. LGE images were acquired in 

standard long and short axis slices covering the whole LV. Typical scan parameters 

were TR/TE = 750/3.38 ms, flip angle = 25°, FOV read = 380 mm, FOV phase = 

75%, voxel size = 1.5 x 1.5 x 8.0 mm, slice thickness = 8.0 mm, GRAPPA = 2, 

reference lines = 24, measurements = 1, segments = 25, phases = 1, bandwidth = 

130 Hz/Px. 

Images were evaluated qualitatively and quantitatively in cvi42 post-processing 

software (version 5.10.1, Circle Cardiovascular Imaging Inc., Calgary, Canada) for 

the presence or absence, pattern (subendocardial, mid-wall, subepicardial, 

transmural), and regional distribution of LGE areas. LGE suspected on short axis 

imaging was confirmed with additional imaging in long axis views or perpendicular 

to the lesion.  

		

2.5.9  Post-contrast T1-mapping and ECV estimation 

Post-contrast T1-maps were acquired following administration of an intravenous 

gadolinium-based contrast agent. Slice position and sequence parameters were 

essentially unchanged to those used for native T1-mapping.  



2.	Methods	
	

60	
	

Offline post-processing of post-contrast T1-maps was conducted using the same 

methods as outline for native T1-maps. R1 of blood and myocardium was calculated 

as R1 = 1/T1 for both native and post-contrast maps. Haematocrit was measured on 

a blood sample drawn on the same day, immediately prior to the CMR scan.  

 

Extracellular volume (ECV) was calculated as per the following formula164: 

ECV = (1 − haematocrit) × (
∆𝑅1!"#$%&'()!
∆𝑅1*+##'

) 

	

2.6 Echocardiography 

Patients were assessed by two-dimensional (2D) transthoracic echocardiography 

(TTE, Figure 2.4) using a standardised imaging protocol as laid out by the British 

Society of Echocardiography.165 

All patients underwent TTE assessments at rest, in supine position and importantly 

before any demanding physical activity or pharmacological stress investigations. 

Apical four- and two chamber images were acquired to calculate left ventricular 

ejection fraction (LVEF) using the biplane method proposed by Simpson.166 Pulsed-

wave (PW) Doppler of the mitral valve, tissue Doppler of the basal septum and 

basal lateral wall were obtained to assess left ventricular diastolic function. PW 

Doppler of the right and left ventricular outflow tract, continuous wave (CW) 

doppler of the aortic and pulmonary valves and continuous wave (CW) Doppler of 

the main pulmonary artery and the aortic root in parasternal short axis at vessel level 
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were acquired to rule out any major valve or vascular disease. Images were 

contoured in keeping with official recommendations167 by an operator blinded to 

treatment status on a Philips IntelliSpace Cardiovascular analysis platform (Philips 

Healthcare, Farnborough, UK) 

	

Figure 2.4: Representative Echocardiography Images 

	
Figure 2.4: Echocardiography. Representative four chamber / horizontal long axis images 

of a patient with HFrEF (A) and HFpEF (B).	

2.7 Cardiopulmonary exercise testing and spirometry 

Participants enrolled in experiments involving an ergometer exercise protocol (see 

Chapters 3 and 4) were asked to complete a peak cardiopulmonary exercise test 

using a stationary cycle ergometer (Ergoline GmbH, Bitz, Germany) and breath-

by-breath respiratory gas analyser (Metalyzer 3B, Cortex Biophysik, Leipzig, 

Germany) with a predefined, standardised incremental exercise protocol with an 

initial load of 20W and incremental 10W stages per minute.  

Before any testing, calibration was conducted using a 3.0-L calibration syringe 

(Futuremed, Granada Hills, California, USA). After a rest period of 3 minutes, 

workloads were increased according to a ramp protocol of 10 watts (W) every 

A	 B	
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minute with breath-by-breath gas exchange and heart rate being measured 

throughout the test. Peak oxygen uptake (peak ⩒O2) was determined at baseline 

(Visit 2) and EOT (Visit 4) after achieving a respiratory exchange ratio (RER) of 

>1.1. Blood pressure, oxygen saturation, capillary lactate (finger prick or earlobe) 

and rated perceived exertion score168 were measured at rest and subsequently every 

2-3 minutes. Patients were encouraged to reach a level of maximum effort but were 

told to stop at the discretion of the supervising investigator if there were any 

exercise-related adverse effects. Analysis of the exercise data was carried out in an 

automated, reproducible fashion on a dedicated workstation with the necessary 

software for analysis (MetaSoft Studio, Cortex Medical, Cortex Biophysik GmbH, 

Leipzig, Germany). The investigator carried out scrupulous data quality checks on 

each dataset. 

All participants mentioned above were likewise undergoing standardised 

spirometry using the identical equipment (Metalyzer 3B) before any exercise 

testing was carried out. Participants remained in a seated position wearing a nose 

clip and using a mouthpiece with lips tightly sealed around this. At least three 

acceptable forced in- and expirations, carefully checking recorded waveforms, were 

acquired enabling analysis of forced expiratory volume at 1 second (FEV1) and 

forced vital capacity (FVC). 

2.8 Six-minute walk test 

Participants enrolled in the respective studies (see Chapters 3 and 4) performed a 

six-minute walk test (6-MWT) independently at their own pace along a dedicated, 

20-meter-long corridor. The institution’s standard protocol as well as previously 
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published guidance169 were followed for conducting the test. Total distance 

covered, rating of perceived exertion168 as well as HR and BP were recorded prior 

to and after the test. 

2.9 Electrocardiogram 

12-lead Electrocardiograms (ECG) were performed at different timepoints with 

paper traces collected for each time point. In the event of an adverse event with any 

cardiac symptoms (for example arrhythmia or chest pain), additional ECGs were 

recorded. Any clinically relevant changes in the ECG were reported as adverse 

event (AE) and followed up until resolved.  

2.10 Patient reported outcomes 

2.10.1 Kansas City Cardiomyopathy Questionnaire 

The Kansas City Cardiomyopathy Questionnaire (KCCQ) is a 23-item, self-

administered tool designed to evaluate physical limitations, symptoms (frequency, 

severity, changes over time), social limitations, self-efficacy and QoL in HF 

patients.170 Patients had access to a separated, quiet area where they were given 

sufficient time unsupervised to record their answers on the questionnaires in a pen 

and paper format. In instances where a patient could not give or decide upon a 

response, no response was recorded. 

2.10.2 EQ-5D-5L 

The 5 level EQ-5D is a standardised instrument for use of measuring health related 

QoL. Patients had to self-report the questionnaire which consists of two pages. 

Firstly, the ‘descriptive system’ which comprises 5 dimensions of overall health 
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(mobility, self-care, usual activities, pain/discomfort, anxiety/depression) that can 

be graded in 5 levels (no problems to unable to perform activity). Secondly, the 

‘visual analogue scale’ on which patients rate their health status from 0 (worst) to 

100 (best). 

2.11 Blood sampling 

Venous blood samples were collected at different time points of each experiment 

(see details in the Methods section in the respective Chapter). All samples were 

drawn from patients who were fasting unless indicated otherwise. Generally, a 

variety of biomarkers relating to the investigational medicinal product (IMP) or the 

respective interventions were assessed.  

In addition, blood samples for a targeted analysis of serum metabolomics 

(Chapters 3 and 4) were taken from the patients prior to and after treatment. 

Processing of blood samples took place on site according to domestic standard 

operating procedures and expert advice. Blood samples where then either sent for 

analysis at the John Radcliffe Hospital or frozen (-20 or -80 °C) and shipped to a 

contractor where the subsequent analyses took place (Labcorp Drug Development, 

Geneva, Switzerland).  

Metabolomic samples were pre-processed by centrifugating at 3.000 rpm for 15 

minutes at 4 °C and subsequently frozen and stored on site until shipped to an 

academic collaborator (Prof. Julian Griffin, Imperial College London/University of 

Aberdeen, UK) for further analysis. Statistical analysis of results was conducted by 

a blinded investigator in OCMR and then repeated unblinded in OCMR by a 

different investigator. Serum samples were injected onto a liquid chromatography 
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(LC) column for adequate separation of individual metabolites before being further 

separated by application of mass spectrometry (MS) (Figure 2.5) 

Figure 2.5: Targeted Metabolomics Processing 

	

Figure 2.5: Targeted Metabolomics. Simplified overview of sample processing and 

analysis: 1: venous blood samples are collected from fasting patients and then centrifuged 

to collect the supernatant serum only. 2: Liquid chromatography (LC) and mass 

spectrometry (MS) are used to achieve separation of metabolites followed by identification 

of the metabolites in a separate MS step. 3: Statistical analysis and visualisation using 

correlation matrix, volcano plots and principal component analysis (PCA) are used to 

indicate results.  
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2.12 Study interventions 

2.12.1 SGLT2i in patients with HFrEF 

Empagliflozin (10 mg) and matching placebo were supplied as film-coated 

tablets produced by Boehringer Ingelheim Pharma GmbH & Co. KG, 

Biberach/Riss, Germany. Batch release of trial kits was performed by 

Development Quality and Records Management of Boehringer Ingelheim 

Pharma GmbH & Co. KG Biberach/Riss, Germany. Patients were advised to 

take one tablet of empagliflozin (10 mg) or matching placebo at the same time 

every day (preferably morning) with or without food for the duration of the trial. 

2.12.2 SGLT2i in patients with HFpEF 

Empagliflozin (10 mg) and matching placebo were supplied as film-coated 

tablets produced by Boehringer Ingelheim Pharma GmbH & Co. KG, 

Biberach/Riss, Germany. Batch release of trial kits was performed by 

Development Quality and Records Management of Boehringer Ingelheim 

Pharma GmbH & Co. KG Biberach/Riss, Germany. Patients were advised to 

take one tablet of empagliflozin (10 mg) or matching placebo at the same time 

every day (preferably morning) with or without food for the duration of the trial. 

2.12.3 VLED in patients with HFpEF 

Patients were encouraged to follow a strict diet with a reduced energy intake of 

800 kilocalories (kcal) per day. To achieve substantial weight loss in the 

observation period and ensure patient adherence, normal meals were replaced 

with nutritionally complete (200 kcal per sachet; 59 % carbohydrates, 26 % 
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protein, 13 % fat, 3 % fibre) meal replacement products (MRP) for the time of 

the dietary intervention.  The MRP was purchased via and supplied by 

Counterweight Ltd. (Glasgow, UK.) 

2.12.4 Ninerafaxstat in patients with obesity and T2D 

Ninerafaxstat was supplied by Imbria pharmaceuticals (Boston, Massachusetts, 

USA) as a modified release tablet formulation containing 200 mg of active 

ingredient. Patients were self-administering the IMP twice daily at home at the 

same time each day and kept a dosing diary recording the date, time and amount 

of IMP taken each day for the duration of the study (4 or 8 weeks). 

	

2.13 Summary 

All methods described in this chapter were the mainstay of experiments for the work 

conducted in this DPhil Thesis. In addition, there is a brief description of the 

specific methods for every individual chapter providing further details and 

clarification on the specific techniques and methods used for the respective 

experiment.
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3  Effects of SGLT2-inhibition in 

HFrEF 

	

3.1 Abstract 

3.1.1  Background 

Following their incidental discovery as potential HF drugs, sodium glucose co-

transporter-2 inhibitors (SGLT2i) have now been proven to be an effective 

treatment to reduce hospitalisations and improve quality of life (QoL) in patients 

with heart failure (HF). Nevertheless, a conclusive mechanism of action, which 

would enable deeper understanding of specific patient phenotypes benefiting the 

most as well as allow development of novel targeted medicines to treat HF, has not 

yet been identified. Derangements in cardiac energy metabolism are considered a 

hallmark of HF and it was proposed early that SGLT2i may translate their beneficial 

effects via enhancing cardiac energy production. Thus, this trial sought to assess if 

empagliflozin treatment (10 mg OD) leads to detectable changes in PCr/ATP a 

sensitive marker of cardiac energetics and myocardial energy reserve. 

3.1.2  Methods 

In this prospective, randomized, double-blind, placebo controlled, mechanistic trial, 

patients with chronic HF with a reduced ejection fraction (HFrEF; n=36) were 

randomly assigned to empagliflozin treatment (10 mg OD) or matched placebo for 
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12 weeks (mean treatment duration 84 days (±6.9)). Symptomatic patients with 

established HF with a reduced ejection fraction (HFrEF; LVEF ≤ 40%), confirmed 

by a significantly elevated NT-proBNP (> 125 pg/ml in sinus rhythm or > 600 pg/ml 

in atrial fibrillation) and echocardiogram at screening, on optimal medical treatment 

(OMT) were enrolled. We excluded patients in New York Heart Association class 

<II. The primary endpoint was the change in phosphocreatine to adenosine 

triphosphate ratio (PCr/ATP) from baseline to week 12 determined by phosphorus 

magnetic resonance spectroscopy (31P-MRS). No secondary endpoints were 

prespecified but a list of various exploratory endpoints defined (see Methods).  

3.1.3  Results 

There was no significant difference between empagliflozin and placebo regarding 

the primary endpoint of change in resting PCr/ATP from baseline to week 12 (-0.25 

± 0.16; 95 % CI: -0.58, 0.09; p=0.14). Equally, there was no significant difference 

regarding change in PCr/ATP during dobutamine stress (-0.13 ± 0.11; 95 % CI: -

0.35, 0.09; p=0.23). Myocardial steatosis expressed by myocardial triglycerides 

(MTG) measured by 1H-MRS decreased on average in the empagliflozin group          

(-0.21 ± 0.17) but increased in the placebo group (0.23 ± 0.19) (-0.44 ± 0.26; 95 % 

CI: -0.97, 0.08; p=0.09). Treatment with empagliflozin led to significant anti-

hypertrophic effects expressed in reduced LV-mass (-9.65g ± 3.83; 95 % CI: -17.5, 

-1.81; p=0.02), cardiac cell volume (-9.179ml ± 2.639; 95 % CI: -14.88, -3.478; 

p=0.0041) and native threshold T1 (-0.11ms; 95 % CI: -0.20, -0.01; p=0.03) 

compared to placebo. Measures of cardiopulmonary exercise testing (CPET) were 

not notably different between empagliflozin and placebo (peak VO2, VE/VCO2 
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slope, VT, RER lactate, exercise time, maximal workload), neither did the walking 

distance in the 6-MWT increase. Quality of life determined by KCCQ showed 

superior improvements in the empagliflozin group compared to placebo in all test 

dimensions. Biomarker analysis of the Renin-Angiotensin-Aldosterone System 

(RAAS) showed neurohormonal elevations in the treatment arm. 

3.1.4  Conclusions 

In patients with chronic HFrEF, treatment with 10mg of empagliflozin once daily 

for 12 weeks, did not lead to measurable improvement of PCr/ATP, at rest or 

during dobutamine stress, compared to placebo. However, exploratory endpoint 

analyses suggested favourable structural cardiac changes and anti-fibrotic effects 

as well as improved measures of QoL and changes in RAAS physiology. These 

would be consistent with an anti-fibrotic mechanism of action. Given our 

restrictions on sample size, our results are to be considered hypothesis generating. 

Nevertheless, they are encouraging for investigation in larger outcome trials. 
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3.2 Introduction 

HF is a clinically complex, multi-organ syndrome which has a plethora of possible 

causes and with a multifaceted pathophysiology, remains incompletely understood. 

Despite an overall decreasing incidence over the last three decades, the 

improvements in therapy, and resultant survival, have led to constantly rising HF 

prevalence, particularly noticeable in our progressively aging society.171 

Consequentially, perennial hospitalisations, increasing morbidity and frequent 

comorbid conditions add to the heavy burden for patients and healthcare systems 

alike. With projections of HF prevalence to possibly affect up to 9 % of all 

Americans aged 65 and older while cardiovascular drug development remains 

stagnant172, novel treatments are urgently needed.173 This situation is similar on the 

European continent, where up to 10 % of the population aged 70 and over are 

affected and frequent hospital admissions and care requirements are leading to an 

alarming estimated annual cost of almost €30 billion.3  

Following their serendipitous discovery as novel heart failure drugs174, the anti-

diabetic sodium glucose co-transporter 2 inhibitors (SGLT2i) have risen to become 

a cornerstone for treatment of HFrEF.121,175 Beneficial effects include a reduced risk 

of dying from cardiovascular cause or being hospitalised for HF, major adverse 

cardiac events (MACE) and improvements of quality of life (QoL).176,177 

Importantly, these effects were consistently seen in patients with and without type 

2 diabetes (T2D) at baseline as well as across	 the spectrum of different SGLT2i 

hence, can be considered a class-effect of SGLT2i regardless of their selectivity.178-

180  
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Nonetheless, it remains elusive how a drug inhibiting transport proteins absent on 

the cardiomyocyte membrane181 may lead to a substantially reduced risk for 

hospitalisation for HF or CV death, evident only months after treatment onset. 

Preliminary data derived from in-vitro studies and animal models suggested a 

possible effect on myocardial energetics (ATP metabolism) however, the published 

literature is overall conflicting with some studies describing improvements and 

others describing no metabolic treatment effects. Generation in pre-clinical models 

frequently entails disease models of a single etiology (e.g. transverse aortic 

constriction, volume overload, infarction) which makes generalisation of results 

and transfer into human HF, with or without T2D, challenging.182-186 

Administration of SGLT2i induces glucosuria and thus, leads to an energy deficit 

of at least 250 kcal per day.187 As a compensatory measure, this results in an 

increase of free fatty acid (FFA) oxidation and slight hyperketonaemia leading to 

measurably increased levels of beta hydroxybutyrate (β-OHB), an energy source 

avidly used by the failing heart.22 A ‘thrifty substrate hypothesis’188 was put forward 

to explain the surprising results of EMPA-REG OUTCOME174, where a reduction 

of hospitalisation for HF was observed in patients with T2D and a high 

cardiovascular risk, and subsequently, following manuscripts reported 

improvements in cardiac energy metabolism. Importantly, most studies were in-

vitro experiments or utilised animal models, often in an ex-vivo approach to assess 

cardiac energy metabolism. Additionally, many of the studies elicited conflicting 

results, sometimes even from the same group.182,183  

Of note and to the best of our knowledge, only two studies have reported in-vivo 

investigation of SGLT2i-treatment in patients however, both enrolled exclusively 
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type 2 diabetes (T2D) patients and neither was conducted in a randomised, double-

blind fashion.189,190 Despite different CMR and echo imaging studies investigating 

HFrEF patients, no prior study investigated metabolic effects of SGLT2i in patients 

with chronic HFrEF, irrespective of presence or absence of T2D, in-vivo. 

Consequently, EMPA-VISION is the first prospective, randomised, double-blind, 

placebo-controlled trial assessing the effects of empagliflozin treatment on cardiac 

energy metabolism and physiology. 

	

3.3 Methods 

3.3.1 Randomisation 

During their baseline visit (Visit 2, see Figure 3.1), eligible patients were randomly 

assigned to either 10mg of empagliflozin or matching placebo per day over a period 

of 12 weeks. Randomisation occurred in a 1:1 fashion and the drug assignment was 

carried out using an interactive web response system. The randomisation list 

involved a pseudo-random number generator ensuring the resulting treatment was 

both reproducible and non-predictable with a block size of 4. 

3.3.2 Study visit schedule 

Patients deemed eligible after a meticulous pre-screening process were invited for 

a screening visit (Visit 1) to determine their eligibility status. From their attendance 

at this visit, there was a 21-day window to invite them for their subsequent 

randomisation visit (Visit 2, day 1 of treatment) and perform the randomisation to 

treatment (see 3.3.1 for details). As a safety precaution, patients were invited for a 



3.	Effects	of	SGLT2-inhibition	in	HFrEF	
	

75	
	

safety visit (Visit 3, 14±1 days of treatment) before attending their EOT visit (Visit 

4, 84±4 days of treatment). To ensure safety, an additional phone call (Visit 5, days 

7-14 after Visit 4) was conducted to ensure uncomplicated withdrawal from the 

study drug. Figure 3.1 provides an overview of the visit schedule and timelines for 

EMPA-VISION. 

Figure 3.1: Visit Timeline EMPA-VISION HFrEF 

	

Figure 3.1: Visit Timeline EMPA-VISION HFrEF. Schematic overview of EMPA-
VISION’s HFrEF study design: After screening (Visit 1; Day -21) and determination of 
their eligibility, participants will be invited for randomisation and baseline assessments 
(Visit 2; Day 1). A safety assessment will be conducted after 15 days (± 1) of treatment 
(Visit 3; Day 15 ± 1). Following treatment for 12 weeks, baselines assessments were 
repeated (Visit 4; Day 84 ± 4). A final follow-up was carried out via telephone (Visit 5; 
Day 91 ± 7). EOS=end of study; EOT=end of treatment. 

 

3.3.3 Study population 

Generally, trial patients were considered eligible if they had an established 

diagnosis of non-ischaemic, chronic HFrEF with typical signs (NT-proBNP > 125 
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pg/mL in patient with sinus rhythm or > 600 pg/mL in patients with AF) and 

symptoms (NYHA II-IV), as well as a left ventricular ejection fraction (LVEF) ≤ 

40 % (measured by echocardiography at screening) and appropriate doses of 

medical HF therapy. Patients with active ischaemia, implanted devices, recent 

(within 1 week prior to screening visit) decompensated HF, severely impaired renal 

function (creatinine clearance < 30mL/Min by Cockcroft-Gault formula) were 

considered ineligible. A comprehensive list of inclusion (Table 3.1) and exclusion 

criteria (Table 3.2) are provided below. 

Table 3.1:Inclusion Criteria EMPA-VISION HFrEF 

 
Inclusion Criteria HFrEF 
 
•CHF ≥ 3 months 
•NYHA II-IV at screening  
•BMI < 40 kg/m2 
•Age ≥ 18 years 
•Written informed consent 
LVEF < 40 % 
(measured by Echocardiogram) 
•NT-proBNP (> 125 pg/mL) no AF 
•NT-proBNP (> 600 pg/mL) if diagnosed AF 
•Optimal medical therapy 
 

Table 3.1: Inclusion Criteria EMPA-VISION HFrEF. Detailed inclusion criteria from 

EMPA-VISION HFrEF; AF=atrial fibrillation; BMI=body mass index; CHF=chronic 

heart failure; LVEF=left ventricular ejection fraction; NT-proBNP=n-terminal pro b-

type natriuretic peptide 

Table 3.2: Exclusion Criteria EMPA-VISION HFrEF 

 
Exclusion Criteria HFrEF 
 
•Stroke or TIA < 6 months 
•Scars or non-viable myocardium in the interventricular septum, unstable angina pectoris 
due to CAD, major CV surgery (investigator opinion) 
•Any contraindication for CMR, CPET, dobutamine stress test  
•Heart transplant recipient or listed for heart transplant  
•Cardiomyopathy based on infiltrative diseases (e.g. amyloidosis), accumulation 
diseases (e.g. Haemochromatosis, Fabry’s disease), muscular dystrophies, 
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cardiomyopathy with reversible causes (e.g. stress cardiomyopathy), hypertrophic 
obstructive cardiomyopathy or known pericardial constriction  
•Moderate to severe uncorrected primary valvular heart disease 
•Acute decompensated HF (exacerbation of CHF) requiring IV diuretics, IV inotropes or 
IV vasodilators, or LVAD or hospitalisation 
•SBP ≥ 180 mmHg at screening. If SBP > 150 mmHg and < 180mmHg at screening on 
antihypertensive triple therapy 
•Symptomatic hypotension and/or a SBP < 100 mmHg at screening  
•Uncontrolled AF 
•Untreated ventricular arrhythmia with syncope documented within the 3 months prior to 
informed consent in patients without ICD  
•Diagnosis of cardiomyopathy induced by chemotherapy or peripartum < 12 months prior 
to informed consent  
•Symptomatic bradycardia or second or third-degree heart block in need of a pacemaker 
after adjusting beta-blocker therapy or any other negative inotropic agents 
•Significant chronic pulmonary disease 
•Indication of liver disease, defined by serum levels of either ALT, AST, or AP above 3 x 
upper limit of normal 
•Impaired renal function (Creatinine Clearance < 30 mL/min and/or dialysis) 
•Haemoglobin < 10 g/dL 
•T1DM  
•History of ketoacidosis  
•Major surgery < 3 months prior or scheduled within trial  
•GI surgery or significant GI disorder 
•Active or suspected malignancy or history of malignancy within 2 years prior to informed 
consent 
•Any other disease than HF with a life expectancy of < 1 year 
•Any drug considered likely to interfere with the safe conduct of the trial  
•Requirement for treatment with empagliflozin 
•Treatment with any SGLT2i or combined SGLT1- and SGLT2i 
•Currently enrolled in another investigational device or drug study, or < 30 days between 
randomisation and ending the other investigational trial  
•Known allergy or hypersensitivity to empagliflozin or other SGLT2-i  
•Chronic alcohol or drug abuse  
•Women who are pregnant, breastfeeding, or who plan to become pregnant while in the 
trial  
	

Table 3.2: Detailed exclusion criteria for EMPA-VISION HFrEF. AF, atrial fibrillation; 

ALT, alanine aminotransferase; AP, alkaline phosphatase; AST, aspartate 

aminotransferase; BMI, body mass index; CAD, coronary artery disease; CHF, chronic 

heart failure; CMR, cardiovascular magnetic resonance; CPET, cardiopulmonary exercise 

testing; CRT, cardiac resynchronization therapy; CV, cardiovascular; GI, 

gastrointestinal; HF, heart failure; HFpEF, heart failure with preserved ejection fraction; 

HFrEF, heart failure with reduced ejection fraction; ICD, implantable cardioverter 

defibrillator; IV, intravenous; LAVI, left atrial volume index; LVAD, left ventricular assist 

device; LVEF, left ventricular ejection fraction; LVMI, left ventricular mass index; NT-
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proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; 

SBP, systolic blood pressure; SGLT1-i, sodium-glucose co-transporter-1 inhibitor; 

SGLT2-i, sodium-glucose co-transporter-2 inhibitor; T1DM, type 1 diabetes mellitus; TIA, 

transitory ischaemic attack 

	

3.3.4 Data acquisition 

3.3.4.1 Cardiac CT 

If clinical ischaemia testing was not performed within the last 6 months prior to 

their screening visits, participants underwent a research cardiac CT scan to 

determine eligibility. The purpose was to assess presence and quantify extent of any 

possible CAD (see Chapter 2.4). 

3.3.4.2 CMR  

CMR imaging was performed using two different 3-Tesla MRI scanners 

(Magnetom PRISMA and TRIO, Siemens Healthineers, Erlangen, Germany) as 

described in Chapter 2.5. Figure 3.2 provides an overview of timings and the 

detailed scan protocol.  
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Figure 3.2: CMR Protocol EMPA-VISION HFrEF 
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Figure 3.2: EMPA-VISION HFrEF CMR scanning protocol. The first imaging and MRS sections were acquired on the 3T Siemens PRISMA MR-

Scanner. After anatomical planning and pilot acquisition, long and short axis cines as well as myocardial tagging were performed. Then, myocardial 

triglyceride content (MTG) was assessed using 1H-MRS. After a scanner (to the Siemens 3T TRIO) and coil change, myocardial energetics (PCr/ATP) at 

rest and during dobutamine stress (65% age-maximal HR) were obtained. Following another break and change back to the Siemens 3T PRISMA, native 

T1-mapping was performed at rest using ShMOLLI,. Rest perfusion imaging was performed immediately after gadolinium injection (0.05 mmol/kg). 

followed immediately by short axis (SA) late gadolinium enhancement (LGE) acquisitions. After 15min, post-contrast ShMOLLI was acquired, followed 

by the last missing long axis LGE-images. 
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Using an 18-channel phased-array coil with the participant resting supine on the 

spine coil array, initial planning pilots and cine images were acquired in two long 

axis views (HLA, VLA) and in short axis slices covering the whole LV using 

retrospectively ECG-gated balanced steady-state free precession cine imaging or 

prospective gating in patients with atrial fibrillation (AF).125,191 T1-maps were 

acquired in two matching short-axis slices based on the ShMOLLI sequence as 

previously described.154 

Resting perfusion imaging was performed with an IV bolus injection of gadolinium 

(Gd) contrast (0.1 ml/kg, gadobutrol, Gadovist, Bayer AG, Sheffield, UK) followed 

by a 15-20 ml saline flush, both administered at 4-6 ml/sec. Pixel-wise perfusion 

maps were generated automatically using inline perfusion mapping software as 

previously described, to allow quantitative assessment of myocardial blood flow 

(MBF).162 

Late gadolinium enhancement (LGE) imaging was performed in long and short axis 

views to exclude myocardial infarction or other types of scarring, as per SCMR 

guidelines.125,191 Figure 3.3 presents an overview of CMR-sequences used. 
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Figure 3.3: CMR Sequences EMPA-VISION HFrEF 

	

Figure 3.3: CMR Sequences EMPA-VISION HFrEF. Overview of cardiovascular 

magnetic resonance (CMR) sequences used for the EMPA-VISION trial. All sequences 

were performed on scanners by the same vendor (Siemens Healthineers, Erlangen, 

Germany) and identical field strength (3 Tesla). 1H-MRS=proton magnetic resonance 

spectroscopy; 31P-MRS=phosphorus magnetic resonance spectroscopy; 

ECV=extracellular volume. 

3.3.4.3 Dobutamine stress 

Dobutamine was administered as a continuous intravenous infusion at incremental 

rates in order to achieve a significant haemodynamic effect. The infusion was 

commenced initially at 10 µg/kg/min but increased to a maximum of 40 µg/kg/min, 

depending on presence of a satisfactory haemodynamic response, which was 

defined as 65 % of the age maximum heart rate (HR; 220-age). This elevated HR 

was then maintained for the duration of the acquisition. HR and blood pressure (BP) 
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were measured at baseline and at one-minute intervals during and after 

pharmacological stress until normalisation to pre-examination levels. Wherever 

feasible, stress cines were acquired in a mid-short axis slice as well as VLA and 

HLA. Due to logistical considerations, the stress-imaging was conducted as part of 

the 31P-MRS acquisition hence used a different 3T-scanner (Magnetom TRIO, 

Siemens Healthineers, Erlangen, Germany) and had to be acquired using a locally 

created gradient echo-sequence (GRE) by means of the integrated scanner receiver 

coils which resulted in a lower image quality and more susceptibility to movement 

artefacts. 

3.3.4.4 Magnetic resonance spectroscopy  

Bi-nuclear magnetic resonance spectroscopy (31P- and 1H-MRS) was used to assess 

different aspects of myocardial metabolic function. Firstly, cardiac energetics 

(expressed as PCr/ATP) were assessed using 31P-MRS at rest and during 

dobutamine stress at 65% age-maximal HR (see Chapter 2.5.1) with patients 

resting in prone position over the centre of a dual-channel 31P Heart/Liver coil 

(Siemens Healthineers, Erlangen, Germany). Furthermore, myocardial steatosis 

was assessed via 1H-MRS (see Chapter 2.5.3) using an 18-channel surface coil 

supine in end-diastole and expiration. This enabled acquisition of water suppressed 

and water unsuppressed lipid spectra allowing for calculation of myocardial 

triglycerides. 

3.3.4.5 Echocardiography 

Transthoracic echocardiography (TTE) was used to evaluate cardiac structure and 

function according to recommendations outlined by the British Society of 
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Echocardiography.165 The following clinical information was recorded and 

analysed on a Philips Healthcare ISCV analysis station: 

• LVEF, LVEDV and -ESV, LVMi 
• Diastolic function 
• LV wall thickness and wall motion status 
• Haemodynamic status (cardiac output) 
• Valve status 

 

3.3.4.6 Cardiopulmonary exercise testing and spirometry 

Patients were seated on a stationary exercise bike (Ergoline GmbH, Bitz, Germany) 

for resting spirometry (see Chapter 2.7) and a cardiopulmonary exercise test 

(CPET) using breath-by-breath respiratory gas analysis (Metalyzer 3B, Cortex 

Biophysik, Leipzig, Germany). A standardised incremental exercise protocol was 

use, and patients encouraged to exercise until a RER of ≥1.1 was reached. SpO2, 

capillary lactate and subjective exertion (Borg Scale) were assessed every 2 minutes 

and peak VO2 measured at maximal exhaustion (see Chapter 2.7 for details). 

3.3.4.7 Six-minute walk test 

Participants performed a six-minute walk test (6-MWT) at their own paced along a 

20-meter corridor. Total distance covered, rating of perceived exertion as well as 

HR and BP were recorded prior to and after the test (see Chapter 2.8). 

3.3.4.8 Blood sampling and analysis 

A variety of biomarkers for assessment of safety (Table 3.3) and efficacy were 

measured in venous blood samples from patients fasting for at least 6 hours (see 

Chapter 2.11). 
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Table 3.3: Safety Bloods EMPA-VISION HFrEF 

	

Table 3.3: Safety Bloods EMPA-VISION HFrEF. List of biochemical substances 

analysed for assessment of safety in EMPA-VISION’s HFrEF cohort. 

 

Biomarker efficacy assessment 

• Aceto-acetate 

• Aldosterone 

• Angiotensin II 

• Beta-hydroxybutyrate 

• Brain natriuretic peptide 

• Erythropoietin 

• Fasting plasma glucose 

• Free Fatty Acids 

• HbA1c 
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• NT-proBNP 

• Renin activity 

• Direct renin concentration 

 

Serum metabolomics 

• 2,3-phosphoglycerate 

• Aconitate 

• Adenosine 

• Adenosinemonophosphate 

• Alphaketobutyrate 

• Alphaketoglutarate 

• Bis-phosphoglycerate 

• Citrate 

• Dimethylglycine 

• Fructosebisphosphate 

• g-amino butyric acid (GABA) 

• Glucose 

• Isocitrate 

• Inosine 

• Lactate 

• Malate 

• S-Adenosylhomocystein (SAH) 

• Succinate 

• Pyruvate 

	

3.3.5 Data analysis 

3.3.5.1 CMR 

Image analysis for cardiac indices was performed in an anonymised fashion offline 

in accordance with SCMR guidelines125, using cmr42 post-processing software by 
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an independent operator who was blinded to patient treatment status (see Chapter 

2.5 for details). Spectroscopy analysis and reconstruction for 31P-MRS was 

performed using the OXSA Toolbox150 with explicit calculation of both flip angle 

and peak partial saturation, correcting for the differing T1 of each metabolite given 

a particular TR, prior to fitting the phosphorus spectrum via AMARES, as described 

in detail elsewhere.150 

3.3.5.2 Echocardiography 

Analysis of TTE images was conducted on an ISCV workstation as outlined before 

(see Chapter 2.6). 

3.3.5.3 CPET and spirometry 

Breath-by-breath respiratory gas analysis to calculate peak ⩒O2 and other indices 

as well as spirometry analysis of FEV1 and FVC was conducted on a workstation 

after every individual exercise test (see Chapter 2.7). 

3.3.5.4 Biomarker and metabolomic analysis 

Fasting venous bloods for efficacy and safety analyses were processed locally in 

keeping with official and in-house working instructions and then snap-frozen before 

being sent to the analysing laboratory (LabCorp, Geneva, Switzerland). 

Metabolomic processing from fasting serum samples was conducted in a dedicated 

facility with vast experience in the field (Prof. Griffin Lab, Imperial College 

London/University of Aberdeen, UK) while analysis and visualisation were 

performed in OCMR using statistical analysis software (R Core Team 2022, R 

Foundation for Statistical Computing, Vienna, Austria). 
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3.3.6 Statistical analysis 

Statistical analyses of efficacy data were conducted at the Diabetes Trials Unit (The 

Oxford Centre for Diabetes, Endocrinology and Metabolism, University of Oxford, 

UK) following a prespecified statistical analysis plan (see the statistical analysis 

plan in the Data Supplement). Independent repetition of analyses was carried out 

for the purpose of this thesis. Due to the lack of specific data describing the impact 

of SGLT2i on measures of energy metabolism in patients with HF, the sample size 

was calculated using an effect size based on previously published literature.107,112,134 

Consequently, detecting a treatment difference of 0.3 with a b of 0.8, an estimated 

effect size of 1.07 and a two-sided significance level of 0.05, the minimum sample 

size was determined to be a minimum number of n=30 participants. Allowing for a 

maximum dropout rate of 30%, it was anticipated to recruit a maximum possible 

number of 43 patients. The primary endpoint analysis was performed using the per 

protocol set (PPS) of patients with valid PCr/ATP measurements available at 

baseline and Week 12 and no important protocol violation relevant to the primary 

endpoint. Protocol violations were reviewed before the database lock. The 

analytical procedure included a descriptive summary and a formal (inferential) 

statistical summary, analysis of variance (ANOVA), for the primary endpoint 

hypothesis testing.  

All patients randomised to study treatment, in line with the intention-to-treat 

principle, were defined as the randomised set (RS) which was set to be employed 

for a sensitivity analysis to check for an unbiased estimation of the primary endpoint 

result if a substantial number of protocol violations resulted in a reduced sample 

size used for the primary endpoint estimates. The analysis of exploratory endpoints 
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was performed on the RS of patients with available data using descriptive statistics 

or analysis of covariance (ANCOVA). All summaries were produced for both 

cohorts and performed on the RS using all available data. 

Subgroup analyses were performed to assess the homogeneity of treatment effects 

on changes in the PCr/ATP ratio in different subgroups (eGFR [< 60 vs. ≥ 60 

mL/min/1.73 m2], diabetes mellitus [yes / no], and atrial fibrillation [yes / no] 

subgroups). The same ANOVA model as used for the primary endpoint was 

employed with the addition of subgroup term (if not already fitted) and the 

treatment by subgroup interaction term. 

	

3.4 Results 

Patient recruitment took place in a single centre (OCMR, Oxford, UK) from March 

2018 until May 2020. A total of 101 patients performed a screening visit of which 

36 patients were enrolled eventually and randomised to treatment. 

3.4.1  Study population 

One participant in the placebo group withdrew from treatment due to cardiac 

decompensation shortly before his EOT visit (Visit 4). Overall, 35 (97.2 %) patients 

successfully finished their trial participation of which 18 were assigned to placebo 

and 17 assigned to empagliflozin.  

The mean duration of exposure to treatment was 83.6 days (SD 10.7) for the 

empagliflozin group and 84.5 days (SD 3.1) for the placebo group and overall 

treatment compliance was 99.4 % (SD 1.1). 63.9 % of patients were male, all 
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ns	

patients were White (100 %) and their mean age was 66 years (SD 13.3). All 

patients had a LVEF ≤ 40 % pre-treatment while a higher proportion of 

empagliflozin patients had more severe HF (NYHA III) at baseline (29.4 % 

empagliflozin vs. 5.3 % placebo). The mean eGFR was 71.2 ml/min/m2 (SD 24.3) 

and geometric mean NT-proBNP was 801.1 pg/ml (gSD 3.26) and 626.7 pg/ml 

(gSD 2.93), for the empagliflozin and placebo groups, respectively. Table 3.4 

summarises the general baseline characteristics of the randomised set of patients 

whereas CMR characteristics at baseline can be found in Table 3.5. 

Table 3.4: Baseline Patient Characteristics 

Characteristic Empagliflozin (n=17) Placebo (n=19) p-value 
Age, mean (SD), years 64.7 (12.7) 67.5 (14.1)  
Sex, n (%) 
Male 
Female 

 
10 (58.8) 
7 (41.2) 

 
13 (68.4) 
6 (31.6) 

Race, n (%) 
White 

 
17 (100) 

 
19 (100) 

BMI (kg/m2), mean (SD) 30.8 (9.1) 29.4 (4.5) 
SBP (mmHg), mean (SD) 123.4 (24.8) 120.1 (16.1) 
DBP (mmHg), mean (SD) 70.5 (15.4) 69.3 (8.7) 
eGFR (ml/min/1.73 m2), mean 
(SD) 

73.6 (19.7) 69.1 (28.2) 

NT-proBNP (pg/ml), gMean (gSD) 
 
Minimum, maximum 

801.1 (3.26) 
 

156.3, 4631.1 

626.7 (2.93) 
 

126.0, 8922.1 
ECG Parameters 
Heart rate (bpm), mean (SD) 
Sinus rhythm , n (%) 
Atrial fibrillation, n (%) 

 
69.1 (10.1) 
12 (70.6) 
5 (29.4) 

 
70.4 (12) 
13 (68.4) 
6 (31.6) 

NYHA classification, n (%) 
I 
II 
III 
IV 

 
0 

12 (70.6) 
5 (29.4) 

0 

 
0 

18 (94.7) 
1 (5.3) 

0 
Medical history, n (%) 
T2D 
Hypertension 
Stroke 

 
2 (11.8) 
4 (23.5) 
1 (5.9) 

 
3 (15.8) 
4 (21.1) 
1 (5.3) 

Medications, n (%)   
β-Blockers 14 (82.3) 19 (100) 
Ivabradine 2 (11.8) 0 (0.0) 
ACE-I / ARB 12 (70.6) 16 (84.2) 
Sacubitril / Valsartan 4 (23.5) 3 (15.8) 
MRA 14 (82.3) 12 (63.2) 
Diuretics 9 (52.9) 9 (47.4) 
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Anticoagulants 5 (29.4) 6 (31.6) 
Metformin 2 (11.8) 3 (15.8) 

Table 3.4: Baseline characteristics for all patients randomised to treatment. 

eGFR=estimated glomerular filtration rate (calculcated using Cockcroft-Gault formula), 

ACE-i=angiotensin converting enzyme inhibitor, ARB=angiotensin II receptor blocker, 

bpm=beats per minute, ECG=electrocardiogram, DBP=diastolic blood pressure, 

MRA=mineralocorticoid receptor antagonist, β-Blockers=betablockers, T2D=type 2 

diabetes, NYHA=New York Heart Association, SBP=systolic blood pressure, 

mmHg=millimetre mercury, pg=picogram, ml=millilitre,  
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Table 3.5:Baseline CMR Characteristics EMPA-VISION HFrEF 

	
Table 3.5: Baseline CMR-characteristics during rest and dobutamine stress in patients 
with HFrEF. LGE=late gadolinium enhancement; LV=left ventricular; SD=standard 
deviation. 
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3.4.2  Primary outcome 

3.4.2.1 Resting 31P-MRS 

Following 12 weeks of treatment with 10mg of empagliflozin, there was no 

significant difference regarding the change in resting PCr/ATP compared to 

placebo. The mean change was -0.179 (SE 0.117) for empagliflozin vs. 0.068 (SE 

0.114) for placebo with an adjusted mean treatment difference of -0.247 (SE 0.164; 

95 % CI: -0.582, 0.087; p=0.142). These results were further consistent when 

performing sensitivity analyses (ANCOVA) including baseline PCr/ATP as a 

covariate for the per protocol set (PPS) of patients (adjusted mean change -0.201 

(SE 0.099) for empagliflozin vs. 0.088 (SE 0.096) for placebo; adjusted mean 

treatment difference -0.289 (SE 0.139. 95 % CI: -0/572, -0.006; p=0.047). Thus, 

including the baseline covariate led to a slightly increased precision in favour of 

placebo treatment which resulted in a significant p-value (<0.05). 
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Figure 3.4: Resting PCr/ATP EMPA-VISION HFrEF 

	

Figure 3.4: Resting PCr/ATP EMPA-VISION HFrEF. Individual data points for the 

placebo (left) and empagliflozin treatment arms (right) at baseline (V2) and 12-week 

follow-up (V4). 

3.4.2.2 Subgroup analyses 

To assess treatment homogeneity on changes in the PCr/ATP, we conducted 

subgroup analyses regarding existing kidney disease (eGFR < 60 ml/Min/1.73m2 

vs. > 60 ml/Min/1.73m2), diabetes status (T2D yes vs .no) and presence of AF (yes 

vs. no). 

As before, results were consistent with the primary analysis (Figure 3.5). 

HFrE
F Plac

eb
o V2

HFrE
F Plac

eb
o V4

0

1

2

3

PC
r/A

TP

Placebo

HFrE
F EMPA V2

HFrE
F EMPA V4

0

1

2

3

PC
r/A

TP

PCr/ATP at rest

Empagliflozin



3.	Effects	of	SGLT2-inhibition	in	HFrEF	
	

96	
	

Figure 3.5: Forest Plot Subgroups EMPA-VISION HFrEF 

	

Figure 3.5: Subgroup Analysis EMPA-VISION HFrEF. Forest plot providing a visual 

display of 95 % CI according to selected subgroups in the per protocol set of HFrEF 

patients regarding the change of resting PCr/ATP from baseline to week 12. 
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3.4.3 Exploratory outcomes 

3.4.3.1 Dobutamine stress 31P-MRS 

The adjusted mean change of PCr/ATP during dobutamine stress was -0.055 (SE 

0.079) for empagliflozin vs. 0.078 (SE 0.072) for placebo resulting in an adjusted 

mean treatment difference of -0.132 (SE 0.107; 95 % CI: -0.352, 0.087; p=0.23). 

Individual data points, divided by treatment cohort (placebo vs. empagliflozin) are 

presented below (Figure 3.6). 

Figure 3.6: Dobutamine Stress PCr/ATP EMPA-VISION HFrEF 
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Figure 3.6: Stress PCr/ATP EMPA-VISION HFrEF. Scatterplot of individual patient 

values for PCr/ATP during dobutamine stress with bar and standard errors for the placebo 

and empagliflozin group separately.	

Equally, comparing the change in the difference between rest and stress (D 

PCr/ATP) from baseline to week 12 elicited similar results with an adjusted mean 

treatment difference of -0.146 (SE 0.124; 95 % CI: -0.401, 0.108: p=0.25). 

Individual data points are present in Figure 3.7 below. 

Figure 3.7: Delta (rest-stress) PCr/ATP EMPA-VISION HFrEF 

	

Figure 3.7: Delta PCr/ATP (rest-stress) EMPA-VISION HFrEF. Scatterplot with bars 

and standard error of delta PCr/ATP (rest-stress) for individual patients in respective 

cohorts at baseline (V2) and end of treatment (V4). 
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3.4.3.2 Assessment of myocardial steatosis via 1H-MRS 

Myocardial steatosis was reduced to a greater extent in the empagliflozin group (-

0.209, SE 0.170) compared to placebo (0.234, SE 0.189) which is also expressed in 

the adjusted mean treatment difference of -0.444 (SE 0.256; 95 % CI: -0.972, 0.084; 

p=0.0957). Individual patient values are shown below (Figure 3.8) 

Figure 3.8: Myocardial Triglycerides EMPA-VISION HFrEF 

	

Figure 3.8: Myocardial Triglycerides EMPA-VISION HFrEF. Scatterplot with 

bars and standard error of myocardial triglycerides (assessed with 1H-MRS) for individual 

patients in respective HFrEF cohorts at baseline (V2) and end of treatment (V4). 

3.4.3.3 Serum metabolomics 

The effects of empagliflozin and placebo treatment on a set of 19 targeted 

metabolomic markers were investigated. As expected in biological networks, a 
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the substances. No change induced by treatment with empagliflozin vs. placebo 

could be observed when analysing the data with Wilcoxon ranked t-tests (Figure 

3.9 B for statistical significance vs. magnitude of change). A partial least-squares 

discriminant analysis (PLS-DA) confirmed the neutral effect of treatment (see 

Figure 3.9 C). 
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Figure 3.9 A: Correlation 

Matrix EMPA-VISION 

HFrEF. Correlation 

matrix visualising the 

degree of correlation 

between different 

metabolites with red 

indicating a high degree of 

correlation. 

AMP=adenosine 

monophosphate; 

GABA=g-Aminobutyric 

acid; SAH=S-Adenosyl-L-

homocysteine  

Figure 3.9: Correlation Matrix EMPA-VISION HFrEF 
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Figure 3.9 B: Volcano plot 

EMPA-VISION HFrEF. 

Volcano plot visualising the 

degree of statistical significance 

on the y-axis versus the 

magnitude of change (fold 

change) on the x-axis. 
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Figure 3.9 C: PLS-DA EMPA-VISION HFrEF.  Partial least-squares determinant 

analysis (PLS-DA) showing no separation of groups when applying clustering according 

to treatment status (A=empagliflozin, B=placebo). 
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evident when indexed to body surface area (LVMI: -4.46 g/m2, SE 1.94; 95 % CI: 

-8.42, -0.5; p=0.029). 

Table 3.6: Change CMR Parameters EMPA-VISION HFrEF 

	

Table 3.6: Change from baseline to week 12 of selected CMR parameters EMPA-

VISION HFrEF. EF=LV ejection fraction, mL=millilitres. 

There were further no significant changes in measures of diastolic function, systolic 

function, or stroke volume during either rest or at peak-dobutamine stress, as 

determined by CMR (see details in Table 3.7 A and B below). 
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A	

B	

	

Table 3.7: ANCOVA CMR EMPA-VISION HFrEF 
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Table 3.7: ANCOVA of CMR Changes EMPA-VISION HFrEF. Changes from baseline 

to week 12 in selected measures of left ventricular function and volumes during rest (A) 

and peak dobutamine stress (B). 

3.4.3.5 Pre- and post-contrast T1-mapping 

The change in ShMOLLI-T1-derived measures for myocardial tissue 

characterisation (native, lesions and threshold) were all numerically greater in the 

empagliflozin group with the threshold T1 reaching statistical significance (Table 

3.8).  

Table 3.8: ShMOLLI T1 EMPA-VISION HFrEF 

	

Table 3.8: Change from baseline to week 12 in ShMOLLI-T1 parameters in EMPA-

VISION HFrEF. ms=milliseconds 

Overall, active treatment reduced the ECV-fraction numerically but did not meet 

nominal statistical significance. Surprisingly, when deriving LV-cellular and -

matrix volume separately as previously described192, the change in cellular volume 

in the empagliflozin group (-8.6 g, SE 2.004) compared to placebo (-1.1 g, SE 

2.466) (see Figure 3.10 below) became significant. LV matrix volume showed a 

greater, albeit no significant, reduction in the empagliflozin group.  
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Figure 3.10: LV-Cell and -Matrix Volume EMPA-VISION HFrEF 

	

Figure 3.10: LV Cell- and Matrix Volume EMPA-VISION HFrEF. Changes in LV-Cell 

and -Matrix volume (baseline to week 12) according to treatment status (placebo vs. 

empagliflozin). 
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3.4.3.6 Echocardiography 

There were no notable changes in echo parameters except for LVMI for which there 

was a mean decrease of -15.4 g/m2 (SD 28.05) in the empagliflozin but a mean 

increase of 6.3 g/m2 (SD 42.26) in the placebo group. Table 3.9 lists the changes in 

echo parameter over time underneath. 
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Table 3.9: 

Baseline 

values, Week 

12 values 

and changes 

in 

echocardiog

raphic 

parameters 

over time as 

mean (with 

SD) and IQR. 

N=number 

of patients

Table 3.9: Echocardiography Results EMPA-VISION HFrEF 
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3.4.3.7 Cardiopulmonary exercise testing and spirometry 

Surrogates of cardio-respiratory fitness showed numerical increases following 

treatment with empagliflozin compared to placebo (Figure 3.11) but overall, none 

of those were statistically significant. Systolic blood pressure during peak exercise 

decreased by -10.94 mmHg (SE 3.52) for empagliflozin contrary to a change of 

1.45 mmHg (SE 3.21) for placebo (-12.39 mmHg, SE 4.79; 95% CI: -22.20, -2.58; 

p=0.0152). 

Figure 3.11: Change in CPET Parameters EMPA-VISION HFrEF 
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Figure 3.11: CPET Results EMPA-VISION HFrEF. Median changes of respective 

CPET-measures with Wilcoxon-ranked t-tests to determine significance. 

3.4.3.8 Six-minute walk test 

There was no notable difference between empagliflozin and placebo regarding the 

change from baseline to week 12 in total distance covered (empagliflozin 17.06 m 

[SE 7.34] vs. placebo 19.78 m [SE 10.37], Borg dyspnoea score (empagliflozin: -

0.4 [SD 1.29] vs. placebo -0.2 [SD 1.31]) and fatigue score (-0.9 [SD 1.61] vs. -0.6 

[SD 1.74]) in the empagliflozin and placebo treatment groups. 

3.4.3.9 Patient reported outcomes 

Except for the self-efficacy in the empagliflozin group (mean change -4.41, SD 

19.23) and symptom stability in the placebo group (mean change -1.39, SD 26.39), 

all items of the KCCQ showed some improvement (increased score) from baseline 

in both the empagliflozin and placebo treatment groups, although relative changes 

were consistently greater in the empagliflozin group (Figure 3.12). Mean changes 

in the overall summary score from baseline at Week 12 were 9.81 (SD 12.16) for 

the empagliflozin treatment group and 4.24 (SD 14.33) for the placebo group. Mean 

changes in the overall clinical summary score from baseline at Week 12 followed 

the same pattern as changes in the overall summary score. Mean changes in the 

overall clinical summary score from baseline at Week 12 were 12.33 (SD 12.48) 

for the empagliflozin treatment group and 6.55 (SD 13.57) for the placebo group. 
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Figure 3.12: Change in Patient Reported Outcomes EMPA-VISION HFrEF 

	

Figure 3.12: Patient Reported Outcomes EMPA-VISION HFrEF. Mean changes in the 

respective symptom scores of the KCCQ between the placebo and the empagliflozin groups. 

 

Responses in the EQ-5D did not show any notable differences between the groups 

with an increased EQ-VAS score in both the empagliflozin (mean change 7.8; SD 

13.6) and placebo group (mean change 5.9; SD 16.9). 

3.4.3.10 Biomarker analysis 

For most biomarkers we observed no notable difference in change from baseline to 

last value on treatment between the empagliflozin and placebo groups. For renin, 

angiotensin II, and renin activity there were increases from baseline to week 12 in 

the empagliflozin group compared to a decrease in the placebo group. Relative 
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changes from baseline to week 12 for BNP and NT-proBNP were also comparable 

in the empagliflozin and placebo treatment groups (Table 3.10). 

Table 3.10: Biomarker Changes EMPA-VISION HFrEF 

	

Table 3.10: Biomarker Results EMPA-VISION HFrEF. Change from baseline to week 

12 (or last value on treatment) for selected exploratory biomarkers from fasting venous 

blood. 
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Selected changes in blood markers used for efficacy analyses are visualised in 

Figure 3.13. 

Figure 3.13: Relative Biomarker Changes EMPA-VISION HFrEF 

	

Figure 3.13: Relative Biomarker Changes EMPA-VISION HFrEF. Visualised summary 

of changes in selected biomarkers in the empagliflozin and placebo groups, respectively. 

3.5 Discussion 

This is the first randomised controlled, placebo controlled study to investigate 

metabolic effects of empagliflozin in patients with HFrEF with or without T2D in-

vivo. Furthermore, with a variety of exploratory outcomes and imaging 

investigations, it enables deeper mechanistic understanding of how SGLT2i exert 

their beneficial effects in patients with HFrEF. The principal findings of this study 

are that:  
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1) SGLT2i treatment did not result in significant enhancement in cardiac energetics, 

neither when measured in-vivo via 31P-MRS at rest or during dobutamine stress, nor 

when measuring serum metabolites related to overall energy production, ex-vivo.  

2) Empagliflozin treatment induces anti-fibrotic changes expressed via reduced 

LVM and LVMI, myocardial cellular volumes and native ShMOLLI T1. 

Furthermore, there was a near significant reduction of MTG, a marker of cardiac 

steatosis. 

	

3.5.1 Changes in myocardial energy metabolism 

Derangements in myocardial energy metabolism represent a deep link between 

cardio-metabolic risk factors (e.g. obesity, pre-diabetes), established concomitant 

diseases (e.g. T2D and hypertension) as well as overt HF and can thus be useful 

tools for patients risk stratification.9,193,194 The failing heart’s capacity to synthetise 

energy (i.e. ATP) from substrates like glucose or lipids (and others) as well as buffer 

periods of increased demand (via the CK system) is significantly blunted and when 

chronic, termed ‘metabolic remodelling’.195 In the chronically failing heart, the 

available pool of ATP is gradually, but progressively reduced by about 30% and 

this reflects a mismatch between synthesis and degradation in a generally well-

oxygenated tissue. The healthy heart is able to use macronutrients such as fat, 

glucose, ketones and branched chained amino acids (BCAA) interchangeably and 

this ‘metabolic flexibility’ is what the failing heart lacks.13 As a result, the perfectly 

balanced metabolic machinery in the heart is failing and logically, repleting the 

energetic equivalents appears like a valuable target when considering novel 
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approaches for HF treatments especially when considering that metabolism and 

cardiac function are indivisibly connected (see Chapter 1). 

SGLT2i induce glucosuria which leads to a caloric deficit of roughly 250 kcal per 

day. This in turn lowers the insulin to glucagon ratio and stimulates lipolysis which 

prompts hepatic production of ketone bodies. It was previously found that the 

failing heart is an avid utilizer of ketone bodies and that infusion of b-

hydroxybutyrate increased myocardial blood flow and cardiac function as well as 

output in patients with HFrEF.22,196 It has to be noted that the study by Nielsen et. 

al. used isotonic glucose infusions and insulin in parallel for both, placebo and b-

hydroxybutyrate infusion but the rate of glucose infusions appears to have been 

substantially higher following the cross-over from placebo to b-hydroxybutyrate 

and vice versa lower from b-hydroxybutyrate to placebo (only-only Data 

Supplement).196 Furthermore, the use of PET instead of hyperpolarized MR makes 

it impossible to analyse the cellular fate of the 11C-acetate used as a tracer abd this 

might have biased analyses slightly. Nevertheless, ketones have previously been 

touted myocardial ‘superfuels’ that might boost myocardial efficiency.188,197 As 

such, it appears reasonable to hypothesise that the beneficial clinical effects 

observed might (partly) be elicited by enhancing myocardial energetics.  

Indeed, early murine experiments presented positive results supporting this 

hypothesis. 182,184,186 Importantly, rodent HF models have well-known limitations 

and their generalisability to human HFrEF is restricted.71 Similar effects were seen 

in a porcine HF-model where empagliflozin treatment following myocardial 

infarction improved energetics, largely by increased myocardial ketone 

utilisation.185 Nevertheless, the HF model used in this study was purely ischaemic 
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and due to the experimental set-up, infarcted pigs were anaesthetised and also 

treated with amiodarone and atropine which might exert independent effects on 

cardiac energetics.198 Lastly, a human longitudinal cohort study in patients with 

T2D reported an increase in cardiac energy reserve (PCr/ATP) following treatment 

with empagliflozin for 12 weeks.189 In this study, resting PCr/ATP increased by 

0.24 following 12 weeks of treatment with empagliflozin. Notably, this study was 

not randomised or placebo controlled.199 Additionally, a prospective observational 

metabolomics study in diabetics treated with empagliflozin showed an 

improvement in metabolites associated to BCAA-metabolism.200 Whether or not 

these effects are equally present in patients with HFrEF irrespective of underlying 

T2D was unclear. 

The current (randomised controlled) study did not detect an improvement of 

myocardial energetics (i.e. PCr/ATP) at rest or during peak dobutamine stress from 

baseline to week 12 in patients with HFrEF treated with empagliflozin vs. placebo. 

Furthermore, a panel of 19 metabolites relating to intracellular energy production 

underpinned our neutral results, showing no significant changes (see Chapter 

3.4.3.3). Although serum metabolomics in HF rather reflect systemic metabolic 

perturbations than cardio-specific ones, these are still considered disease specific 

for HF and as such should have provided changes in the metabolite panel in case of 

detectable changes in high-energy phosphate metabolism.201 A previous study in 

advanced (transplant listed) HF patients showed metabolite changes pre- and post 

LV assist device implantation however, 80% of the patients investigated had an 

ischaemic aetiology which increases the variability and comparability to our 

cohort.202 Human evidence on metabolic effects following SGLT2i treatment 
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remains scarce but one other randomised controlled trial in patients with T2D 

likewise did not show any effect on cardiac energetics following 12 weeks of 

treatment with empagliflozin.190 The findings presented here were robustly present 

in sensitivity and subgroup analyses alike, although the limitations in sample size 

warrant caution when interpreting these. Interestingly, following adjustment for 

PCr/ATP at baseline, (ANCOVA) the treatment difference indicates a potentially 

negative effect on (-0.289, SE 0.139) cardiac energetics which would be in keeping 

with the idea that acetyl-CoA from ketones competes for entry into the TCA with 

pyruvate from glucose and thus, reduce rates of glucose oxidation via inhibition of 

PDH.203 Remarkably, two studies using positron emission tomography (PET) in 

patients with T2D confirmed a reduced myocardial glucose uptake following 

empagliflozin and dapagliflozin therapy, respectively.204,205 Furthermore, a very 

recent study investigated whether ketone ester supplementation in healthy 

individuals has any effects on cardiac or skeletal muscle energetics. Despite a drop 

in glucose and FFA in the patient’s blood and induction of a mild hyperketonaemia 

(similar to SGLT2i treatment) no effects on PCr/ATP in the heart or skeletal muscle 

were seen.206 However, whether or not this effect is an epiphenomenon and equally 

present in non-diabetic HFrEF patients after longer term treatment remains 

enigmatic and is worthy of further investigation.		

3.5.2 Changes in LV-structure and function 

The findings in this trial demonstrate a significant anti-hypertrophic (reduced LV 

mass and indexed mass) and anti-fibrotic (lower native ShMOLLI T1, reduced 

cardiac cell volume, numerically decreased myocardial triglycerides) but no effects 

on LV-volumes, -systolic or -diastolic function. These results are equally present in 
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two different imaging modalities (CMR and echocardiogram) and favour the effect 

of empagliflozin over placebo.  

Notably, these findings are in accordance with previous literature investigating 

empagliflozin treatment for 6 months in patients with T2D via CMR.207 In patients 

with HFrEF and concomitant diabetes, a reverse remodelling effect with reduction 

of LV-systolic volumes following empagliflozin treatment for 6 months was 

present.208 In non-diabetic patients with HFrEF, similar results were obtained 

including an improvement of LVEF.209 Importantly, these trials enrolled very 

selected patient populations including a higher percentage of ischaemic heart failure 

aetiology, where adverse remodelling is more prevalent and certainly carries higher 

impact on prognosis.210 It is established that ketones act as intracellular signal 

molecules and can inhibit histone deacetylases (HDAC’s) which potentially leads 

to antihypertrophic effects upstream and on the cellular protein level.211 

Furthermore, it was recently proposed that empagliflozin might stimulate	

autophagy, thereby contributing to reverse-remodelling.212 This mechanism, 

despite being hypothetical, could explain the reduction of LV cell volume, but not 

extracellular matrix, evident in this trial (Chapter 3.4.3.5). An observation already 

made in a cohort of patients with T2D following empagliflozin treatment.189 

Aligned with this finding in our study is the numerically reduced myocardial 

steatosis in the empagliflozin group (Chapter 3.4.3.2). A hallmark of HF, even 

preceding systolic dysfunction, are reduced rates of FAO while circulating FFAs 

are typically increased.213,214 Over time, this leads to deposition of lipids and lipid-

metabolism intermediates, further impairing energy generation, increasing 

inflammation and leading to increase in cellular volumes.215 Hence, reversing these 
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adverse changes is an attractive target and, as shown here, can also lead to a 

reduction in adverse remodelling which might explain the beneficial class effect of 

SGLT2i in patients with HFrEF.216 As with other medications for HFrEF, patient 

selection for this effect to develop might be the key to success as another 

randomised trial with dapagliflozin (10mg per day for 1 year) in T2D with mild 

cardiac dysfunction (baseline LVEF 46%) did not show effects on adverse 

remodelling.217. Consequentially, a recent imaging trial investigating the effects of 

sacubitril/valsartan on adverse remodelling in patients with asymptomatic LV 

dysfunction (ALVSD) was futile218 while in another population of patients with 

ischaemic or idiopathic HFrEF, the treatment reduced adverse remodelling.219	

3.5.3 Changes in cardiorespiratory fitness and patient reported outcomes 

Despite favouring empagliflozin treatment numerically, measures of cardio-

respiratory fitness in CPET and spirometry did not show statistically significant 

improvements (Chapter 3.4.3.7) in this trial. Equally, administration of 

dapagliflozin (10mg per day for 12 weeks) did not result in any measurable 

enhancement of peak VO2.220 Thus far, only one other trial enrolling HFrEF patients 

investigated cardio-respiratory fitness following SGLT2i treatment (EMPA-

TROPISM) and this reported significant improvements in peak VO2 as well as 

6MWT distance.209 EMPA-VISION was designed as a mechanistic experiment 

investigating metabolism primarily. Our results differ insofar as they indicate the 

effect on walking distance in the 6MWT was comparable between empagliflozin 

and placebo. This might well be a result of our smaller sample size but similarly 

can be a reflection of distinct patient characteristics (EMPA-VISION: non-

ischaemic HFrEF exclusively). Crucially, two other markedly larger randomised 
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controlled trials investigating 6MWT in patients with HFrEF as a co-primary 

outcome could not show significant improvements following treatment with 

Dapagliflozin (DETERMINE-reduced) and empagliflozin (EMPERIAL-

reduced).221,222 There is growing criticism for the 6MWT, initially a tool to explore 

respiratory disease, as a tool to investigate novel HF therapies and patient reported 

outcomes (such as KCCQ and/or EQ5D) are considered more useful and 

reproducible.223 In EMPA-VISION, more patients reported significant 

improvements in their QoL in the empagliflozin group compared to placebo 

(Chapter 3.4.3.9) which tallies with results of supplementary trials investigating 

different SGLT2i in patients with HF (canagliflozin224, dapagliflozin176, 

sotagliflozin180 and empagliflozin177). 

Of note, peak systolic blood pressure during exercise showed a significant reduction 

in the empagliflozin group however, no evidence exists on whether lowering 

exercise related hypertension (a physiological response) is beneficial as blood 

pressure increase during exercise in HFrEF appears to be driven by contractile 

reserve, which is a positive prognostic sign.225 Irrespective of its value, this effect 

is rather explained by a combination of optimised pre-and afterloading as well as 

direct vascular effects of SGLT2i peripherally or on the sympathetic nervous 

system (SNS) centrally.226-228 

3.5.4 Changes in biomarkers 

Biomarkers like BNP, NT-proBNP and Troponin (amongst others) are one of the 

cornerstones of diagnosis and stratifying risk as well as oversee treatment response 

in patients with HFrEF.229 While SGLT2i induce a certain degree of osmotic and 

natriuretic diuresis, they do not appear to dramatically lower prognostic biomarkers 
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in patients with acute230 or chronic176 HFrEF. Interestingly, SGLT2i like 

empagliflozin, canagliflozin and dapagliflozin have frequently been found to 

reduce natriuretic peptides by a magnitude of around 5-13%179,231-233 which is 

negligible compared to a near 30% reduction with sacubitril/valsartan in 

PARADGIM-HF and PROVE-HF.234,235 These smaller reductions of natriuretic 

peptides are uncoupled from reductions of HF hospitalisation which were greater 

in EMPEROR-reduced (30% relative risk reduction; empagliflozin) than 

PARADIGM-HF (21% relative risk reduction; sacubitril/valsartan).178,236  

Concordant with these results, there were no major effects on HF-related 

biomarkers (Chapter 3.4.3.10) in EMPA-VISION. Both, placebo and 

empagliflozin groups, showed a small decrease in NT-proBNP and BNP. Taken 

together, this suggests a different mechanism of action from traditional diuretic or 

haemodynamic drug effects in HF. 

As expected, there were mild changes relating to empagliflozin’s 

pharmacodynamic profile. Haematocrit, Erythropoetin, fasting plasma glucose and 

ketones (specifically acetoacetic acid) were elevated (see Figure 3.13 ‘Change in 

Biomarkers’), mirroring the excellent levels of treatment compliance of patients 

enrolled. Renin, renin activity and angiotensin II, all neurohormones of the renin-

angiotensin-aldosterone (RAAS) system, increased in the empagliflozin group but 

decreased with placebo. These effects, likely relating to plasma volume contraction, 

have been shown to be transient and return to normal after one year of treatment in 

a study with the SGLT2i ertugliflozin.237 
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3.6 Limitations and future directions 

Despite the methods used in this study represent the gold standard and metabolic 

assessment was carried out via in-vivo, spectroscopic and ex-vivo metabolomic 

analysis, there are several potential limitations. 

The population screened and enrolled in this trial all derived from one centre 

(Oxford University NHS Hospitals Foundation Trust, Oxford, UK) and as such is 

less diverse than the HF population intended to be treated with SGLT2i. A majority 

of participants were male (58.8%) and all of them were white. As such, this reduces 

the generalisability of our results and observed effects of this trial might have been 

different in patients with other ethnic backgrounds and/or sex.238,239 Furthermore, 

patients with an ischaemic aetiology of HF and/or devices were excluded. The 

majority of HFrEF cases are still caused by ischaemia thus, the results obtained here 

might not be true for all patients with HF especially as metabolic perturbations in 

an ischaemic (i.e. hypoxic) environment are distinctly dissimilar from the well 

oxygenated, non-ischaemic failing heart.240 

Due to randomisation effects in a small cohort, disease severity in the empagliflozin 

arm was higher (NT-proBNP, NYHA class, LV-volumes, LVEF). Accordingly, this 

may have interfered with our outcome analyses. Additionally, empagliflozin is 

available in two strengths (10mg and 25mg) and this trial exclusively investigated 

treatment with the lower dose. 

As this is the first trial assessing metabolic changes following treatment with 

SGLT2i in a HF population, power calculations had to be inferred from similar 

experiments yet with different patient populations enrolled.107,111,241 It remains 
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ambiguous if the minimally required number of 30 patients (i.e. 15 per cohort) was 

large enough to detect a treatment difference. In addition, the treatment difference 

anticipated in this study might in reality be smaller. Furthermore, the mean BMI of 

patients enrolled was 30 kg/m2 which reduces the signal to noise ratio of MRS 

hence, might further contribute to less reliable results. 

The approach to metabolomics included a targeted subset of pre-defined 

metabolites which carries potential for bias. 

Active treatment was only provided for 12 weeks, as this timepoint was previously 

observed in EMPAREG-OUTCOME for beneficial effects on HF outcomes. Given 

that previous metabolic treatments in HF populations were usually administered for 

at least 12 months or longer95 and all positive imaging trials with SGLT2i in HF 

observed patients for at least 6 months207-209, it remains a possibility that a longer 

treatment protocol would have provided different results. 

Recently, novel interest has sparked to explore potential metabolic modulation in 

order to re-orchestrate the perturbed metabolic machinery in patients with HFrEF. 

Considering SGLT2i in HFrEF, a plethora of animal (small and large animal 

models, see Chapter 3.5.1) exists demonstrating success of metabolic 

pharmacological intervention with SGLT2i however, little is known on metabolic 

interplay and differences of HF-aetiology on metabolic phenotypes. Per se, it is 

likely that a combination of multi-level data is needed to identify possible treatment 

effects in patient cohorts. The integration of (epi)genetic, and metabolomic data 

providing targets for key enzyme modulation is likely to hold more success. While 

certain key enzyme inhibitors like etomoxir have been tested in HF patients, it is 
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now possible to non-invasively interrogate cell pathways with dynamic nuclear 

polarisation or hyperpolarized MRS.242 Given the puzzling data around metabolic 

effects of SGLT2i, this study appears to be of value and thus, should be conducted 

in the near future. 

3.7 Conclusions 

In this trial, 12 weeks of treatment with empagliflozin in patients with HFrEF was 

safe and well-tolerated but did not improve myocardial energetics at rest or during 

dobutamine stress (PCr/ATP). However, exploratory outcome analysis suggests an 

anti-hypertrophic and -fibrotic effect which is in keeping with other trials 

investigating this treatment in this patient population. Exploring the effects on 

cardiac energetics and myocardial steatosis in a larger population of patients with 

less narrow aetiology might be of interest in future. 
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4  Effects of SGLT2-inhibition in 

HFpEF  

	

4.1 Abstract 

4.1.1 Background 

SGLT2i have emerged as versatile treatments for patients with T2D, HFrEF as well 

as CKD. Until recently, it was unclear whether the same would hold true for patients 

with HFpEF, who tend to be older and presenting with a significantly higher disease 

heterogeneity. Until recently, all trials investigating pharmacological treatment 

effects on outcomes in patients with HFpEF were futile however, the EMPEROR-

preserved trial demonstrated an overall benefit for usage of SGLT2i for this patient 

population. The primary outcome, cardiovascular (CV) death or HF hospitalisation, 

for empagliflozin vs. placebo, was 13.8% vs. 17.1% (hazard ratio [HR] 0.79, 95% 

confidence interval [CI] 0.69-0.90, p < 0.001). Secondary outcomes like change in 

eGFR and total hospitalisations were also significantly lower in the treatment arm. 

 Despite these positive results, there is ongoing debate whether the generally 

positive findings can be attributed to all phenotypes of HFpEF patients alike. 

Furthermore, it remains unclear by which mechanism, SGLT2i translate their 

beneficial effects and if this differs from patients with HFrEF. By enrolling patients 

with a clinical diagnosis of HFpEF and a truly preserved systolic function 
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(LVEF≥50%), this trial pursued to investigate effects of SGLT2i on cardiac 

energetics (PCr/ATP) and direct cardiac effects as well as effects on exercise 

physiology and multi-organ effects. 

4.1.2  Methods 

In this prospective, randomised, double-blind placebo-controlled mechanistic trial, 

patients with stable HFpEF (LVEF≥50%, n=36) were enrolled and randomly 

allocated to empagliflozin (10mg OD) or matching placebo for a duration of 12 

weeks. Subjects with typical signs (NT-proBNP>125pg/ml in SR or >600pg/ml in 

AF) and symptoms (NYHA II-IV) of HF as well as structural cardiac alterations 

(LVMi≥115g/m2 in males or ≥95g/m2 in females OR LAVi>34ml/m2) were 

considered eligible. The primary endpoint was defined as the change in resting 

PCr/ATP from baseline to week 12, determined by MRS. A plethora of other 

endpoints (see Chapter) were considered exploratory.  

	

4.1.3  Results 

As a result of the unprecedented global COVID-19 pandemic and far-reaching 

effects of national lockdowns, all face-to-face research activities in our single centre 

(OCMR, Oxford, UK) were suspended from 24th March 2020 onwards. This 

inability to conduct EOT visits following 12 weeks of treatment led to an exclusion 

of 13 (36.1%) patients from the randomised set (RS) and a subsequent size 

reduction of the per protocol set (PPS) to 13 patients on empagliflozin and 11 on 

placebo. As a result, certain imbalances across treatment groups, with a higher 
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disease burden in the empagliflozin group (elevated LVMi and LAVi; higher peak 

diastolic strain rate) compared to the placebo group became apparent. 

In brief, there was no significant difference in the difference PCr/ATP from baseline 

(visit 2) to week 12 (visit 4) (-0.16 ± 0.21; 95% CI: -0.60, 0.29; p=0.47). Equally, 

no notable difference between the empagliflozin and placebo group were seen 

regarding the change of PCr/ATP during dobutamine stress (-0.22 ± 0.21; 95% CI: 

-0.66, 0.23; p=0.32). Interestingly, we observed a numerical decrease of myocardial 

steatosis (measured as MTG via 1H-MRS) in the empagliflozin group (-0.41 ± 0.29 

adjusted mean change) but not in the placebo group (0.02 ± 0.34) (adjusted mean 

treatment difference -0.427 ± 0.45; 95% CI: -1.39, 0.54; p=0.36). Measures of 

systolic function at rest significantly improved with SGLT2i [(Peak circumferential 

systolic strain: -5.28 ± 2.2; 95% CI: -10.04, -0.53; p=0.03), (Peak systolic radial 

strain: 10.68 ± 4.4; 95% CI: 1.16, 20.19; p=0.03)]. Intriguingly, patients in the 

empagliflozin group had significantly improved pulmonary function measures 

(FVC 0.34L.± 0.15, p=0.03; FEV1=0.14L ±0.06, p=0.04) and further improved 

walking distance in the six-minute walk test (28.23m ± 14.19; 95% CI: -1.46, 57.93; 

p=0.06). 

4.1.4  Conclusions 

Despite the extensive difference between the RS of patients and the eventual PPS, 

due to the unprecedented global COVID-19 pandemic, this trial revealed that 

patients with chronic HFpEF who are treated with empagliflozin for 12 weeks do 

not improve their cardiac energetics at rest or under dobutamine stress. Exploratory 

endpoint analyses exhibit improved cardiac mechanics, walking distance and 
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measures of cardiorespiratory fitness as well as a reduced HF-related symptom 

burden. These results are encouraging for further exploration of responder analyses 

in selected HFpEF-phenotypes. 
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4.2 Introduction 

Heart failure with a preserved ejection fraction (HFpEF) is an increasing burden 

globally and has now overtaken the ‘classical’ HFrEF as leading HF-phenotype.4 

Due to the frequent expanse of cardio-metabolic diseases (T2D, obesity) and their 

detrimental cardiac and multi-organ effects, this number is projected to increase 

significantly in future. Patients with HFpEF tend to be multi-morbid including a 

higher proportion of frailty and a high prevalence of concomitant conditions, which 

makes treatment highly complex. Until recently, HFpEF remained a condition 

without effective treatment options and thus, symptomatic treatment was the 

mainstay of therapy. The mounting problem of patients with a traditionally higher 

LVEF but similar or even worse symptom burden than the typical HFrEF patient 

was acknowledged in 1984 already.243 However, it took almost 20 years before the 

first RCT for patients with HFpEF tested the efficacy of candesartan (CHARM-

preserved) in this population.244 Frustratingly, all of the pharmacological treatments 

exhibiting prognostic benefits on outcomes in HFrEF, have proven futile in HFpEF 

(Figure 4.1). 
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Figure 4.1: Outcome Trials in HFpEF 

	

Figure 4.1: Outcome Trials in HFpEF. Chronologic overview of pharmacologic 

treatments in randomised controlled trials (RCT) investigated for diastolic HF/HFpEF.244-

254 Trial designations written in capital letters and bold with treatment names below. 

Alas, almost another two decades went past before it was demonstrated, for the first 

time, that empagliflozin reduces the risk for a combination of hospitalisation for 

HFpEF and cardiovascular death.1 Nevertheless, a problem in these trials is that, 

over time, the definition for HFpEF have been inconsistent and trials for a long time 

have included patients with an EF >40% or 45% and labelled them as HFpEF. This 

emphasises the problem of phenotypisation in a severely heterogenous disease 

population.5 

It was demonstrated previously that patients with HFpEF have an energetic deficit 

similar to patients with other forms of HF.73,74 The heart in patients with HFpEF is 

stiffer and thus, restricted when filling with blood during systole despite a preserved 
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ejection fraction. This problem is significantly more evident during exercise hence 

why the hallmark of HFpEF is a severely blunted stress reserve. 

Little is known about metabolic alterations of HFpEF patients as most data focused 

on obese or diabetic patients with LVH and a deranged diastolic function rather as 

a bystander. Nevertheless, diastolic function requires energy and thus, enhancing 

energy production in a state of deficit is an attractive novel target in patients with 

HFpEF. In addition, studies examining mitochondrial function and genetic 

expression related to energy production indicated a distinct pattern different to 

metabolic signatures in HFrEF.255,256 Hence, this trial sought to investigate the 

effects of 12 weeks of treatment with the SGLT2i empagliflozin on myocardial 

energy reserve at rest and during dobutamine stress. Furthermore, multiple 

exploratory endpoints relating to imaging parameters and cardiorespiratory fitness 

will enable improved understanding of mechanistic effects in this patient 

population. 

4.3 Methods 

Due to the nature of EMPA-VISION, assessments in the HFpEF group were 

identical to assessments in the HFrEF group (Chapter 3) hence, the methods 

described below are identical to the descriptions in the previous chapter. 

4.3.1 Randomisation 

During their baseline visit (Visit 2, Figure 4.2), eligible patients were randomly 

assigned to receive either 10mg of empagliflozin or matching placebo per day over 

a period of 12 weeks. Randomisation occurred in a 1:1 fashion and the drug 

assignment was carried out using an interactive web response system. The 
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randomisation list involved a pseudo-random number generator ensuring the 

resulting treatment was both reproducible and non-predictable with a block size of 

4. 

4.3.2 Study visit schedule 

Patients deemed eligible after a meticulous pre-screening process were invited for 

a screening visit (Visit 1) to determine their eligibility status. From their attendance 

at this visit, there was a 21-day window to invite them for their subsequent 

randomisation visit (Visit 2, day 1 of treatment) and perform the randomisation to 

treatment (see 4.3.1 for details). As a safety precaution, patients were invited for a 

safety visit (Visit 3, 14±1 days of treatment) before attending their EOT visit (Visit 

4, 84±4 days of treatment). To ensure safety, an additional phone call (Visit 5, days 

7-14 after Visit 4) was conducted to ensure uncomplicated withdrawal from the 

study drug. 
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Figure 4.2: Visit Timeline EMPA-VISION HFpEF 

	

Figure 4.2: Visit Timeline EMPA-VISION HFpEF. Schematic overview of EMPA-
VISION’s HFpEF study design: After screening (Visit 1; Day -21) and determination of 
their eligibility, participants will be invited for randomisation and baseline assessments 
(Visit 2; Day 1). A safety assessment will be conducted after 15 days (± 1) of treatment 
(Visit 3; Day 15 ± 1). Following treatment for 12 weeks, baselines assessments were 
repeated (Visit 4; Day 84 ± 4). A final follow-up was carried out via telephone (Visit 5; 
Day 91 ± 7). EOS=end of study; EOT=end of treatment. 

	

4.3.3 Study population 

Subjects were considered eligible with an established clinical diagnosis of chronic 

HFpEF with typical signs (NT-proBNP>125pg/mL in patient with sinus rhythm or 

>600pg/mL in patients with AF; LVMi >115g/m2 in males / >95g/m2 in females; 

LAVi >34ml/m2) and symptoms (NYHA II-IV), as well as a preserved LVEF 

(≥50%) (measured by echocardiography at screening). Patients with active 

ischaemia, implanted devices, recent (within 1 week prior to screening visit) 

decompensated HF, or recently changed diuretic dosing as well as a severely 
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impaired renal function (creatinine clearance <30mL/min by Cockcroft-Gault 

formula) were excluded. A comprehensive list of inclusion (Table 4.1) and 

exclusion criteria (Table 4.2) are provided below. 

Table 4.1: Inclusion Criteria EMPA-VISION HFpEF 

 
Inclusion Criteria HFpEF 
 
•CHF ≥ 3 months 
•NYHA II-IV at screening  
•BMI < 40 kg/m2 
•Age ≥ 18 years 
•Written informed consent 
•LVEF ≥50% 
•NT-proBNP (> 125 pg/mL) if free from AF 
•NT-proBNP (> 600 pg/mL) if diagnosed AF 
•LAVI > 34 mL/m2 
•LVMI > 115 g/m2 (males) or > 95 g/m2 (females)  
•Stable dose of oral diuretics > 1 week 
 

Table 4.1: Detailed inclusion criteria for EMPA-VISION HFpEF; AF=atrial 

fibrillation; BMI=body mass index; CHF=chronic heart failure; LVEF=left ventricular 

ejection fraction; NT-proBNP=n-terminal pro b-type natriuretic peptide 

Table 4.2: Exclusion Criteria EMPA-VISION HFpEF 

 
Exclusion Criteria HFpEF 
 
•Stroke or TIA < 6 months 
•Scars or non-viable myocardium in the interventricular septum, unstable angina pectoris 
due to CAD, major CV surgery (investigator opinion) 
•Any contraindication for CMR, CPET, dobutamine stress test  
•Heart transplant recipient or listed for heart transplant  
•Cardiomyopathy based on infiltrative diseases (e.g. amyloidosis), accumulation 
diseases (e.g. Haemochromatosis, Fabry’s disease), muscular dystrophies, 
cardiomyopathy with reversible causes (e.g. stress cardiomyopathy), hypertrophic 
obstructive cardiomyopathy or known pericardial constriction  
•Moderate to severe uncorrected primary valvular heart disease 
•Acute decompensated HF (exacerbation of CHF) requiring IV diuretics, IV inotropes or 
IV vasodilators, or LVAD or hospitalisation 
•SBP ≥ 180 mmHg at screening. If SBP > 150 mmHg and < 180mmHg at screening on 
antihypertensive triple therapy 
•Symptomatic hypotension and/or a SBP < 100 mmHg at screening  
•Uncontrolled AF 
•Untreated ventricular arrhythmia with syncope documented within the 3 months prior to 
informed consent in patients without ICD  
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•Diagnosis of cardiomyopathy induced by chemotherapy or peripartum < 12 months prior 
to informed consent  
•Symptomatic bradycardia or second or third-degree heart block in need of a pacemaker 
after adjusting beta-blocker therapy or any other negative inotropic agents 
•Significant chronic pulmonary disease 
•Indication of liver disease, defined by serum levels of either ALT, AST, or AP above 3 
x upper limit of normal 
•Impaired renal function (Creatinine Clearance < 30 mL/min and/or dialysis) 
•Haemoglobin < 10 g/dL 
•T1DM  
•History of ketoacidosis  
•Major surgery < 3 months prior or scheduled within trial  
•GI surgery or significant GI disorder 
•Active or suspected malignancy or history of malignancy within 2 years prior to informed 
consent 
•Any other disease than HF with a life expectancy of < 1 year 
•Any drug considered likely to interfere with the safe conduct of the trial  
•Requirement for treatment with empagliflozin 
•Treatment with any SGLT2i or combined SGLT1- and SGLT2i 
•Currently enrolled in another investigational device or drug study, or < 30 days between 
randomisation and ending the other investigational trial  
•Known allergy or hypersensitivity to empagliflozin or other SGLT2i 
•Chronic alcohol or drug abuse  
•Women who are pregnant, breastfeeding, or who plan to become pregnant while in the 
trial  

Table 4.2: Detailed Exclusion Criteria for EMPA-VISION HFpEF. AF, atrial 

fibrillation; ALT, alanine aminotransferase; AP, alkaline phosphatase; AST, aspartate 

aminotransferase; BMI, body mass index; CAD, coronary artery disease; CHF, chronic 

heart failure; CMR, cardiovascular magnetic resonance; CPET, cardiopulmonary 

exercise testing; CRT, cardiac resynchronization therapy; CV, cardiovascular; GI, 

gastrointestinal; HF, heart failure; HFpEF, heart failure with preserved ejection 

fraction; HFrEF, heart failure with reduced ejection fraction; ICD, implantable 

cardioverter defibrillator; IV, intravenous; LAVI, left atrial volume index; LVAD, left 

ventricular assist device; LVEF, left ventricular ejection fraction; LVMI, left ventricular 

mass index; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York 

Heart Association; SBP, systolic blood pressure; SGLT1-i, sodium-glucose co-

transporter-1 inhibitor; SGLT2-i, sodium-glucose co-transporter-2 inhibitor; T1DM, type 

1 diabetes mellitus; TIA, transitory ischaemic attack 
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4.3.4 Data acquisition 

4.3.4.1 Cardiac CT 

If clinical ischaemia testing was not performed within the last 6 months prior to 

their screening visits, participants underwent a research cardiac CT scan to 

determine eligibility. The purpose was to assess presence and quantify extent of any 

possible CAD (see Chapter 2.4). 

4.3.4.2 CMR 

CMR imaging was performed using two 3-Tesla MRI scanners (Magnetom 

PRISMA and TRIO, Siemens Healthineers, Erlangen, Germany). Figure 4.3 

provides an overview of timings and the detailed scan protocol. 
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Figure 4.3: CMR Protocol EMPA-VISION HFpEF 
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Figure 4.3: EMPA-VISION HFpEF CMR scanning protocol. The first imaging and MRS sections were acquired on the 3T Siemens PRISMA MR-

Scanner. After anatomical planning and pilot acquisition, long and short axis cines as well as myocardial tagging were performed. Then, myocardial 

triglyceride content (MTG) was assessed using 1H-MRS. After a scanner (to the Siemens 3T TRIO) and coil change, myocardial energetics (PCr/ATP) at 

rest and during dobutamine stress (65% age-maximal HR) were obtained. Following another break and change back to the Siemens 3T PRISMA, native 

T1-mapping was performed at rest using ShMOLLI,. Rest perfusion imaging was performed immediately after gadolinium injection (0.05 mmol/kg). 

followed immediately by short axis (SA) late gadolinium enhancement (LGE) acquisitions. After 15min, post-contrast ShMOLLI was acquired, followed 

by the last missing long axis LGE-images. 
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Using an 18-channel phased-array coil with the participant resting supine on the 

spine coil, the initial planning pilots and cine images were acquired in two long axis 

views (HLA, VLA) and in short axis slices covering the whole LV using 

retrospectively ECG-gated balanced steady-state free precession cine imaging or 

prospective gating in patients with atrial fibrillation (AF).125,191 T1-maps were 

acquired in two matching short-axis slices based on the ShMOLLI sequence as 

previously described.154 

Resting perfusion imaging was performed with an IV bolus injection of gadolinium 

(Gd) contrast (0.1 ml/kg, gadobutrol, Gadovist, Bayer AG, Sheffield, UK) followed 

by a 15-20 ml saline flush, both administered at 4-6 ml/sec. Pixel-wise perfusion 

maps were generated automatically using inline perfusion mapping software as 

previously described, to allow quantitative assessment of myocardial blood flow 

(MBF).162 

Late gadolinium enhancement (LGE) imaging was performed in long and short axis 

views to exclude myocardial infarction or other types of scarring, as per SCMR 

guidelines.125,191 Figure 4.4 presents an overview of CMR-sequences used. 
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Figure 4.4: CMR Sequences EMPA-VISION HFpEF 

 

Figure 4.4: Overview of CMR Sequences EMPA-VISION HFpEF. Cardiovascular 

magnetic resonance (CMR) sequences used for the EMPA-VISION trial. All sequences 

were performed on scanners by the same vendor (Siemens Healthineers, Erlangen, 

Germany) and identical field strength (3 Tesla). 1H-MRS=proton magnetic resonance 

spectroscopy; 31P-MRS=phosphorus magnetic resonance spectroscopy; 

ECV=extracellular volume. 

4.3.4.3 Dobutamine stress 

Dobutamine was administered as a continuous intravenous infusion at incremental 

rates in order to achieve a significant haemodynamic effect. The infusion was 

commenced initially at 10 µg/kg/min but increased to a maximum of 40 µg/kg/min, 

depending on presence of a satisfactory haemodynamic response, which was 

defined as 65% of the age maximum heart rate (HR; 220-age). This elevated HR 

was then maintained for the duration of the acquisition. HR and blood pressure (BP) 



4.	Effects	of	SGLT2-inhibition	in	HFpEF	
	

144	
	

were measured at baseline and at one-minute intervals during and after 

pharmacological stress until normalisation to pre-examination levels. Wherever 

feasible, stress cines were acquired in a mid-short axis slice as well as VLA and 

HLA. Due to logistical considerations, the stress-imaging was conducted as part of 

the 31P-MRS acquisition hence used a different 3T-scanner (Magnetom TRIO, 

Siemens Healthineers, Erlangen, Germany) and had to be acquired using a locally 

created GRE-sequence by means of the integrated scanner receiver coils which 

resulted in a lower image quality and more susceptibility to movement artefacts. 

4.3.4.4 Magnetic resonance spectroscopy 

Multi-nuclear magnetic resonance spectroscopy (31P- and 1H-MRS) was used to 

assess different aspects of myocardial metabolic function. Firstly, cardiac 

energetics (expressed as PCr/ATP) were assessed using 31P-MRS at rest and during 

dobutamine stress at 65% age-maximal HR (see Chapter 2.5.1) with patients laying 

in prone position over the centre of a dual-channel 31P Heart/Liver coil (Siemens 

Healthineers, Erlangen, Germany). Furthermore, myocardial steatosis was assessed 

via 1H-MRS (see Chapter 2.5.3) using an 18-channel receive array supine in end-

diastole and expiration. This enabled acquisition of water suppressed and water 

unsuppressed lipid spectra allowing for calculation of myocardial triglycerides. 

4.3.4.5 Echocardiography 

Transthoracic echocardiography (TTE) was used to evaluate cardiac structure and 

function according to recommendations outlined by the British Society of 

Echocardiography.165 The following clinical information was recorded and 

analysed on a Philips Healthcare ISCV analysis station: 
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• LVEF, LVEDV and -ESV, LVMi 

• Diastolic function 

• LV wall thickness and wall motion status 

• Haemodynamic status (cardiac output) 

• Valve status 

 

4.3.4.6 Cardiopulmonary exercise testing and spirometry 

Patients were seated on a stationary exercise bike (Ergoline GmbH, Bitz, Germany) 

for resting spirometry (see Chapter 2.7) and a cardiopulmonary exercise test 

(CPET) using breath-by-breath respiratory gas analysis (Metalyzer 3B, Cortex 

Biophysik, Leipzig, Germany). A standardised incremental exercise protocol was 

use, and patients encouraged to exercise until a RER of ≥1.1 was reached. SpO2, 

capillary lactate and subjective exertion (Borg Scale) were assessed every 2 minutes 

and peak VO2 measured at maximal exhaustion (see Chapter 2.7 for details). 

4.3.4.7 Six-minute walk test 

Participants performed a six-minute walk test (6-MWT) at their own paced along a 

20-meter corridor. Total distance covered, rating of perceived exertion as well as 

HR and BP were recorded prior to and after the test (see Chapter 2.8). 

4.3.4.8 Blood sampling and analysis 

A variety of biomarkers for assessment of safety (Table 4.3) and efficacy were 

measured in venous blood samples from patients fasting for at least 6 hours (see 

Chapter 2.11). 



4.	Effects	of	SGLT2-inhibition	in	HFpEF	
	

146	
	

Table 4.3: Safety Bloods EMPA-VISION HFpEF 

	

Table 4.3: Safety Bloods EMPA-VISION HFpEF. List of biochemical substances 

analysed for assessment of safety in EMPA-VISION’s HFrEF cohort	

Biomarker efficacy assessment 

• Aceto-acetate 

• Aldosterone 

• Angiotensin II 

• Beta-hydroxybutyrate 

• Brain natriuretic peptide 

• Erythropoietin 

• Fasting plasma glucose 

• Free Fatty Acids 

• HbA1c 

• NT-proBNP 



4.	Effects	of	SGLT2-inhibition	in	HFpEF	
	

147	
	

• Renin activity 

• Direct renin concentration 

	

Serum metabolomics 

• 2,3-phosphoglycerate 

• Aconitate 

• Adenosine 

• Adenosinemonophosphate 

• Alphaketobutyrate 

• Alphaketoglutarate 

• Bis-phosphoglycerate 

• Citrate 

• Dimethylglycine 

• Fructosebisphosphate 

• g-amino butyric acid (GABA) 

• Glucose 

• Isocitrate 

• Inosine 

• Lactate 

• Malate 

• S-Adenosylhomocystein (SAH) 

• Succinate 

• Pyruvate 
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4.3.5 Data analysis 

4.3.5.1 CMR 

Image analysis for cardiac indices was performed in an anonymised fashion offline 

in accordance with SCMR guidelines125, using cmr42 post-processing software by 

an independent operator who was blinded to patient treatment status. Spectroscopic 

analysis for 31P- and 1H-MRS was performed as described in Chapters 2.5.1 and 

2.5.3 of this thesis, respectively. 

4.3.5.2 Echocardiography 

Analysis of TTE images was conducted on an ISCV workstation as outlined before 

(see Chapter 2.6). 

4.3.5.3 CPET and spirometry 

Breath-by-breath respiratory gas analysis to calculate peak VO2 and other indices 

as well as spirometry analysis of FEV1 and FVC was conducted on a workstation 

after every individual exercise test (see Chapter 2.7). 

4.3.5.4 Biomarker and metabolomic analysis 

Fasting venous bloods for efficacy and safety analyses were processed locally in 

keeping with official and in-house working instructions and then snap-frozen before 

being sent to the analysing laboratory (LabCorp, Geneva, Switzerland). 

Metabolomic processing from fasting serum samples was conducted in a dedicated 

facility with vast experience in the field (Prof. Griffin Lab, Imperial College 

London/University of Aberdeen, UK) while analysis and visualisation were 

performed in OCMR using statistical analysis software (R Core Team 2022, R 

Foundation for Statistical Computing, Vienna, Austria). 
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4.3.6 Statistical analysis 

Statistical analyses of efficacy data were conducted at the Diabetes Trials Unit (The 

Oxford Centre for Diabetes, Endocrinology and Metabolism, University of Oxford, 

UK) following a prespecified statistical analysis plan (see the statistical analysis 

plan in the Data Supplement). Due to the lack of specific data describing the impact 

of SGLT2i on measures of energy metabolism in patients with HF, the sample size 

was calculated using an effect size based on previously published literature.107,112,134 

Consequently, detecting a treatment difference of 0.3 with a b of 0.8, an estimated 

effect size of 1.07 and a two-sided significance level of 0.05, the minimum sample 

size was determined to be a minimum number of n=30 participants. Allowing for a 

maximum dropout rate of 30%, it was anticipated to recruit a maximum possible 

number of 43 patients. The primary endpoint analysis was performed using the per 

protocol set (PPS) of patients with valid PCr/ATP measurements available at 

baseline and Week 12 and no important protocol violation relevant to the primary 

endpoint. Protocol violations were reviewed before the database lock. The 

analytical procedure included a descriptive summary and a formal (inferential) 

statistical summary, ANOVA, for the primary endpoint hypothesis testing.  

All patients randomised to study treatment, in line with the intention-to-treat 

principle, were defined as the randomised set (RS) which was set to be employed 

for a sensitivity analysis to check for an unbiased estimation of the primary endpoint 

result if a substantial number of protocol violations resulted in a reduced sample 

size used for the primary endpoint estimates. The analysis of exploratory endpoints 

was performed on the RS of patients with available data using descriptive statistics 
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or ANCOVA. All summaries were produced for both cohorts and performed on the 

RS using all available data. 

Subgroup analyses were performed to assess the homogeneity of treatment effects 

on changes in the PCr/ATP ratio in different subgroups (eGFR [<60 vs. ≥60 

mL/min/1.73 m2], diabetes mellitus [yes / no], and atrial fibrillation [yes / no] 

subgroups). The same ANOVA model as used for the primary endpoint was 

employed with the addition of subgroup term (if not already fitted) and the 

treatment by subgroup interaction term. 

4.4 Results  

Patient recruitment took place in a single centre (OCMR, Oxford, UK) from March 

2018 until May 2020. A total of 101 patients performed a screening visit of which 

36 patients were enrolled eventually and randomised to treatment. As mentioned 

above, due to the unforeseen impact of the global COVID-19 pandemic and 

subsequent effects on healthcare systems as well as restrictions implemented, 13 

patients were unable to complete their EOT-visits (Visit 4) and thus, were excluded 

from the PPS. This unfortunately led to a reduction of the power from 80 % to 70 

%.  

.
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4.4.1  Study population 

Baseline data were well balanced in both treatment arms of the trial (Table 4.4). 

One patient in the placebo group was removed from the trial prematurely after 

experiencing cardiac arrest during the study CPET, one patient in the treatment 

group was removed after experiencing a UTI. Overall, 24 (11 placebo, 13 

empagliflozin) of the 36 patients initially randomised to treatment completed their 

trial participation as defined in the per-protocol set (PPS).  

Mean treatment duration was 84.7 days (SD 2.0) in the placebo and 82 days (SD 

14.8) in the empagliflozin group, respectively. There were imbalances regarding 

the prevalence of risk factors for more severe HFpEF indicating a possibly elevated 

risk in the empagliflozin group. NT-proBNP, BMI, blood pressure, peak diastolic 

strain rate and end-diastolic volumes were all higher in the empagliflozin group. 

Nevertheless, HF symptom severity (NYHA class) was equally distributed.  The 

mean eGFR of all patients was 68 ml/min/1.73m2 (SD 19.1) while the geometric 

mean NT-proBNP was higher in the empagliflozin group (800.88, gSD 2.52) 

compared to the placebo group (643.57, gSD 2.47). Table 4.4 summarises selected 

general baseline characteristics and Table 4.5 CMR characteristics at baseline. 
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Table 4.4: Baseline Patient Characteristics EMPA-VISION HFpEF 

Characteristic Empagliflozin (n=18) Placebo (n=18) p-value 
Age, mean (SD), years 69.1 (10.9) 72.1 (7.0)  Sex, n (%) 
Male 
Female 

 
10 (55.6) 
8 (44.4) 

 
9 (50.0) 
9 (50.0) 

Race, n (%) 
White 
Black 
Asian 

 
16 (88.9) 
1 (5.6) 
1 (5.6) 

 
18 (100) 

BMI (kg/m2), mean (SD) 30.58 (5.81) 29.4 (4.5) 
SBP (mmHg), mean (SD) 135.4 (21.8) 120.1 (16.1) 
DBP (mmHg), mean (SD) 74.2 (11.9) 74.2 (10.7) 
eGFR (ml/min/1.73 m2), mean 
(SD) 

72.0 (19.1) 69.1 (28.2) 

NT-proBNP (pg/ml), gMean (gSD) 
 
Minimum, Maximum 

800.88 (2.52) 
 

158.1, 6186.3 

643.57 (2.47) 
 

164.2, 2565.0 
ECG Parameters 
Heart rate (bpm), mean (SD) 
Sinus rhythm , n (%) 
Atrial fibrillation, n (%) 

 
72.57 (16.18) 

10 (55.6) 
8 (44.4) 

 
72.41 (12.83) 

10 (55.6) 
8 (44.4) 

NYHA classification, n (%) 
I 
II 
III 
IV 

 
0 

15 (83.3) 
3 (16.7) 

0 

 
0 

14 (77.8) 
3 (16.7) 
1 (5.6) 

Medical history, n (%) 
T2D 
Hypertension 
Stroke 

 
2 (11.1) 
7 (38.9) 
1 (5.6) 

 
2 (11.1) 
5 (27.8) 
1( 5.6) 

Medications, n (%)   
β-Blockers 14 (77.8) 5 (27.8) 
ACE-I / ARB 12 (66.7) 8 (44.4) 
MRA 4 (28.6) 4 (28.6) 
Diuretics 11 (61.1) 11 (61.1) 
Anticoagulants 13 (72.2) 9 (50.0) 
Metformin 0 (0.0) 2 (11.1) 

Table 4.4: Baseline characteristics EMPA-VISION HFpEF. Characteristics at baseline 

for all patients randomised to treatment. eGFR=estimated glomerular filtration rate 

(calculated using Cockcroft-Gault formula), ACE-i=angiotensin converting enzyme 

inhibitor, ARB=angiotensin II receptor blocker, bpm=beats per minute, 

ECG=electrocardiogram, DBP=diastolic blood pressure, MRA=mineralocorticoid 

receptor antagonist, β-Blockers=betablockers, T2D=type 2 diabetes, NYHA=New York 

Heart Association, SBP=systolic blood pressure, mmHg=millimetre mercury, 

pg=picogram, ml=millilitre, 
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Table 4.5: Baseline CMR Characteristics EMPA-VISION HFpEF 

	

Table 4.5: Baseline CMR-characteristics EMPA-VISION HFpEF. Baseline CMR 
characteristics during rest and dobutamine stress in patients with HFrEF. LGE=late 
gadolinium enhancement; LV=left ventricular; SD=standard deviation. 
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4.4.2  Primary outcome 

4.4.2.1 Resting 31P-MRS 

In this trial, I did not observe a significant change myocardial energetics at rest in 

subjects with HFpEF following 12 weeks of treatment with empagliflozin. The 

mean change was 0.100 (SE 0.143) for empagliflozin and 0.259 (SE 0.156) for 

placebo, with an adjusted mean treatment difference of -0.159 (SE 0.213; 95 % 

CI: -0.604, 0.286; p=0.4650). This result was unchanged when including baseline 

PCr/ATP as a covariate in an ANCOVA model demonstrating an adjusted mean 

treatment difference of -0.140 (SE 0.199; 95 % CI: -0.556, 0.277; p=0.4910).  

Figure 4.5: PCr/ATP at Rest EMPA-VISION HFpEF 
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Figure 4.5: Resting PCr/ATP EMPA-VISION HFpEF. Individual data points for the 

placebo (left) and empagliflozin treatment arms (right) at baseline (V2) and 12-week 

follow-up (V4). 

 

4.4.2.2 Subgroup analyses 

In addition, subgroup analyses of subjects in the PPS were performed based on 

eGFR (< 60 ml/min/1.73m2 vs. > 60ml/min/1.73m2), history of T2D (yes/no) and 

history of AF (yes/no). Despite the limitations on sample size due to a disparate 

PPS of patients (COVID-19, see above), the efficacy analysis did not change the 

overall result in any of the subgroups. 

Figure 4.6: Forest Plot EMPA-VISION HFpEF 
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Figure 4.6: Subgroup Analysis EMPA-VISION HFpEF. Forest plot providing a visual 

display of 95 % CI according to selected subgroups in the per protocol set of HFpEF 

patients regarding the change of resting PCr/ATP from baseline to week 12. 
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4.4.3  Exploratory outcomes 

4.4.3.1 Dobutamine Stress 31P-MRS 

Similarly to the resting PCr/ATP, results obtained during dobutamine stress (65% 

age maximal HR) indicated no notable difference of treatment with empagliflozin 

(-0.076, SE 0.138) versus placebo (0.139, SE 0.157) with an adjusted mean 

treatment difference of -0.215 (SE 0.211; 95 % CI: -0.659, 0.229; p=0.3219). 

Figure 4.7 exhibits individual patient values separated by treatment arm (i.e. 

empagliflozin vs. placebo). 

Figure 4.7: Dobutamine Stress PCr/ATP EMPA-VISION HFpEF 
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Figure 4.7: Stress PCr/ATP EMPA-VISION HFpEF. Scatterplot of individual patient 

values for PCr/ATP during dobutamine stress with bar and standard errors for the placebo 

and empagliflozin group separately. 

Investigating the change of PCr/ATP from rest to stress (DPCr/ATP) elicited a 

similar picture as above: No marked differences were seen from baseline to week 

12 with an adjusted mean change of 0.185 (SE 0.182) for empagliflozin vs. 0.113 

(SE 0.208) for placebo (mean treatment difference 0.072, SE 0.279; 95 % CI: -

0.514, 0.659; p=0.7983). Changes in DPCr/ATP for both treatment groups at 

baseline (V2) and EOT (V4) are shown below in Figure 4.8. 

Figure 4.8: Delta (rest-stress) PCr/ATP EMPA-VISION HFpEF 
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Figure 4.8: Delta PCr/ATP (rest-stress) EMPA-VISION HFpEF. Scatterplot with bars 

and standard error of delta PCr/ATP (rest-stress) for individual patients in respective 

cohorts at baseline (V2) and end of treatment (V4). 

 

4.4.3.2 Assessment of myocardial steatosis via 1H-MRS 

As expected in a population of HFpEF patients, baseline MTG values were 

abnormally elevated. Empagliflozin treatment for 12 weeks resulted in a mean 

decrease (-0.406, SE 0.285) whereas placebo treatment increased MTG (0.020, SE 

0.337). The adjusted mean treatment difference mirrored this result but did not 

reach statistical significance (-0.427, SE 0.451; 95 % CI: -1.393, 0.540; p=0.3599). 

Figure 4.9: Myocardial Triglycerides EMPA-VISION HFpEF 
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Figure 4.9: Myocardial Triglycerides EMPA-VISION HFpEF. Scatterplot with bars and 

standard error of myocardial triglycerides (assessed with 1H-MRS) for individual patients 

in respective HFpEF cohorts at baseline (V2) and end of treatment (V4). 

4.4.3.3 Serum metabolomics 

A snapshot analysis of targeted metabolomics entailing a panel of 19 metabolites 

relating to energy metabolism was investigated. Underpinning results of 31P-MRS, 

no important change was detected following treatment with empagliflozin for 12 

weeks. The metabolite panel had multiple correlations amongst the compounds 

(Figure 4.10 A) but no significant treatment difference emerged when analysing 

pre- and post-treatment data with Wilcoxon-ranked t-tests (Figure 4.10 B). No 

separation of metabolites was evident in a PLS-DA (Figure 4.10 C). 
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Figure 4.10 A: Correlation 

Matrix EMPA-VISION 

HFpEF. Correlation matrix 

visualising the degree of 

correlation between 

different metabolites with 

red indicating a high degree 

of correlation. 

AMP=adenosine 

monophosphate; GABA=g-

Aminobutyric acid; SAH=S-

Adenosyl-L-homocysteine  

Figure 4.10: Serum Metabolomics EMPA-VISION HFpEF 
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Figure 4.10 B: Volcano Plot 

EMPA-VISION HFpEF. 

Volcano plot visualising the 

degree of statistical 

significance on the y-axis 

versus the magnitude of 

change (fold change) on the x-

axis. AMP=adenosine 

monophosphate; GABA=g-

Aminobutyric acid; SAH=S-

Adenosyl-L-homocysteine 

p=0.05
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Figure 4.10 C: PLS-DA EMPA-VISION HFpEF. Partial least-squares determinant 

analysis (PLS-DA) showing no separation of groups when applying clustering according 

to treatment status (A=empagliflozin, B=placebo). 

 

4.4.3.4 Changes in LV structure and function 

As outlined above, the significant limitations on the sample size as a result of the 
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Regardless, this trial did not demonstrate changes to LV volumes or myocardial 

structure after the obligatory 12-week treatment period.	 Interestingly, several 

results, despite not formally meeting the definition of statistical significance, are 

worth highlighting; Treatment with empagliflozin did numerically improve 

measures of LV contraction: Peak longitudinal systolic strain (2.18, SE 1.16; 95 % 

CI: -0.28, 4.64; p=0.0783), peak circumferential diastolic strain rate (7.96, SE 8.66; 

95 % CI: -10.39, 26.31, p=0.37) and torsion (1.60, SE 0.91; 95 % CI: -0.32, 3.53; 

p=0.0968) all improved in the empagliflozin but worsened in the placebo group.  

Table 4.6: Change in CMR Parameters EMPA-VISION HFpEF 
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A	

Table 4.6: Change from baseline to week 12 of selected CMR parameters EMPA-

VISION HFrEF. EF=LV ejection fraction 

Strain measures derived from feature tracking revealed a significant improvement 

of peak circumferential systolic strain (-5.28, SE; 95 % CI: -10.04, -0.53; p=0.03) 

and peak radial systolic strain (10.68, SE; 95 % CI: 1.16, 20.19; p=0.03) at rest. 

(Table 4.7 A) No changes were observed during peak dobutamine stress (Table 4.7 

B). 

Table 4.7: ANCOVA CMR Changes EMPA-VISION HFpEF 
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B	

	

Table 4.7: ANCOVA of CMR Changes EMPA-VISION HFpEF. CMR changes from 

baseline to week 12 in selected measures of left ventricular function and volumes during 

rest (A) and peak dobutamine stress (B). 

	

4.4.3.5 Pre-and post-contrast T1-mapping 

Owing to a higher prevalence of atrial tachyarrhythmia (AF and atrial flutter) and 

frailty in the HFpEF patient population, acquisition of T1 maps was challenging. 

This in addition to the previously mentioned COVID-19 restrictions, led to fewer 

analysable datasets in each cohort and thus, the results presented here should be 

interpreted with caution. 

Overall, no significant changes regarding T1-derived measures of fibrosis were 

observed over the 12-week period. Nonetheless, treatment with empagliflozin led 
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to numerically greater improvements in all ShMOLLI-T1-derived values compared 

to placebo (Table 4.8).	

Table 4.8: ShMOLLI T1 EMPA-VISION HFpEF 

	

Table 4.8: Change from baseline to week 12 in ShMOLLI-T1 parameters in EMPA-

VISION HFpEF. 

Regrettably, only 5 datasets were eligible for analysis of change in differential 

ECV-fractions (i.e. cellular vs. matrix volume) in patients with HFpEF.  Thus, firm 

conclusions are difficult to draw but generally, no change was measurable between 

the treatment groups (Figure 4.11). 
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Figure 4.11: LV-Cell and -Matrix Volumes EMPA-VISION HFpEF 

	

Figure 4.11: LV Cell- and Matrix Volume EMPA-VISION HFpEF. Changes in LV-Cell 

and -Matrix volume (baseline to week 12) according to treatment status (placebo vs. 

empagliflozin). 

4.4.3.6 Echocardiography 

The change in resting LVEF (biplane Simpson’s method) was slightly higher in the 

empagliflozin (mean change: 2.6 %, SD 5.21) than the placebo group (mean 

change: 0.6 %, SD 7.51). No other noteworthy changes were detected (Table 4.9).  
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Table 4.9: 

Baseline values, 

Week 12 values and 

changes in 

echocardiographic 

parameters over time 

as mean (with SD) 

and IQR. N=number 

of patients 

	

	

	

Table 4.9: Echocardiography Results EMPA-VISION HFpEF 
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4.4.3.7 Cardiopulmonary exercise testing and spirometry 

For patients in the HFpEF cohort, there was no significant difference between 

empagliflozin and placebo with regards to change from baseline to week 12 in peak 

⩒O2 , Ve/VCO2 slope, ventilatory threshold (VT), maximal workload, or any other 

of the parameters measured during physical exercise (CPET). 

Figure 4.12: CPET Changes EMPA-VISION HFpEF 

	

Figure 4.12: CPET Results EMPA-VISION HFpEF. Individual data points for changes 

of selected CPET-measures in patients with HFpEF. 
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Spirometry assessment revealed an improvement in forced vital capacity (FVC) in 

the empagliflozin group compared with placebo. From baseline to week 12, the 

adjusted mean change was 0.15 L (SE 0.10) for empagliflozin vs. -0.19 (SE 0.10) 

for placebo, with an adjusted mean treatment difference of 0.34 L (SE 0.15; 95 % 

CI: 0.03, 0.65; p = 0.0348). There was also an improvement in FEV 1 in the 

empagliflozin group compared with placebo. From baseline to Week 12, the 

adjusted mean change was 0.10 L (SE 0.07) for empagliflozin vs. -0.03 (SE 0.04) 

for placebo, with an adjusted mean treatment difference of 0.14 L (SE 0.06; 95 % 

CI: 0.00, 0.27; p = 0.0438) 

4.4.3.8 Six-minute walk test 

Patients on empagliflozin showed a near-significant increase of walking distance 

(adjusted mean difference 28.23 m, SE 14.19; 95 % CI: -1.46, 57.93; p=0.0612) 

with all other test items largely unchanged between empagliflozin and placebo. 

4.4.3.9 Patient reported outcomes 

With the exception of physical limitation in the placebo group (placebo: mean 

change -0.64, SD 18.69), all items of the KCCQ showed some improvement (i.e. 

an increased score) from baseline in both the empagliflozin and placebo treatment 

groups. However, the reported magnitude of change in the 3 itemised scores was 

consistently greater for empagliflozin than for placebo. Mean changes in the overall 

summary score from baseline at Week 12 were 7.15 (SD 12.36) for the 

empagliflozin treatment group and 3.32 (SD 12.40) for the placebo group. Mean 

changes in the overall clinical summary score from baseline at Week 12 followed 

the same pattern as changes in the overall	summary score. Mean changes in the 
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overall clinical summary score from baseline at Week 12 were 8.65 (SD 11.51) for 

the empagliflozin treatment group and 4.97 (SD 14.84) for the placebo group.	

Figure 4.13: KCCQ EMPA-VISION HFpEF 

	

Figure 4.13: Patient Reported Outcomes EMPA-VISION HFpEF. Mean changes 
in the respective symptom scores of the KCCQ between the placebo and the 
empagliflozin groups. 

	

There were minor changes in the scoring of individual items of the EQ-5D based 

on categorical responses to items of this measure with a small number of patients 

showing an improvement and a small number showing a deterioration in both the 

empagliflozin and placebo treatment groups from baseline at Week 12. There were 

no notable differences in the changes in EQ-5D responses between the 

empagliflozin and placebo treatment groups. 
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4.4.3.10 Biomarker analysis 

Changes to biomarkers were similar in the respective treatment groups (Table 

4.10). As expected, markers of treatment efficacy (Figure 4.14) showed some 

group specific changes which were greater, yet not statistically significant, with 

empagliflozin.  

Table 4.10: Biomarker Changes EMPA-VISION HFpEF 
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Table 4.10: Biomarker Results EMPA-VISION HFpEF. Change from baseline to week 

12 (or last value on treatment) for selected exploratory biomarkers from fasting venous 

blood. 

	

Figure 4.14: Relative Biomarker Changes EMPA-VISION HFpEF 

	

Figure 4.14: Relative Biomarker Changes in EMPA-VISION HFpEF. Visualised 

summary of changes in selected biomarkers in the empagliflozin and placebo groups, 

respectively. 
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4.5 Discussion 

This is the first randomised controlled trial investigating effects of empagliflozin 

treatment on measures of cardiac energy metabolism (PCr/ATP) during rest and 

peak dobutamine stress in patients with ‘true’ HFpEF (i.e. LVEF ≥ 50%). 

Additionally, the plethora of exploratory outcomes including imaging, 

metabolomic and biomarkers as well as patient reported	outcomes and measures of 

cardiorespiratory fitness (CPET, spirometry and 6MWT) further strengthens the 

mechanistic understanding of treatment effects with empagliflozin in HFpEF. 

Use of the SGLT2i empagliflozin (10 mg per day) did not enhance myocardial 

energetics (PCr/ATP) during rest or dobutamine stress. Furthermore, no noteworthy 

metabolic alterations were detected when conducting a snapshot metabolomic 

analysis of 19 targeted metabolites before and after treatment with empagliflozin or 

placebo for 12 weeks. 

Measures of LV contraction (peak circumferential systolic strain and peak radial 

systolic strain) improved (p<0.05) while other surrogates showed numerical 

improvements (peak longitudinal systolic strain and torsion) for empagliflozin but 

not placebo, despite not reaching nominal statistical significance. Assessment of 

diastolic function did not show noteworthy differences. 

Patient in the empagliflozin group presented with both a markedly improved 

walking distance (28.23 m, p=0.06) and improved KCCQ scores. 
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4.5.1 Changes in myocardial energy metabolism 

Much like systolic contraction, diastolic relaxation is an active process, requiring 

energy in the form of ATP. Consequently, just like in HFrEF, the heart can be 

considered in a state of energy deficit in HFpEF. Patients with HFpEF have a lower-

than-normal PCr/ATP 73 which correlates negatively with the degree of disease 

severity.257 

Figure 4.15: PCr/ATP Normal vs. HFpEF 

	

Figure 4.15 PCr/ATP Normal vs. HFpEF.: Representative PCr/ATP spectrum from a 

normal control (left) compared with a patient with HFpEF (right) reveling the energetic 

deficit of HFpEF patients. From Burrage, M.K & Hundertmark, M.J. et. al.; Circulation 

2021257 

In addition, it was shown that HFpEF has a distinct metabolic signature in a panel 

of 181 metabolites when compared to HFrEF.84 Importantly, these 

metabolic/biochemical changes appear to precede structural alterations and 

increased humoral markers of HF hence, might be better suited to investigate 

patients at risk than imaging or traditional biomarkers.258 Thus, metabolic 

modulation is a promising target in HFpEF.259 
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EMPA-VISION did not find notable changes to myocardial energy reserve 

(PCr/ATP) in-vivo at rest or during dobutamine stress following 12 weeks of 

empagliflozin. This may have several reasons; Metabolic alterations in HFpEF are 

poorly understood and there is a paucity of evidence regarding metabolic 

interventions in HFpEF. It appears to be the case that there is no uniform single 

‘one-fits-all’ definition of HFpEF but rather many phenotypes which are currently 

(possibly mistakenly) summarised under one acronym.5	 Additionally, no 

universally accepted mouse model of HFpEF exists which makes translation of 

findings in rodent experiments to human physiology difficult. As a result, some 

rodent models, especially those with obesity and/or diabetes, show increased rates 

of FAO and attribute metabolic derangements in HFpEF to lipotoxicity76,77,260, 

whereas others describe a reduced ability to oxidise fatty acids.53	

Recent evidence supports our neutral results: In a murine model of hypertension-

induced HFpEF, non-diabetic mice improved their diastolic function however, this 

was achieved without changes in expression of genes related to myocardial 

substrate utilization or mitochondrial biogenesis.261 In another study using a mouse 

model with identical etiology for HFpEF, improvement of diastolic function was 

also attributed to other effects but importantly not enhanced energy production.262 

This is also highlighted by findings that in HFpEF, contrary to HFrEF, oxidation 

and thus utilization of ketones as a fuel for energy production was decreased despite 

higher levels of ketones in circulation.260 This makes the purported mechanism of 

action of SGLT2i as metabolic HF treatments, focusing on induction of mild 

hyperketonaemia, less likely.188 Lastly, a neural network analysis used for artificial 
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intelligence modelling of empagliflozin effects in HFpEF was equally more 

supportive of non-metabolic mechanisms of action.263  

4.5.2 Changes in LV-structure and function 

HFpEF is closely correlated to and often a consequence of hypertension and the 

extent of myocardial hypertrophy in patients with HFpEF is a predictor of future 

events and its presence an indicator of higher risk for hospitalisation.5,264 However, 

conversely to patients with T2D, there is no human in-vivo evidence for a reducing 

effect of myocardial hypertrophy and/or fibrosis as a result of SGLT2i-treatment. 

This trial investigated measures of LV-structure and -function via echo and CMR. 

In this cohort, empagliflozin treatment did not result in reduced myocardial 

hypertrophy or reverse remodelling. Nevertheless, measures of systolic myocardial 

function other than LVEF improved significantly (peak circumferential systolic 

strain and peak radial systolic strain;) On myocardial tagging, in keeping with the 

feature tracking results, there was a non-significant but consistent improvement of 

peak longitudinal systolic strain (p=0.0783) and torsion (p=0.0968). It has 

previously been established that longitudinal strain parameters are incrementally 

useful in HFpEF as per definition the current arbitrary phenotypisation method 

(LVEF), is normal (i.e.≥ 50 % minimum).265,266 Crucially, it was further shown that 

strain parameters can be modified by HF treatments and thus, may represent a good 

imaging surrogate for trials.266 In agreement with the results presented here, a recent 

prospective study in patients with T2D and a high risk for HFpEF demonstrated 

improved longitudinal strain measures as well.267 Whether these changes are 

translated on a cellular level by reduced	inflammation/cellular stress268,269 and/or 
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optimised cellular electrolyte homeostasis (i.e. Ca2+ and Na+ shifting via the 

sodium-proton- exchanger NHE3) remains to be determined. More mechanistic 

trials investigating changes other than diastolic function are needed in HFpEF, but 

the results presented here should be taken as a blueprint in generating further, larger 

scale evidence.	

4.5.3 Changes in cardio-respiratory fitness and patient reported 

outcomes 

Exercise intolerance and more importantly, diminished cardiac reserve under 

conditions of increased demand are hallmarks of HFpEF.5,270 

In the current study, no differences were detected in relevant measures of cardio-

respiratory fitness via CPET. Interestingly, larger outcome trials assessing the 

phosphodiesterase-5 inhibitor Sildenafil251 and the mineralocorticoid antagonist 

Aldosterone250 likewise did not elicit differences in peak ⩒O2 or other CPET-

measures. There is considerable debate whether peak ⩒O2 might be an equally 

suitable predictor of events and worse outcomes as it is in HFrEF patients and 

studies have demonstrated that Ve/VCO2 might be more appropriate to phenotype 

HFpEF patients and identify high-risk individuals.271-273. No data are available on 

CPET effects of SGLT2i in HFpEF in human subjects. A recent exercise treadmill 

study in an obesity induced rat model of HFpEF demonstrated reduced rates of 

pulmonary hypertension during exercise, resulting in an improved exercise 

tolerance in animals treated with empagliflozin.274 The reduction in PA pressures 

had also been observed in the EMBRACE-HF trial in patients with HF irrespective 

of LVEF measured via an implantable pressure sensor in the pulmonary artery 
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(CardioMEMS).275 Nevertheless, whether or not these findings directly translate to 

human HFpEF is questionable but worthy of future investigation. Thus far, 

sacubitril/valsartan, proven to be beneficial in a selected subgroup of HFpEF 

patients (LVEF 45 – 57 %), equally did not exhibit any salutary effects	on CPET 

measures.276 Results of spirometry analysis in this trial met significance for FEV1 

and FVC. While no data exists to corroborate these findings in patient with HFpEF, 

it was previously shown that pulmonary function predicts outcomes and as such, 

may be a target worthy of future investigation.277 	

In EMPA-VISION, treatment with empagliflozin resulted in a numerically increased 

walking distance (28.23 m) and narrowly missed significance (p=0.06). The 

outcome observed is in agreement with other SGLT2i tested in HFpEF patients 

including Dapagliflozin.2 However, in EMPERIAL-preserved, testing exercise 

capacity in patients with an LVEF > 40%, empagliflozin did not improve the 

6MWT distance.222 

Responder analysis in subjects treated with empagliflozin for KCCQ displayed a 

consistently greater improvement for the empagliflozin group observations 

confirmed by larger studies with different SGLT2i.2,278 and importantly with a 

greater effect size compared to sacubitril/valsartan.276 

4.5.4 Changes in biomarkers 

In the current study, no differences were seen in neuro-humoral markers for HF 

which is in keeping with results from larger trials testing SGLT2i.1,2 In general, 

HFpEF patients tend to have lower levels of natriuretic peptides (NP) compared to 

HFrEF but more importantly the phenotypic heterogeneity in patients makes risk 
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stratification by observing natriuretic peptide levels more challenging. In a recent 

study it was revealed that even patients with normal NPs and only mild diastolic 

dysfunction have a substantially higher risk for poor outcomes.279 Interestingly, 

sacubitril/valsartan in HFpEF reduced NPs, whereas SGLT2i do not. Paradoxically 

however, a reduction of NP with sacubitril/valsartan did not translate to reduced 

hospitalisation for HFpEF whereas SGLT2i treatment did.1,254 

4.6 Limitations and future directions 

Despite the high-quality methods and broad variety of assessments, this trial has 

certain possible limitations. Firstly, the number of patients lost to follow-up as a 

result of national lockdowns (n=13, 36.1 %) meant that the trial was underpowered 

for investigation of the effect size previously calculated. As a result, it is possible 

that other outcomes might have been affected by the lower number of patients, too. 

The trial treatment was provided for 12 weeks and in a single dose (10 mg) only. 

While hospitalisation for HF curves in EMPEROR-preserved1 separate early on, the 

effect on CV-death develops later thus, a longer treatment duration and/or higher 

dose of treatment might have provided different results. 

We did not interrogate effects on inflammation as part of our assessments however, 

recent animal models suggest that an important mechanism of action is (at least 

partly) mediated by the influence on SGLT2i on the inflammasome and metabolism 

and inflammation are deeply linked in HFpEF.280 
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4.7 Conclusions 

Only very recently it was established that empagliflozin treatment is beneficial for 

patients with HFpEF.1 Contrary to HFrEF, little is known about the mechanisms of 

how treatment with these novel drugs translate their benefits on a molecular level. 

Thus, this is the first mechanistic imaging trial in-vivo examining effects of SGLT2i 

in patients with true HFpEF (i.e. LVEF ≥ 50%) EMPA-VISION provides evidence 

that a direct effect on energy metabolism via enhanced ketogenesis is unlikely to be 

the main contributor of beneficial effects in HF patients. Furthermore, the changes 

observed here where partly directly affecting the heart (improved systolic function 

expressed by longitudinal and circumferential strain) and partly indicative of effects 

in other organ systems (improved pulmonary function). This indicates that benefits 

are likely translated differently compared to HFrEF and also may differ between 

phenotypes in HFpEF (e.g. diabetic, obese, hypertensive etc.) and thus, merits 

further investigation. Another interesting aspect is the observation that the 

aforementioned effects are employed independently of significantly lowered NPs 

and thus, quite contrary to other novel treatments licensed for certain types of 

HFpEF (sacubitril/valsartan). Head-to-head imaging trials, although rarely seen in 

the HF-community, would be contributing to increased knowledge in this 

syndrome.  
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5  Very low energy diet as a novel 

treatment for HFpEF  

	

5.1 Abstract 

5.1.1 Background 

Heart failure with preserved ejection fraction (HFpEF) is frequent in patients with 

obesity and both conditions are projected to increase in prevalence even further. 

Whether or not obesity worsens outcomes for patients with HFpEF or if it might 

confer some degree of protection (‘obesity paradox’) in advanced stages of the 

syndrome remains debated. Irrespectively, it has become clear that a specific 

obesity-related HFpEF phenotype exists. Intentional weight loss may improve 

symptoms, serum markers and imaging markers in patients with HFpEF and 

obesity. Hence, the present study sought to investigate if weight loss is an effective 

treatment for patients with HFpEF and obesity.  

 

5.1.2 Methods 

14 obese HFpEF patients (BMI 33.5 kg/m2 ± 5; NYHA I-III) were enrolled and 

assessed before and after a very low energy diet (VLED; 800 calories per day) for 

10 weeks and compared to 10 weight-matched, obese/diabetic controls (BMI 

31.8±1.5 kg/m2). 2 subjects had to be excluded due to HFpEF unrelated medical 



5.	VLED	as	a	novel	treatment	for	HFpEF	
	

185	
	

problems that forced them to withdraw from the VLED. We evaluated cardiac 

function using cardiovascular magnetic resonance (CMR) imaging at rest and 

following 20 watts of physiological exercise. Furthermore, we assessed diastolic 

function using echocardiography and cardiac energetics (PCr/ATP) using 31P-MRS 

at rest and under dobutamine stress (65% age-maximal HR). Fasting venous bloods 

were collected for serum analysis of N-terminal pro-brain natriuretic peptide (NT-

proBNP). 

	

5.1.3 Results 

After 10 weeks of VLED, there was a highly significant reduction in body weight 

(BMI -2.7 kg/m2 ± 0.38, p<0.001) paralleled by a significant decrease in NT-

proBNP (-239 pg/mL ± 149, p<0.05) and improved HF symptoms (NYHA median 

pre II vs. I post). Echocardiography revealed a significantly lower left atrial volume 

(-29 mL ± 28, p<0.05) and a numerically improved diastolic function (lateral E/E’ 

-0.68 ± 0.5, p=0.08). CMR demonstrated a significantly lower LV mass (-9 g ± 2.9, 

p<0.05) but no changes in PCr/ATP at rest (∆0.015±0.1, p=ns) or during 

dobutamine stress (∆0.087±0.06, p=ns). Except NT-proBNP, all parameters 

returned to comparative levels of obese/diabetic weight-matched patients without 

HFpEF. 
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5.1.4 Conclusions 

In patients with obesity and HFpEF, intentional weight loss improves prognostic 

serum markers for HF, decreases symptom severity, reduces atrial size and LV 

mass, and improves diastolic function. These findings underscore the potential for 

weight loss as an effective treatment for obese HFpEF and the need to investigate 

this underutilised treatment in larger trials. 
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5.2 Introduction 

HFpEF is a highly heterogenous syndrome for which the ongoing difficulties to find 

effective treatments represents one of the biggest unmet medical needs in present 

cardiology. Prevalence of HFpEF is increasing steadily and estimates are predicting 

a further rise of this complex syndrome in future.281 Obesity is a risk factor for the 

development of diastolic dysfunction and eventually development to HFpEF. 

Presence of both obesity and HFpEF considerably worsens the individual’s 

prognosis282 however, little is known about the effects of weight management in 

HFpEF patients, and no large trials investigated this therapeutic tool for efficacy 

and impact on cardiac changes. Importantly, the majority of HFpEF patients 

presents with marked adiposity283 and centres with HFpEF-specific clinics report a 

median BMI of 40kg/m2 in their patients.70 Despite the aforesaid conclusions, there 

is still great debate around findings that a certain degree of obesity might be 

beneficial in HFpEF and thus, confer some protection for patients. This observation, 

termed the ‘obesity paradox’, was evident in subgroup analyses of randomised trials 

where HFpEF patients’ mortality gradually decreased with increasing BMI and 

every five-unit BMI increase led to a reduction of mortality risk by 10 %.284,285 On 

the other hand, a meta-analysis of dedicated studies investigating weight loss in an 

obese population reported a significant effect on all-cause mortality.286 

Unfortunately, modern-day HFpEF trials usually exclude patients with a BMI of 

more than 35 kg/m2 hence, benefits with novel agents might not be transferrable to 

this specific population.1,254 

Comparing the relatively small volume to its unalloyed need for continuous energy 

supply, the heart can be described as the biggest consumer of energy. Limited 
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storage capacity in the cardiomyocyte is reflected by the fact that around 30 % of 

the intracellular space is reserved for mitochondria in which the process of 

oxidative phosphorylation delivers the much needed ATP.9 The healthy heart is 

described as metabolically flexible as this feature is important in securing incessant 

replenishment of the ATP pool.287 Interestingly, obesity has been shown to alter 

substrate selection in favour of an over-reliance on fatty acids (FA) which promotes 

lipotoxicity and inflammation.13,85 Furthermore, the overall myocardial energy 

reserve is reduced.288,289 These derangements become even more obvious under 

increased metabolic demand, such as physical activity, where the shuttle system 

designed to deliver ATP from the mitochondria to the myofibrils cannot exceed its 

capacity and thus creates an imbalance between supply and demand.40 This may be 

one of the reasons for why impaired exercise capacity is one of the major hallmarks 

of HFpEF and obesity alike. 

Following publication of the encouraging results of the DiRECT trial290, which 

demonstrated that weight management in the primary care setting leads to remission 

of T2D, very low-energy diets have resurged as an attractive treatment approach 

for cardio-metabolic diseases. As substantial weight loss occurs over a limited 

period of time, they are used as models to improve mechanistic understanding of 

the underlying changes that occur in weight loss in the context of HFpEF. Thus, 

this study sought to investigate the physiological changes that occur in patients with 

clinically diagnosed HFpEF and weight loss under resting conditions as well as 

using physiological exercise. 
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5.3 Methods 

This prospective, longitudinal study was conducted in a single centre (OCMR, 

University of Oxford, Oxford, UK). Eligible patients with a clinical diagnosis of 

HFpEF (n=14) and obesity (BMI ≥ 28.5 kg/m2) were enrolled and counselled to 

begin a very low energy diet (VLED, 800 kcal per day) with a meal replacement 

program following baseline assessments (Figure 5.1 for overview). Follow-up 

assessments were conducted succeeding 10 weeks of VLED and results were 

compared to a set of 10 BMI-matched obese but otherwise healthy controls. 

Figure 5.1: Study Overview VLED-HFpEF 

 

Figure 5.1: Study Overview VLED-HFpEF. Schematic overview of baseline and follow-

up assessments of obese HFpEF patients after 10 weeks of a very low energy diet (VLED, 

800kcal/day). 

The study was approved by the health research authority (IRAS ID 161729) and 

granted a favourable opinion by the local ethics council (South Central – Oxford B 
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15/SC/0004). All investigations were conducted in accordance with the Declaration 

of Helsinki and all participants provided written informed consent prior to any 

investigations. 

Detailed methods are described in Chapter Two. A detailed list of in- and exclusion 

criteria is provided in Table 5.1 below. 

Table 5.1: Inclusion and Exclusion Criteria VLED-HFpEF 

VLED in HFpEF 
Inclusion 
Criteria 

• Participant is willing and able to give informed consent for 
participation in the study. 

• Male or Female, aged 18 – 85 years  
• HFpEF determined by clinical diagnosis and LVEF on echo 

≥ 50 % 
• BMI ≥ 28.5 kg/m2 

 
Exclusion 
Criteria 

• Contra-indications to MRI studies, such as metal implants, 
pacemakers, defibrillators  

• Claustrophobia (relative caution rather than total exclusion) 
• History or echocardiographic evidence of myocardial 

infarction  
• Significant valvular heart disease  
• NYHA class IV heart failure 
• Heart rhythm changes (other than well-controlled atrial 

fibrillation) 
• Inability or loss of ability to give informed consent 
• Contraindication to treatment with dobutamine, namely: 
• Left ventricular outflow tract obstruction 
• Uncontrolled hypertension 
• Hypersensitivity to any component of the drug 
• Previous reaction to dobutamine 
• A female who is pregnant, lactating or planning pregnancy 

during the course of the study. If there is any doubt, a 
pregnancy test will be offered, or the study deferred, or the 
patient will not be enrolled 

• Any other cause, including a significant disease or disorder 
which, in the opinion of the investigator, may either put the 
participant at risk because of participation in the study, or 
may influence the result of the study, or the participants 
ability to participate in the study 

 
Table 5.1: In- and Exclusion Criteria VLED-HFpEF. Detailed list of in- and exclusion 
criteria applying for patients enrolled in the VLED in HFpEF study. BMI=body mass 
index; HFpEF=heart failure with a preserved ejection fraction; LVEF=left ventricular 
ejection fraction; MRI=magnetic resonance imaging; NYHA=New York Heart 
Association; T2D=type 2 diabetes mellitus.  
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5.3.1 Study population 

In general, patients were considered eligible with a clinical diagnosis of HFpEF and 

elevated NT-proBNP (>125 pg/ml). Dose of diuretics needed to be stable for at least 

one week prior to enrolment. Patients with implanted devices, active ischaemia, 

uncontrolled hypertension or any contraindications for CMR scanning, were 

excluded (see Table 5.1). 

5.3.2 Data acquisition 

5.3.2.1 CMR 

Cardiovascular magnetic resonance (CMR) imaging was also performed on a 3 

Tesla MRI scanner (Magnetom Prisma, Siemens Healthineers, Erlangen, Germany) 

using a 32-channel phased array coil. Following standard planning, a 

retrospectively gated, highly accelerated, compressed sensing, free-breathing cine 

imaging sequence was used to acquire a short axis stack covering the entire heart, 

including both ventricles and atria, within 60 seconds. 

Physiological exercise stress was then performed using a CMR-compatible 

stepping ergometer with the patient in supine position (Cardio Step, Ergospect 

GmbH, Innsbruck, Austria). The exercise protocol comprised a fixed workload of 

20 W for 6 minutes. This threshold reflects the parameters commonly used for 

invasive hemodynamic studies in HFpEF.291 Repeat whole-heart cine images were 

acquired during the final minute of the exercise period.  
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Figure 5.2:Study Investigations VLED-HFpEF 

	

Figure 5.2: Study Investigation Overview VLED-HFpEF. Overview of imaging methods 

used in this study at baseline and following 10-weeks of very low energy diet. 31P-

MRS=phosphorus MR spectroscopy; CMR=cardiovascular magnetic resonance; LA=left 

atrial; NT-proBNP=n-terminal pro brain natriuretic peptide. 

5.3.2.2 Dobutamine stress 

Dobutamine was administered as a continuous intravenous infusion at incremental 

rates in order to achieve a significant haemodynamic effect. The infusion was 

commenced initially at 10 µg/kg/min but increased to a maximum of 40 µg/kg/min, 

depending on presence of a satisfactory haemodynamic response, which was 

defined as 65 % of the age maximum heart rate (HR; 220-age). This elevated HR 

was then maintained for the duration of the acquisition. HR and blood pressure (BP) 

were measured at baseline and at one-minute intervals during and after 

pharmacological stress until normalisation to pre-examination levels. Wherever 

feasible, stress cines were acquired in a mid-short axis slice as well as VLA and 

HLA. Due to logistical considerations, the stress-imaging was conducted as part of 

the 31P-MRS acquisition (Magnetom TRIO, Siemens Healthineers, Erlangen, 
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Germany) and had to be acquired using a locally created GRE-sequence by means 

of the integrated scanner receiver coils which resulted in a lower image quality and 

more susceptibility to movement artefacts. 

5.3.2.3 Magnetic resonance spectroscopy 

31P MRS was performed at rest on a 3 Tesla MRI scanner (Magnetom Trio, Siemens 

Healthineers, Erlangen, Germany). Participants were positioned prone over the 

centre of a 3-element dual-tuned 1H/31P surface coil in the isocentre of the MR 

system. A non-gated 3D acquisition-weighted ultra-short echo time (UTE) 

chemical shift imaging sequence was used with saturation bands placed over liver 

and skeletal muscle, as previously described.134 All spectra were analysed using a 

semi-automated fitting of data from within OXSA toolbox,19 i.e. a MATLAB 

implementation of the AMARES fitting routine. The fitted PCr and ATP signals 

were corrected for partial saturation, using literature values292, before calculating 

the PCr/ATP ratio as PCr/average ATP or PCr/gamma-ATP depending on spectral 

quality. The reported PCr/ATP was averaged over two basal septal voxels and 

corrected for blood signal contamination.293 A detailed description is outlined in 

Chapter Two of this thesis. 

5.3.2.4 Echocardiography 

Echocardiography was performed on a GE Vivid I system (GE, Boston, USA) using 

a standardised protocol including parasternal long and short axis views as well as 

apical 2, 3, and 4-chamber views for chamber quantification. Colour Doppler 

assessments were performed to exclude significant valvular heart disease. Pulsed-

wave Doppler assessment of mitral valve inflow was used to calculate E/A ratio. 
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Tissue Doppler velocities were measured at the medial and lateral mitral valve 

annulus to determine E/e’ ratios. Continuous wave Doppler was used to assess 

tricuspid regurgitation velocity for estimation of systolic pulmonary artery pressure 

(sPAP).  

5.2.3.5 Anthropometrics and biochemistry 

Height and weight as well as blood pressure measurements were obtained. Fasting 

venous blood samples were collected at baseline and following 10 weeks of VLED 

to assess markers prognostic HF markers (NT-proBNP) as well as measures of 

insulin resistance and lipid metabolism (FFA).  

5.3.3 Data analysis 

5.3.3.1 CMR 

Image analysis for cardiac indices was performed in an anonymised fashion offline 

in accordance with SCMR guidelines125, using cmr42 post-processing software by 

an independent operator who was blinded to patient treatment status (see Chapter 

2.5 for details). Spectroscopic analysis for 31P-MRS was performed as described in 

Chapters 2.5.1 and 2.5.3 of this thesis, respectively. 

5.3.3.2 Echocardiography 

Analysis of TTE images was conducted on an ISCV workstation as outlined before 

(see Chapter 2.6). 
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5.3.3.3 Biomarker analysis 

Biomarkers were analysed domestically by the Oxford University Hospital NHS 

Foundation Trust Hospital’s clinical biochemistry laboratory according to local 

standard protocols. 

5.3.4 Statistical analysis 

Statistical analyses were performed using commercial software (SPSS 24, Chicago 

and GraphPad Prism 9, San Diego). All data is presented as median (IQR) unless 

stated otherwise. Determination of statistical significance was assessed by 

Wilcoxon signed-rank test. Values of p<0.05 were considered as statistically 

significant.  

5.4 Results 

5.4.1  Study population 

Baseline characteristics are presented in Table 5.2.  

Patient recruitment took place from September 2021 until December 2021. 

All controls completed the CMR protocol without complications. Two participants 

in the HFpEF-VLED group had to be excluded due to incompliance with the VLED. 

However, this incompliance occurred due to external factors unrelated to their 

underlying HF diagnosis or any possible VLED side effects. The two cohorts were 

well balanced but the obese/diabetic controls tended to be younger (63; 59, 71) 

compared to obese HFpEF (69; 58, 76). As expected, there were significant 

differences at baseline regarding markers of cardiac function and baseline 

metabolic status as well as natriuretic peptides (see Table 5.2).	  
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Table 5.2: Baseline Patient Characteristics VLED-HFpEF 

Characteristic Controls 
n=10 

HFpEF 
n=14 p-value 

Age (years) 63 [59, 71] 69 [58, 76] <0.001 
Male (%) 8 (80) 8 (57) 0.32 
BMI (kg/m2) 32 [30, 33] 31 [29, 38] 0.38 
SBP (mmHg) 138 [125, 156] 148 [123, 158] 0.51 
DBP (mmHg) 79 [75, 83] 80 [72, 88] 0.71 
Resting HR (bpm) 66 [64, 78] 70 [65, 86] 0.002 
Exercise HR (bpm) 96 [83, 106] 96 [84, 118] 0.49 
    
Statin 1 (10%) 8 (57%)  
ACEi/ARB - 9 (64%)  
Beta blocker - 9 (64%)  
CCB 1 (10%) 3 (21%)  
MRA - 3 (21%)  
Diuretic 1 (10%) 9 (64%)  
Aspirin - 3 (21%)  
Anticoagulant - 7 (50%)  
Oral hypoglycemic - 2 (14%)  
Tafamidis - -  
    
HFA-PEFF score 2 [0, 2] 5 [4, 6] <0.001 
Atrial fibrillation 0 (0%) 7 (50%) 0.03 
    
NYHA class:    
I 8 2  
II 1 11  
III 0 1  
IV 0 0  
    
HbA1c (mmol/l) 7.2 [6.9, 7.7] 5.1 [4.7, 5.6] 0.96 
NT-proBNP (pg/ml) 38 [24, 80] 724 [245, 1606] <0.001 
E/e’ ratio 6.1 [5.3, 9.2] 8.2 [7.2, 9.7] <0.001 
sPAP (mmHg) 9.3 [8.6, 25.3] 14.6 [12.2, 35.4] <0.001 
PCr/ATP ratio 1.93 [1.62, 2.24] 1.66 [1.39, 1.86] <0.001 

Table 5.2: Participants’ baseline characteristics. Continuous variables shown are median 

[interquartile range]. Categorical variables are n (%).  BMI indicates body mass index; 

SBP, systolic blood pressure; DBP, diastolic blood pressure; ACEi, angiotensin converting 

enzyme inhibitor; ARB, angiotensin receptor blocker; CCB, calcium channel blocker; 

MRA, mineralocorticoid receptor antagonist; NYHA, New York Heart Association; HbA1c, 

glycated hemoglobin; NT-proBNP, N-terminal pro-brain natriuretic peptide; sPAP, 

systolic pulmonary artery pressure; PCr, phosphocreatine; and ATP, adenosine 

triphosphate. p values reported are the result of Wilcoxon-ranked t-tests. 
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Within group parameters of controls showed an expected adaptation to exercise 

leading to augmentation of LVSV (p=0.004), RVSV (p=0.008), LVEF (p<0.001) 

and RVEF (p=0.004). Conversely, in the HFpEF cohort, despite some degree of 

adaptation to exercise, the overall response was considerably blunted.  

Table 5.3: Baseline CMR Characteristics at Rest and 20w Exercise VLED-HFpEF 

 Controls (n=10) HFpEF (n=14) p† 
 Rest 20 W p* Rest 20 W p* Rest 20 W 
LVEDV (ml) 157 [119, 

165]  
162 
[124, 191]  

0.01 167  
[112, 
241]  

177  
[110, 
255]  

0.046 0.49 0.92 

LVESV (ml) 51 [47, 54]  39  
[34, 60]  

0.12 64  
[41, 106]  

73  
[39, 100]  

0.95 0.11 0.00
3 

LVSV (ml) 97 [73, 105] 111  
[86, 140]  

0.004 100  
[71, 138]  

109  
[72, 143]  

0.06 0.18 0.03 

LVEF (%) 66 [61, 70]  73  
[69, 76]  

<0.001 61  
[53, 69]  

63  
[52, 71]  

0.38 0.002 <0.0
01 

LV mass (g) 113 [81, 129]    129  
[94, 190]  

  <0.001  

LVMi (g/m2) 57 [49, 64]   59 [47, 
87] 

  <0.001  

RVEDV (ml) 170  
[118, 189]  

183 
[112, 189]  

0.11 150  
[107, 
209]  

177  
[105, 
227]  

0.01 0.66 0.81 

RVESV (ml) 61  
[37, 90]  

58 
[31, 75]  

0.02 58  
[41, 86]  

57  
[43, 91]  

0.50 0.95 0.32 

RVSV (ml) 99  
[74, 101]  

111 
[82, 134]  

0.008 86  
[68, 120]  

101  
[70, 137]  

0.006 0.22 0.10 

RVEF (%) 59  
[53, 68]  

69 
[62, 71]  

0.004 60  
[54, 66]  

65 
 [55, 70]  

0.04 0.40 0.00
6 

Table 5.3: Cardiac and pulmonary indices on cardiovascular magnetic resonance 

imaging at rest and during 20 W exercise stress at baseline. Continuous variables shown 

are median [interquartile range]. LVEDV indicates left ventricular end-diastolic volume; 

LVESV, left ventricular end-systolic volume; LVSV, left ventricular stroke volume; LVEF, 

left ventricular ejection fraction; EDV/s, end-diastolic volume per second; RVEDV, right 

ventricular end-diastolic volume; RVESV, right ventricular end-systolic volume; RVSV, 

right ventricular stroke volume; RVEF, right ventricular ejection fraction; p values 



5.	VLED	as	a	novel	treatment	for	HFpEF	
	

198	
	

reported are results from Wilcoxon signed-rank test (*p = rest vs 20 W within groups and 

p† = between groups) 

 

5.4.2 Changes in anthropometrics and biomarkers  

In HFpEF patients successfully completed 10-weeks of VLED there was a 

significant weight loss (median -7.1 kg, p=0.0005) which was mirrored in BMI and 

BSA. Systolic and diastolic blood pressure remained unchanged (Figure 5.2) 

Figure 5.3: Changes in Biomarkers and Anthropometrics VLED-HFpEF 

 

Figure 5.3: Anthropometric and Biomarker Changes VLED-HFpEF. 10 weeks of VLED 

in patients with HFpEF led to significant weight loss, BMI and BSA whilst no changes in 

blood pressure were documented. 
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Interestingly, the VLED led to a marked decrease in NT-proBNP (median -268.4, 

p = <0.05) which was also mirrored by a decrease symptom burden (NYHA class 

median pre II vs. post I).  

Figure 5.4: Changes in NT-proBNP and NYHA VLED-HFpEF 

 

Figure 5.4: Changes in NT-proBNP and NYHA in VLED-HFpEF. 

Other biomarkers of glucose tolerance decreased numerically greater following 

VLED while only insulin levels 60 minutes post OGTT were lowered significantly 

(Figure 5.4). 
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Figure 5.5: Glucose and Insulin Changes VLED-HFpEF 

 

Figure 5.5: Changes in Fasting and post OGTT Glucose and Insulin in VLED-HFpEF. 

5.4.3 Changes in cardiac energetics following VLED 

Following 10 weeks of VLED, there was no significant difference in resting 

myocardial energetics (median pre VLED 1.65; 1.39, 1.86 vs. post VLED 1.64; 

1.36, 2.33). Similarly, no difference on myocardial energy reserve during 

dobutamine stress was recorded (median pre VLED 1.57; 1.36, 2.0 vs post VLED 

1.6; 1.26, 1.96). These results remained consistent when calculating the difference 

of PCr/ATP at rest and during stress and comparing the change (D PCr/ATP). 
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Figure 5.6: Rest and Stress Energetics VLED-HFpEF 

	

Figure 5.6 Myocardial Energetics Rest and Stress VLED HFpEF. Boxplots with 

median whiskers of baseline (pre-VLED) and post-VLED myocardial energetics at rest 

(upper left) during dobutamine stress (upper right) and the change of the D (rest-stress; 

middle second row). HR=heart rate 

5.4.4 Cardiac structure and function  

Cardiac structure and function were assessed using echocardiography (TTE) and 

CMR. The dietary intervention in this study did not lead to notable changes in 

diastolic function on TTE. However, lateral E/E’, mitral valve deceleration time 

and early diastolic filling improved post-VLED without reaching nominal statistical 

significance.  
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Figure 5.7: Diastolic Function VLED-HFpEF 

 
Figure 5.7: Diastolic Function TTE in VLED-HFpEF. 

 
Equally, on TTE Left atrial (LA) biplane volume and LA-volume indexed to BSA 

(LAVI) were both numerically lowered by 10 weeks of VLED. 

Figure 5.8: LA-Volumes VLED-HFpEF 

	

Figure 5.8: Left atrial volumes on TTE in VLED-HFpEF. 
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Regarding resting CMR results, LV-mass (median pre-VLED 115 g; 78.25, 198 vs. 

post 105 g; 77, 173; p=0.06), indexed RVEDV (median pre-VLED 134 ml/m2;111, 

219 vs/ post 84 ml/m2; 63, 99; p = <0.001), RVEF (median pre-VLED 53 %; 50, 

60 vs. post 60 %; 56, 65; p=0.0957) and RVSV (median pre-VLED 77 ml; 60, 119 

vs. 71, 119; p=0.08) displayed the greatest changes. During 20 W of physiological 

exercise using a CMR-compatible ergometer, patients post-VLED further improved 

their RV-function with a markedly improved RVEDVi (median pre-VLED 

74ml/m2; 55, 95 vs. post 89 ml/m2; 64, 112; p=0.004). higher RVEF (p=0.04) as 

well as RVSVi (p=0.02). Of note LVSVi also improved during exercise (p=0.05). 
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Table 5.4: Resting and 20W-Exercise Changes VLED-HFpEF 

 Resting CMR (n=12) 20W Exercise Stress CMR (n=12) 
 Pre-VLED Post-VLED p* Pre-VLED Post-VLED p* 
LVEDV (ml) 167  

[112, 241]  
157 
[102, 212] 

0.05 166  
[103, 216]  

164 
[106, 214] 

0.43 

LVEDVi 
(ml/m2) 

69 
[53, 94] 

73 
[54, 102] 

0.005 77 
[54, 92] 

74 
[54, 101] 

0.09 

LVESV (ml) 64  
[41, 106]  

52 
[31, 88] 

0.52 52  
[33, 87]  

51 
[32, 79] 

0.046 

LVSV (ml) 100  
[71, 138]  

106 
[70, 124] 

0.38 99  
[68, 124]  

107 
[68, 125] 

0.48 

LVSVi (ml/m2) 46 
[35, 55] 

49 
[41, 59] 

0.05 47 
[37, 55] 

50 
[35, 62] 

0.05 

LVEF (%) 61  
[53, 69]  

66 
[58, 70] 

0.45 63  
[58, 69]  

67 
[62, 70] 

0.11 

LV mass (g) 129  
[94, 190]  

115 
[78, 220] 

0.06 - -  

LVMi (g/m2) 59 [47, 87] 57 [40, 75] 0.42 - -  

RVEDV (ml) 134  
[107, 209]  

162 
[110,210] 

0.33 159  
[110, 212]  

163 
[133, 234] 

0.21 

RVEDVi 
(ml/m2) 

134 
[111, 219] 

84 
[63, 99] 

0.0005 74 
[55, 95] 

89 
[64, 112] 

0.004 

RVESV (ml) 63  
[49, 99]  

67 
[40, 91] 

0.48 66  
[53, 102]  

70 
[51, 101] 

0.97 

RVSV (ml) 77  
[60, 119]  

96 
[71, 119] 

0.08 84  
[56, 127]  

102 
[74, 130] 

0.06 

RVSVi (ml/m2) 39 
[28, 50] 

48 
[38, 55] 

0.04 39 
[29, 54] 

52 
[39, 62] 

0.02 

RVEF (%) 53  
[50, 60]  

60 
[56, 65] 

0.0957 55 
 [51, 59]  

58 
[54, 66] 

0.04 

Table 5.4: Resting and 20W Exercise CMR Changes VLED HFpEF. LVEDV=left 
ventricular end-diastolic volume; LVEF=left ventricular ejection fraction; LVESV=left 
ventricular end-systolic volume; LVSV=left ventricular stroke volume; RVEDV= right 
ventricular end-diastolic volume; RVEF=right ventricular ejection fraction; RVESV= 
right ventricular end-systolic volume; RVSV=right ventricular stroke volume 

 

5.5  Discussion 

No recommendations are provided by either the European Society of Cardiology 

(ESC) nor the US equivalent (American Heart Association, AHA) concerning 

weight management strategies in obese patients with HF.120,121 Instead, this topic is 
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frequently highlighted within the gaps of evidence in need of being addressed by 

outcome studies. Despite the existing ‘obesity paradox’, which is likely more 

attributable to HFrEF than HFpEF patients294, an increasing number of studies 

reports a dedicated obesity phenotype within the spectrum of HFpEF. Hence, this 

prospective, longitudinal single-centre study sought to investigate patients with 

HFpEF and concomitant obesity before and after a VLED for 10 weeks. Detailed 

CMR assessments to elicit cardiac changes induced by this lifestyle intervention 

were augmented by biomarker analyses. 

It was demonstrated that a VLED in HFpEF patients is safe and effective, resulting 

in substantial weight loss, enhanced insulin response and right ventricular 

adaptation to exercise. More importantly, prognostically relevant neuro-humoral 

biomarkers (NT-proBNP) and symptom burden improved substantively. 

Furthermore, there were numerical corrections in echocardiographic parameters of 

diastolic function which were near-significant. No change in resting or dobutamine 

stress PCr/ATP was observed. 

5.5.1 Changes in anthropometrics and biomarkers 

In keeping with other studies investigating dietary and pharmacological weight loss 

interventions in this patient cohort117, it was confirmed that 10 weeks of VLED lead 

to significant weight loss (Chapter 5.4.2). Furthermore, and in contrast to the 

aforementioned studies, 10 weeks of VLED significantly lower NT-proBNP levels 

(p<0.05) and symptom burden (NYHA class) in HFpEF. This is in contrast to a 

RCT examining diet and exercise interventions where BNP did not reduce despite 

a similar mean weight loss of -7 kg in the diet group.117 Data on natriuretic peptide 
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levels and their correlation to clinical outcomes is rare however, it was recently 

reported that weight gain leads to increased levels of NT-proBNP and this is 

significantly associated to cardiac decompensation.295 

In advanced stages, HF promotes and aggravates insulin resistance and this 

phenomenon is equally present in patients with HFrEF and HFpEF.296 Patients in 

the present study displayed improved peripheral surrogates of glucose metabolism 

but also significantly blunted insulin response following an OGTT with 75 g of 

glucose. In a cohort of non-HFpEF obese patients, weight loss decreased insulin 

secretion by a third although insulin sensitivity did not change.297 Importantly, the 

patients had no insulin resistance at the start of the study and thus, it is unknown if 

insulin sensitivity might be enhanced in patients with HFpEF. The present results 

are encouraging and thought-provoking to investigate this in a dedicated study. 

5.5.2 Changes in myocardial energetics 

No data is available on the topic of effects of weight management on energy 

metabolism in patients with HFpEF and obesity. Thus, the present observation that 

PCr/ATP did not change after 10 weeks of VLED, neither at rest nor during 

dobutamine stress is challenging to put into context. Nevertheless, a study 

investigating VLED in an obese, non-HFpEF cohort recently demonstrated that 

myocardial function only recovered to some extent after 8-weeks 298 whereas 

cardiac energetics were demonstrated to be improved following 1 year of weight 

loss.299 While the amount of weight loss in the aforementioned study (-8 kg) was 

comparable to the current study in HFpEF patients (-7 kg) these results emphasise 

that reversing metabolic alterations might take significantly longer than affecting 
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cardiac structure and function. This hypothesis is in agreement with trials of 

metabolic modulators (FAO inhibitor etoxomir) in cohorts of patients with 

hypetrophic cardiomyopathy (HCM; i.e. preserved EF and myocardial hypertrophy 

similar to HFpEF), where metabolic changes were only quantifiable following 

almost 5 months of treatment.108 

5.5.3 Changes in cardiac structure and function	

The contemporary study revealed dietary-induced changes with RV-volume 

adaptation to exercise being the most prominent results. It is well known that 

obesity in the first place and transition to overt HFpEF leads to significantly 

elevated pulmonary pressures which, specifically during exercise, aggravates right 

ventricular dysfunction.300,301 Markedly improved RVSVi, -EDVi and -EF during 

exercise mirror the overall haemodynamic improvements achieved by substantial 

weight loss. RV-dysfunction and adverse changes in the pulmonary vasculature are 

predictors of worse outcomes in patients with HFpEF302 thus, the effect of the 

changes presented here should be investigated in a larger outcome trial. 

5.6 Conclusions 

Patients with obesity and HFpEF display marked improvements of prognostic 

serum markers of HF, symptom burden and exercise-related RV-dysfunction. The 

changes presented here should be hypothesis-generating for larger trials 

investigating weight management as a therapeutic intervention in patients with 

HFpEF and likewise are evidence that the so-called ‘obesity paradox’ may not 

equally apply to the distinct phenotype of severely obese HFpEF patients. 
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6  Investigation of Ninerafaxstat as 

Novel Treatment for Diabetic 

Cardiomyopathy 

	

6.1 Abstract 

6.1.1  Background 

T2D is a significant contributor for the development of HF and despite causing 

macro- and microvascular complications, also has a direct detrimental effect on the 

heart. The T2D heart is over-reliant on fatty acid metabolism, shows reduced 

glucose oxidation rates and increased inhibition of pyruvate dehydrogenase (PDH). 

This results in blunted ATP generation, myocardial steatosis and progressive 

diastolic dysfunction. We aimed to assess the effects of ninerafaxstat, a novel 

cardiac mitotrope designed to restore metabolic flexibility, on cardiac metabolism 

& function in obese T2D. 

6.1.2  Methods 

In this open-label, mechanistic phase 2a trial, 21 patients with T2D & obesity 

(HbA1c 7.0 % (6.6,7.8), 97 kg (90,102)) received 200mg ninerafaxstat twice daily 

for 4 or 8 weeks. Cardiac metabolism and function were assessed pre- & post-
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treatment using magnetic resonance imaging (MRI), 31P-, 1H- magnetic resonance 

spectroscopy (MRS) in all patients, as well as hyperpolarized [1-13C]pyruvate MRS 

in a subset (n=9). 

6.1.3  Results 

In keeping with previously published literature, T2D patients at baseline presented 

with reduced PCr/ATP (1.6; 1.4, 2.1), myocardial steatosis (myocardial 

triglycerides 2.2 %; 1.5, 3.2) and diastolic dysfunction (peak diastolic strain rate 

0.86 1/s; 0.82, 1.06). Ninerafaxstat significantly improved myocardial energetics 

(PCr/ATP median by 32 %, p<0.01), reduced myocardial triglyceride content (by 

34 %, p=0.03) and improved diastolic function (peak diastolic strain rate by 10 %, 

peak LV filling rate by 11 %, both p<0.05). PDH flux was increased in 7/9 subjects 

(mean 45 %, p=0.08). Left ventricular volumes and mass, heart rate and blood 

pressure were unchanged. 

6.1.4  Conclusions 

Treatment with ninerafaxstat significantly improved myocardial energetics, 

measures of steatosis and diastolic filling in patients with T2D and diabetic 

cardiomyopathy. 
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6.2 Introduction 

The presence of T2D substantially increases the risk for development of HF and 

both HFrEF and HFpEF are worsened by concomitant T2D.303 Even before 

clinically overt HF, adverse metabolic remodelling, structural alterations and 

development of diastolic dysfunction lead to potentially reversible changes 

summarised under the term ‘Diabetic Cardiomyopathy’ (DbCM).87,89,304 With the 

rapid global increase in the prevalence of T2D, occurrence of DbCM is projected 

to further expand.305 As a result, there is a substantial unmet medical need to 

develop novel therapeutics treating DbCM and possibly preventing progression to 

overt HF.89  

The heart’s exaction for continuous energy supply is unmitigated as it has the 

highest energy demands (measured as adenosine triphosphate (ATP) per gram of 

tissue) of any organ with a complete turnover of its ATP pool every ~10 seconds.9,44 

The amount of energy required to support contractile function (including active 

relaxation, i.e. diastolic function), basal metabolic processes, and ionic homeostasis 

are derived almost entirely from mitochondrial oxidative phosphorylation.44 Given 

this vast demand for ATP to maintain cardiac function, it is unsurprising that there 

are functional consequences if ATP metabolism is deranged; and the diabetic heart 

is characterized by altered metabolism.306,307 

Under physiological conditions, the heart is metabolically flexible with respect to 

substrate utilisation, including use of free fatty acids (FFA), glucose, ketone bodies, 

lactate, and several amino acids, to generate ATP.16,89 Although T2D is 

characterised by both increased circulating FFA and glucose, the diabetic 
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myocardium heavily relies on FFA for the generation of ATP, and its metabolic 

flexibility to use other substrates is considerably compromised.87 This arises due to 

the combination of reduced glucose uptake89 (secondary to insulin resistance) and 

increased fatty acid oxidation (FAO)305, which itself mediates an inhibition of 

pyruvate dehydrogenase (PDH).9 This over-reliance on FFA in T2D results not only 

in a reduced efficiency of mitochondrial oxidative phosphorylation, but also 

increases lipotoxicity which in turn promotes inflammation and cardiac 

dysfunction.308 Chronic exposure to high levels of FFA can cause excessive 

accumulation of substrates for non-oxidative processes, including triacylglycerol, 

diacylglycerol, and ceramide synthesis, which can lead to myocyte hypertrophy, 

dysfunction and apoptosis.309 Consequently, the human diabetic heart is 

characterised by reduced PDH flux140, impaired myocardial energetics241, cardiac 

steatosis310, left ventricular (LV) hypertrophy, and LV diastolic and/or systolic 

dysfunction.311  

By partially inhibiting FAO, drugs such as trimetazidine (TMZ) aim to expand 

glucose oxidation by increasing PDH flux which has been shown to improve 

cardiac energetics and function in dilated cardiomyopathy112. However, despite the 

increased oxygen efficiency of ATP from glucose oxidation, its restricted cellular 

uptake due to insulin resistance59,312, reduces the ability to recouple glucose uptake 

and oxidation. 

Ninerafaxstat, is a novel cardiac mitotrope designed for the treatment of 

cardiovascular disorders characterised by abnormal cardiac energetics and/or 

altered cardiac metabolism. Ninerafaxstat is a structural analogue of Trimetazidine 

(TMZ) which undergoes rapid hydrolysis during enteral absorption and liberates 
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IMB-1028814 (the active moiety) and nicotinic acid in plasma. IMB-1028814 is a 

partial FAO inhibitor increasing glucose utilisation in myocardial tissue and is 

subsequently metabolised to TMZ. In addition, as nicotinic acid causes a fall in 

peripheral FFA levels, and increase myocardial glucose uptake (level comparable 

to insulin-glucose clamp313) this may further enhance glucose oxidation via PDH. 

In order to assess the effectiveness of ninerafaxstat in DbCM, this phase 2a trial 

used cardiovascular magnetic resonance (CMR) to assess the hallmarks of DbCM, 

namely LV hypertrophy (MRI), cardiac energetics by phosphorus magnetic 

resonance spectroscopy (31P-MRS), myocardial steatosis via proton MRS (1H-

MRS), PDH flux with hyperpolarized [1-13C]pyruvate MRS and diastolic 

dysfunction with magnetic resonance imaging (MRI) and echocardiography (TTE). 

6.3 Methods 

IMPROVE-DiCE was a single-centre, open-label, mechanistic phase 2a, 

pharmacodynamic study designed to assess the effects of 200mg ninerafaxstat twice 

a day (BID) on myocardial energetics, metabolism, and function in patients with 

T2D. The trial was registered EudraCT Number: 2020-003280-26, 

ClinicalTrials.gov: NCT04826159 and sponsored by Imbria Pharmaceuticals, Inc. 

Ethical approvals for the study were granted by the Medicines and Healthcare 

Products Regulatory Agency (MHRA) and National Research Ethics Service 

(Research Ethics Committee ref 20/LO/1120). The trial was conducted according 

to the principles of the Declaration of Helsinki and the EU Clinical Trial Directive. 

All participants provided written informed consent before any investigations took 

place.	
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6.3.1 Study Visit Schedule 

After testing the subject’s eligibility in a screening visit, those eligible were 

invited to attend a baseline visit within 14 days. Following their baseline 

assessments, patients were asked to take the first dose of trial treatment and then 

invited for their EOT visits following 4 (n=5) or 8 weeks of treatment (n=16) for 

repeated assessments. Seven days after their individual EOT, patients were re-

invited for safety assessments and their respective EOS.  The general study 

schedule is depicted in Figure 6.1. 

Figure 6.1: Study Structure IMPROVE-DiCE 

	

Figure 6.1: Study Structure Overview IMPROVE-DiCE. A schematic overview of the 
study design and visit schedule. 1H-MRS = proton magnetic resonance spectroscopy, 31P-
MRS = phosphorus magnetic resonance spectroscopy, BID = twice daily, BMI = Body 
Mass Index, CMR = cardiovascular magnetic resonance, EOS = end of study, EOT = end 
of treatment, LVEF = left ventricular ejection fraction, T2D = type 2 diabetes.  

	

6.3.2 Study population 

The target population for this study were patients age ≥18 but ≤75 years with T2D 

(HbA1c ≥ 6.5 %), a body mass index (BMI) ≥ 30 and ≤ 40 kg/m2 and preserved left 

ventricular ejection fraction (LVEF) of ≥ 50 %. Patients were excluded if they were 

on insulin and/or sodium glucose co-transporter 2 inhibitors (SGLT2i) therapy, had 
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more than moderate renal impairment (creatinine clearance < 60 mL/min/1.73m2 of 

BSA), severe HF (NYHA III or IV) or any changes in their antidiabetic therapy in 

the last 3 months. A detailed list of in- and exclusion criteria can be found in Table 

6.1.  

Table 6.1: In- and Exclusion Criteria IMPROVE-DiCE 

IMPROVE-DiCE (NCT04826159) 
Inclusion 
Criteria 

• Provision of written informed consent before any screening procedures;  
• Male or female aged ≥ 18 and ≤ 75 years at screening;  
• Must agree to adequate contraception requirements as follows: a. WOCBP 

must have a negative serum pregnancy test at screening and a negative 
pregnancy test (serum or urine) on the day of baseline pre-dose and at the 
end of study (EOS)/safety follow-up visit or early termination; b. WOCBP 
must agree to use dual methods of contraception, including 1 highly 
effective and 1 effective method of contraception, from the day of first 
dosing until 3 months after the last administration of test product; and c. 
Male patients must use an effective barrier method of contraception if 
sexually active with a WOCBP, from the day of first dosing until 3 months 
after the last administration of test product;  

• Must agree not to donate sperm or ova from the day of first dosing until 3 
months after last dosing;  

• Women not of childbearing potential must be either surgically sterile 
(hysterectomy, bilateral tubal ligation, salpingectomy, and/or bilateral 
oophorectomy at least 26 weeks before screening) or postmenopausal, 
defined as spontaneous amenorrhea for at least 2 years with follicle-
stimulating hormone (FSH) in the postmenopausal range at screening;  

• Must be able and willing to comply with all study procedures and 
requirements; 

• Diagnosis of T2D;  
• Elevated HbA1c defined as ≥ 6.5 % (≥ 48 mmol/mol);  
• Elevated BMI defined as ≥ 30 kg/m2;  
• Preserved LVEF (defined as ≥ 50 %); and  
• If on oral hypoglycaemic (anti-diabetic) therapy, no change in therapy over 

the past 3 months.  
 

 
IMPROVE-DiCE (NCT04826159) 

Exclusion 
Criteria 

• BMI > 40 kg/m2;  
• Uncontrolled hypertension (defined as resting blood pressure >180/90 

mmHg) at screening;  
• Standard contraindication(s) to magnetic resonance scanning; 
• More than mild to moderate valvular heart disease per Investigator’s 

judgement;  
• Persistent or permanent atrial fibrillation;  
• History of sustained ventricular tachycardia or cardiac arrest;  
• Exertional angina or intermittent claudication;  
• Known significant obstructive coronary artery disease per Investigator’s 

judgement; 
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• Absolute or significant contraindication to dobutamine infusion, 
including: pheochromocytoma, LV outflow tract obstruction, untreated 
hyperthyroidism, severe hypotension, aortic dissection, or large 
aneurysm;  

• History of stroke, transient ischaemic attack, acute coronary syndrome, 
myocardial infarction, peripheral vascular disease, diagnosis of NYHA 
functional class III or IV heart failure, hospitalization for heart failure, or 
any arterial revascularisation procedure (including coronary artery bypass 
grafting) within 6 months before screening;  

• Presence of indwelling cardiac device (pacemaker, cardiac 
resynchronisation therapy, and/or implantable cardioverter defibrillator);  

• Significant hepatic impairment defined as total bilirubin and/or alanine 
aminotransferase and/or aspartate aminotransferase >2 × upper limit of 
the normal;  

• Moderate or severe renal impairment defined as estimated glomerular 
filtration rate <60 mL/min/1.73 m2 of body surface area;  

• History of Parkinson disease, Parkinsonian symptoms, restless leg 
syndrome, or other related movement disorders;  

• Known allergy, intolerance, or absolute contraindication to TMZ or 
nicotinic acid;  

• Concomitant use within the last 1 month of TMZ, nicotinic acid (at 
prescription/therapeutic dose), perhexiline, meldonium, or ranolazine;  

• Any use of insulin and/or SGLT2 inhibitors;  
• History of alcohol abuse or drug addiction within the previous 5 years;  
• Pregnant, or planning pregnancy or lactation; 
• Participation in another clinical study involving a test product or medical 

device within 28 days (or 5 half-lives of the test product, whichever is 
longer), prior to first dosing;  

• Any medical or surgical condition that may interfere with the patient’s 
participation in the clinical study, significantly interfere with the 
interpretation of the results, or put the patient at significant risk, according 
to the Investigator’s judgment, from study participation; or  

• Known hypersensitivity to IMB-1018972, mannitol, hypromellose, 
magnesium stearate and pre-gelatinized corn starch (other ingredients of 
placebo and active). 

 
 
Table 6.1: In- and Exclusion Criteria for IMPROVE-DiCE. Detailed list of in- and 
exclusion criteria applying for patients enrolled in the IMPROVE-DiCE trial. BMI=body 
mass index; FSH=follicle stimulating hormone; HbA1c=glycated haemoglobin A1c; IMB-
1018972=ninerafaxstat; LVEF=left ventricular ejection fraction; SGLT2i=sodium 
glucose co-transporter 2 inhibitors; NYHA=New York Heart Association; T2D=type 2 
diabetes mellitus; WOCBP=women of childbearing potential 
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6.3.3 Data acquisition 

6.3.3.1 CMR 

CMR imaging was performed on a single 3T MR scanner (Magnetom TRIO, 

Siemens Healthineers, Erlangen Germany). A schematic overview of the scan 

protocol, timings and sequences used is provided in Figure 6.2. 
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Figure 6.2: IMPROVE-

DiCE CMR scanning protocol. 

Firstly, anatomical and functional 

imaging and MRS sections were 

acquired. During a following break 

the patient was given 75 g of oral 

glucose as preparation for the DNP-

scan and a coil change in the scanner 

performed. Following spectral 

acquisition and a quick visual quality 

control and coil change, myocardial 

energetics (PCr/ATP) at rest and 

during dobutamine stress (65 % age-

maximal HR) were obtained.

Figure 6.2: CMR Protocol IMPROVE-DiCE 
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Using an 18-channel phased-array coil with the participant supine, the initial 

planning pilots and cine images were acquired in two long axis views (HLA, VLA) 

and in short axis slices covering the whole LV using retrospectively ECG-gated 

balanced steady-state free precession cine imaging or prospective gating in patients 

with atrial fibrillation (AF).125,191 

6.3.3.2 Dobutamine stress 

Dobutamine was administered as a continuous intravenous infusion at incremental 

rates in order to achieve a significant haemodynamic effect. The infusion was 

commenced initially at 10 µg/kg/min but increased to a maximum of 40 µg/kg/min, 

depending on presence of a satisfactory haemodynamic response, which was 

defined as 65 % of the age maximum heart rate (HR; 220-age). This elevated HR 

was then maintained for the duration of the acquisition. HR and blood pressure (BP) 

were measured at baseline and at one-minute intervals during and after 

pharmacological stress until normalisation to pre-examination levels. Wherever 

feasible, stress cines were acquired in a mid-short axis slice as well as VLA and 

HLA. Due to logistical considerations, the stress-imaging was conducted as part of 

the 31P-MRS acquisition (Magnetom TRIO, Siemens Healthineers, Erlangen, 

Germany) and had to be acquired using a locally created GRE-sequence by means 

of the integrated scanner receiver coils which resulted in a lower image quality and 

more susceptibility to movement artefacts. 
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6.3.3.3 Magnetic resonance spectroscopy 

Bi-nuclear magnetic resonance spectroscopy (31P- and 1H-MRS) was used to assess 

different aspects of myocardial metabolic function. Firstly, cardiac energetics 

(expressed as PCr/ATP) were assessed using 31P-MRS at rest and during 

dobutamine stress at 65 % age-maximal HR with patients resting in prone position 

over the centre of a dual-channel 31P Heart/Liver coil (Siemens Healthineers, 

Erlangen, Germany). Furthermore, myocardial steatosis was assessed via 1H-MRS 

using a 18-channel receive array supine in end-diastole and expiration. This enabled 

acquisition of water suppressed and water unsuppressed lipid spectra allowing for 

calculation of myocardial triglycerides. 

6.3.3.4 Hyperpolarized [1-13C]pyruvate MRS 

A General Electric SpinLab system (GE Healthcare, Chicago, USA) was used for 

the process of Dynamic Nuclear Polarization as described previously. Following 

sufficient polarisation of around 2 hours, sample dissolution was undertaken to 

produce the final hyperpolarized [1-13C]pyruvate solution for injection. After 

quality control eligible solutions were released for human injection. Intravenous 

injection of the hyperpolarized pyruvate was undertaken at a dose of 0.4 ml/kg and 

at a rate of 5 ml per second via a power injector (MEDRAD, Bayer). 

6.3.3.5 Echocardiography 

TTE was used to evaluate cardiac structure and function in keeping with official 

recommendations by the British Society of Echocardiography. 165 The following 

clinical information was recorded and analysed on a Philips Healthcare ISCV 

analysis station: 
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• LVEF, LVEDV and -ESV, LVMi 

• Diastolic function 

• LV wall thickness and wall motion status 

• Haemodynamic status (cardiac output) 

• Valve status 

 

6.3.3.6 Blood sampling and analysis 

Fasting venous bloods were drawn for biochemical analysis of the following 

parameters at baseline and after 4- or 8 weeks of ninerafaxstat, respectively: 

• Fasting plasma glucose 

• Fasting plasma insulin 

• HbA1c 

• HOMA-IR 

• Free fatty acids (FFA) 

• HDL-Cholesterol 

• LDL-Cholesterol 

• Total-Cholesterol 

• Triglycerides 

• NT-proBNP 

• Hs-cTn 

 

6.3.4 Data analysis 

6.3.4.1 CMR 

Image analysis for cardiac indices was performed in an anonymised fashion offline 

in accordance with SCMR guidelines 125, using cmr42 post-processing software by 

an independent operator who was blinded to patient treatment status. Spectroscopic 
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analysis for 31P- and 1H-MRS was performed as described in Chapters 2.5.1 and 

2.5.3, respectively. 

6.3.4.2 Echocardiography 

Analysis of TTE images was conducted on an ISCV workstation as outlined before 

(see Chapter 2.6). 

6.3.4.3 Biomarker analysis 

Biomarkers were analysed domestically by OUH’s clinical biochemistry laboratory 

according to local standard protocols. 

6.3.5 Statistical analysis 

Statistical analyses were performed using commercial software (SPSS 24, Chicago 

and GraphPad Prism 9, San Diego). All data is presented as median (IQR) unless 

stated. Determination of statistical significance was assessed by Wilcoxon signed-

rank test. Pearson’s correlation and linear regression were used. To compare the 

coefficient of regression between before and after the trial, dummy variable 

regression analysis was performed. Values of p<0.05 were considered as 

statistically significant.  
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6.4 Results 

Patient recruitment took place between May and September 2021 and all follow-up 

visits were completed by December 2021. Of a total of 28 patients screened in a 

single centre (OCMR, Radcliffe Department of Medicine, University of Oxford), 

22 were enrolled and subsequently treated. One participant withdrew from 

treatment during the treatment period and another one completed the treatment 

period but due to a panic attack did not complete the MR examination at their end 

of trial (EOT) visit. 

6.4.1 Study population 

Baseline characteristics are shown in Table 6.2 for the 21 participants in the per 

protocol set. The median age for participants was 70 years (58, 72), with 57 % being 

male. Median HbA1c was 7.1 % (6.6 %, 7.9 %). All except one patient (95 %) were 

on stable doses of oral antidiabetic medication, with Metformin the most frequently 

prescribed agent. In agreement with a population of high CV-risk, a majority of 

patients were on a statin (71 %) and angiotensin converting enzyme inhibitors 

(ACE-I) or Angiotensin II receptor blockers (ARB) (57 %). 
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Table 6.2: Baseline Patient Characteristics IMPROVE-DiCE 

Characteristic Pre-Treatment 
n=21 

Post-Treatment 
n=21 p-value 

Anthropometrics, mean 
(SD)    
Age (years) 70 (58, 72) 70 (58, 72) ns 

Male (% of total) 12 (57) 12 (57) ns 

Weight (kg)  97 (12) 95 (12) <0.001 

Body mass index (kg/m2) 33.5 (3.6) 33.1 (3.8) 0.004 
Systolic blood pressure 
(mmHg) 142 (15) 140 (13) 0.42 

Diastolic blood pressure 
(mmHg) 73 (8) 75 (8) 0.58 

Resting heart rate (bpm) 75 (11) 70 (10) 0.009 
Heart rate during stress 
(bpm) 112 (10) 110 (6) 0.31 

Metabolic status, median 
(IQR)    
HbA1c (%) 7.1 (6.6, 7.9) 7.2 (6.7, 8.0) 0.41 

Total cholesterol (mmol/l) 4.3 (3.4, 5.2) 4.1 (3.5, 4.8) 0.052 

LDL cholesterol (mmol/l) 2.5 (1.6, 3.0) 2.3 (1.7, 2.7) 0.01 

HDL cholesterol (mmol/l) 1.2 (1.0, 1.3) 1.2 (0.9, 1.3) 0.99 

Triglycerides (mmol/l) 1.6 (1.1, 2.2) 1.3 (1.0, 2.4) 0.69 

Fasting glucose (mmol/l) 8.5 (6.1, 9.1) 7.2 (5.9, 9.0) 0.65 

Fasting insulin (pmol/l) 85 (57, 100) 83 (58, 107) 0.66 

HOMA-IR 4.1 (2.3, 6.6) 4.2 (2.9, 6.0) 0.94 

Free Fatty Acids (mmol/l) 0.9 (0.8, 1.0) 0.9 (0.5, 1.0) 0.77 

               
Cardiac Biomarkers, 
median (IQR)    

NT-pro BNP (ng/ml) 82 (59, 147) 60 (40, 138) 0.70 

hs-cTn (ng/l) 2 (2, 5) 2 (2, 4) 0.27 
Concomitant 
Medications, n (%)    
Oral Hypoglycaemic 20 (95) 20 (95) ns 

ACE-I / ARB 12 (57) 12 (57) ns 
Ca2+-Channel Blocker 9 (43) 9 (43) ns 
Statin  15 (71) 15 (71) ns 

Loop diuretic 4 (19) 4 (19) ns 

Table 6.2: Pre- and Post-Treatment Results IMPROVE-DiCE. ACE-I=angiotensin 

converting enzyme inhibitor; ARB=angiotensin II receptor blocker; HbA1c=glycated 

haemoglobin A1c; HDL= high-density lipoprotein; HOMA-IR=homeostasis model 
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assessment for insulin resistance; hs-cTn= highly sensitive cardiac troponin; 

IQR=interquartile range; kg=kilogram, LDL=low-density lipoprotein; NT-proBNP=n-

terminal pro b-type natriuretic peptide;  

Of the 22 participants recruited at baseline, 1 completed baseline assessment but 

did not complete the MRI follow up study. One participant stopped ninerafaxstat 

treatment early due to experiencing frequent diarrhoea and withdrew from the trial. 

Among the 21 patients enrolled who completed the study, adherence and side 

effects were assessed by weekly telephone interviews. None of the 21 patients 

completing the treatment experienced significant side effects. There were no 

significant changes to any of the patients’ pre-existing medications throughout the 

study 

6.4.2 Primary Outcome 

6.4.2.1 Change in resting 31P-MRS 

Administration of ninerafaxstat led to significantly increased PCr/ATP in the 

combined 4- and 8-week cohorts (baseline median 1.6; 1.4, 2.1) to EOT 2.1 (1.7, 

2.5); p = <0.01). Interestingly, when analysing the 4- and 8-week cohorts’ data 

separately, results did not meet significance in the 4-week treatment group however, 

4 out of 5 subjects normalised their myocardial energetics (baseline median 1.6; 

1.2, 2.1) to EOT 2.4 (1.8, 2.7); p = 0.13). In the 8-week cohort, significance of 

results remained unchanged from the combined cohort (baseline median 1.8; 1.4, 

2.1) to EOT median 2.0 (1.8, 2.5), p = <0.01) (Figure 6.3). 
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Figure 6.3: Resting PCr/ATP IMPROVE-DiCE 

	

Figure 6.3: Myocardial Energetics IMPROVE-DiCE. Scatterplots with bar graph and SD 

of the 4-week treatment cohort (left) and 8-week treatment cohort (right).  

6.4.3 Exploratory outcomes 

6.4.3.1 Dobutamine stress 31P-MRS 

Due to a loss of signal to noise ratio and movement artefact as well as patient 

preference to omit the stress investigations, 15 of the total of 21 recorded studies 

were included in the analyses.  

The peak heart rate (HR) achieved at baseline was very similar to the dobutamine 

stress response at EOT (peak HR mean before 112 /Min (±5.8) vs. 110 /Min (±6.1) 

after treatment, p=0.31). Myocardial energetics recorded during peak dobutamine 

stress were similar at baseline and following treatment with ninerafaxstat 

(PCr/ATP median during stress baseline PCr/ATP 1.7; 1.6, 2.0) vs EOT median 

1.9; 1.4, 2.0), p = 0.94, Figure 6.4 a). Separating the 4- and 8-week treatment 

groups did not alter the overall result (Figure 6.4 b and c). 
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Figure 6.4: Dobutamine Stress PCr/ATP IMPROVE-DiCE 

 
Figure 6.4: Stress PCr/ATP IMPROVE-DiCE.  Individual data points for dobutamine 
stress 31P-MRS in the combined treatment cohort (a), 4-week treatment cohort (b) and 8-
week treatment cohort (c). EOT=end of treatment, ns=not significant 

 

Similarly to the results for individual values of rest and stress assessments, there 

was a significant difference following ninerafaxstat treatment in the difference 

(rest-stress) PCr/ATP, the so-called ‘D PCr/ATP’ (baseline median -0.08; -0.5, 0.5), 

EOT median 0.5 (0.42, 0.76), p = <0.01) (Figure 6.5). 
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Figure 6.5: Delta (rest-stress) PCr/ATP IMPROVE-DiCE 

 

Figure 6.5: Delta PCr/ATP (rest-stress) IMPROVE DiCE. Individual data points for the 

change in D PCr/ATP (rest-stress) from baseline (left) to EOT (right). 
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6.4.3.2 Myocardial steatosis 

Following the increased myocardial triglycerides (MTG) at baseline (MTG 2.2 %; 

1.5, 3.2), treatment with ninerafaxstat did reduce MTG substantially in every 

individual patient leading to an overall significantly decreased MTG content, a 

surrogate of myocardial steatosis, which was reduced by 34 % overall (median 

MTG 2.2 %; 1.5, 3.2) to 1.5 % (1.0, 2.7), p = 0.026). 

Figure 6.6: Myocardial Steatosis IMPROVE-DiCE 

 

Figure 6.6: Myocardial Triglycerides IMPROVE-DiCE. 

Despite FFA levels being unchanged over the treatment duration (p = 0.77), MTG 

content, aside being lower, remained correlated with FFA-levels (r 0.53, p = 0.03). 

When comparing the coefficient of regression between FFA and MTG content 

before and after treatment, those before treatment had a greater MTG with 

increasing FFA (+ 7.5 % vs + 1.6 % increase per mmol/l increase in fatty acid 

level, p = 0.008). 
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6.4.3.3 Hyperpolarized [1-13C]pyruvate MRS 

Dynamic nuclear polarisation was performed and [1-13C]pyruvate pathways 

injected in a subset of 9 subjects. The [1-13C]bicarbonate to [1-13C]pyruvate ratio 

was increased (by 20 %, p=0.08) with 7 of 9 participants showing an increase in 

this marker  of PDH flux.  

Figure 6.7: PDH-Flux IMPROVE-DiCE 

 

Figure 6.7: In-Vivo Bicarbonate/Pyruvate Ratio IMPROVE-DiCE 

[1-13C]alanine to [1-13C]pyruvate ratio was reduced following treatment (by 20 %, 

p=0.053).  

Figure 6.8: Alanine/Pyruvate IMPROVE-DiCE 
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Figure 6.8: In-Vivo Alanine/Pyruvate Ratio IMPROVE-DiCE.: 

The [1-13C]lactate to [1-13C]pyruvate ratio and the ratio of [1-13C]bicarbonate and 

[1-13C]lactate signals were both unchanged following treatment with ninerafaxstat 

(p=0.82, and p=0.36 respectively).  

Figure 6.9: Lactate Pyruvate and Bicarbonate/Lactate IMPROVE-DiCE 

	 	

Figure 6.9: In-Vivo Lactate/Pyruvate and Bicarbonate/Lactate ratios 

IMPROVE-DiCE.  

 

6.4.3.4 Changes to LV-structure and function 

Treatment with ninerafaxstat was not associated with significant changes in LV-

morphology. Both LVEDV, and -mass remained unchanged (Table 6.3, Figure 

6.10). Likewise, LVEF and markers of systolic strain remained unchanged (Table 

6.3, Figure 6.10). Whilst there was no convincing change in diastolic function 

recorded on TTE (Table 6.3), MRI analysis showed that peak diastolic 

circumferential strain rate (by 15 %, p=0.047, Table 3, Figure 3H), absolute LV 

peak filling rate (336 ml/s (290, 312) vs 373 ml/s (312, 520), p=0.03) and peak 
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filling rate normalised to the LVEDV (2.3 EDV/s; 2.1, 3.1 vs 2.9 EDV/s; 2.5, 3.4; 

p=0.02) all improved following treatment with ninerafaxstat. Left atrial size and -

ejection fraction was mutually unchanged (p=0.23 and p=0.5, respectively). 
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Table 6.3: Imaging Results IMPROVE-DiCE 

 

Table 6.3: Functional Imaging Parameters IMPROVE-DiCE. Treatment with 

ninerafaxstat was not associated with changes in right ventricular morphology or 

function.	

	

Cardiac MRI Pre-Treatment 
n=21 

Post-Treatment 
n=20 p-value 

Left ventricle    
End-diastolic volume 
(ml) 135 (107, 164) 129 (103, 160) 0.83 

End-systolic volume (ml) 43 (33, 58) 47 (32, 56) 0.62 

Stroke volume (ml) 85 (69, 108) 83 (67, 106) 0.57 

Ejection fraction (%) 65 (61, 70) 65 (60, 70) 0.89 
Peak Systolic Strain Circ 
(%)  -18.6 (-20.5,-16.4) -19.1 (-21.1,-16.7) 0.19 

GLS (%)  -14.3 (-16.4,-11.7) -14.7 (-16.1,-13.7) 0.39 

Mass (g) 130 (98, 151) 131 (102, 144) 0.59 

Left atrial volume (ml) 68 (51, 88) 62 (45, 86) 0.23 
Left atrial ejection 
fraction (%) 60 (34, 66) 62 (49, 69) 0.5 

Peak Diastolic Strain 
Rate Circ (1/s) 0.86 (0.82, 1.06) 0.99 (0.90, 1.09) 0.047 

Peak LV Filling Rate 
(ml/s) 336 (290, 452) 373 (312, 520) 0.06 

Normalised Peak LV 
Filling Rate (EDV/s) 2.5 (2.1, 3.1) 2.9 (2.5, 3.4) 0.04 

    

Right ventricle    
End-diastolic volume 
(ml) 129 (115, 170) 139 (102, 155) 0.49 

End-systolic volume (ml) 55 (43, 66) 59 (37, 75) 0.40 

Ejection fraction (%) 57 (56, 64) 57 (54, 62) 0.19 

    

Echocardiography n = 16 n=16  

E/A 0.84 (0.74, 0.95) 0.77 (0.67, 0.93) 0.84 

Average E/E’ 8.9 (7.2, 10.0) 9.1 (7.4,12.3) 0.08 
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6.4.3.5 Anthropometrics and biomarkers 

Following treatment with ninerafaxstat, there was a reduction in overall body 

weight (by 1.5 kg, p<0.01), total serum cholesterol (4.3 mmol/L; 3.4, 5.2 to 4.1 

mmol/L; 3.5, 4.8; p= 0.052) and LDL-cholesterol (2.5 mmol/L; 1.6, 3.0 to 2.1 

mmol/L; 1.7, 2.7; p = 0.01). Fasting glucose, HbA1c, insulin, triglycerides as well 

as neurohumoral cardiac biomarkers (NT-proBNP) and markers of cardiac injury 

(hs-cTn) were unchanged (see Table 6.4).  

Table 6.4: Biomarkers and Anthropometrics IMPROVE-DiCE 

 Pre-Treatment 
n=21 

Post-Treatment 
n=21 p-value 

Anthropometrics, mean (SD)    
Age (years) 70 (58, 72) 70 (58, 72) ns 

Male (% of total) 12 (57) 12 (57) ns 

Weight (kg)  97 (12) 95 (12) <0.001 

Body mass index (kg/m2) 33.5 (3.6) 33.1 (3.8) 0.004 
Systolic blood pressure 
(mmHg) 142 (15) 140 (13) 0.42 

Diastolic blood pressure 
(mmHg) 73 (8) 75 (8) 0.58 

Resting heart rate (bpm) 75 (11) 70 (10) 0.009 

Heart rate during stress (bpm) 112 (10) 110 (6) 0.31 
Metabolic status, median 
(IQR)    
HbA1c (%) 7.1 (6.6, 7.9) 7.2 (6.7, 8.0) 0.41 

Total cholesterol (mmol/l) 4.3 (3.4, 5.2) 4.1 (3.5, 4.8) 0.052 

LDL cholesterol (mmol/l) 2.5 (1.6, 3.0) 2.3 (1.7, 2.7) 0.01 

HDL cholesterol (mmol/l) 1.2 (1.0, 1.3) 1.2 (0.9, 1.3) 0.99 

Triglycerides (mmol/l) 1.6 (1.1, 2.2) 1.3 (1.0, 2.4) 0.69 

Fasting glucose (mmol/l) 8.5 (6.1, 9.1) 7.2 (5.9, 9.0) 0.65 

Fasting insulin (pmol/l) 85 (57, 100) 83 (58, 107) 0.66 

HOMA-IR 4.1 (2.3, 6.6) 4.2 (2.9, 6.0) 0.94 

Free Fatty Acids (mmol/l) 0.9 (0.8, 1.0) 0.9 (0.5, 1.0) 0.77 

               
Cardiac Biomarkers, 
median (IQR)    

NT-pro BNP (ng/ml) 82 (59, 147) 60 (40, 138) 0.70 
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 Pre-Treatment 
n=21 

Post-Treatment 
n=21 p-value 

hs-cTn (ng/l) 2 (2, 5) 2 (2, 4) 0.27 
Concomitant Medications, n 
(%)    
Oral Hypoglycaemic 20 (95) 20 (95) ns 

ACE-I / ARB 12 (57) 12 (57) ns 
Ca2+-Channel Blocker 9 (43) 9 (43) ns 
Statin  15 (71) 15 (71) ns 

Loop diuretic 4 (19) 4 (19) ns 

Table 6.4: Anthropometric and Biomarker Results IMPROVE-DiCE. 

6.5 Discussion 

IMPROVE-DiCE is the first trial assessing the effects of ninerafaxstat, a novel 

cardiac mitotrope, on myocardial energetics, metabolism, and function in patients 

with diabetic cardiomyopathy (DbCM) in-vivo. Major results include, but are not 

limited to, improved myocardial energetics, reduced MTG and ameliorated 

diastolic function following 4 or 8 weeks of treatment with ninerafaxstat. These 

findings provide evidence that ninerafaxstat is actively able to beneficially 

modulate the deranged metabolic machinery in the heart and suggest it has several 

beneficial effects in patients with DbCM.  

6.5.1 Changes in myocardial energy metabolism  

The T2D heart is characterised by metabolic remodelling including dominance of 

FAO, reduced PDH flux and glucose oxidation.140 While there remains debate 

whether this metabolic remodelling is causal for impaired myocardial energetics241, 

cardiac steatosis310, LV hypertrophy, and LV diastolic dysfunction311, it is 

unanimously accepted to aggravate the aforementioned. To date, several partial 

FAO inhibitors have aimed to restore metabolism back towards increasing glucose 
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oxidation by reducing PDH flux inhibition. In small studies this mechanism has 

been shown to improve cardiac energetics and function.112 However, the peripheral 

insulin resistance59,312 reduces the ability to recouple glucose uptake and oxidation 

and thus, restore physiological metabolic flexibility. Ninerafaxstat overcomes this 

by liberating IMB-1028814 (the active moiety) and nicotinic acid during hydrolysis 

in plasma. There were some safety concerns around the use of nicotinic acid in a 

cohort of patients with diabetes and presence of symptomatic CAD or previous MI 

in the HPS2-THRIVE trial.314 Notably, there are certain differences to be taken into 

consideration. Firstly, patients in HPS2-THRIVE received not only a higher dose 

of nicotinic acid (up to 2g per day) but this was also used in a fixed combination 

with laropripant, a drug used to reduce the typical side effects of nicotinic acid 

induced by its vasodilating properties.315 In IMPROVE-DiCE, ninerafaxstat 

(consisting of IMB-1028814 and nicotinic acid) is a fixed dose combination of 

200mg in total thus, much less than the dose in HPS2-THRIVE. In addition, the 

modified release formulation used ensures liberation of IMB-1028814 and nicotinic 

acid occurs only after hydrolysis in plasma thus, will likely be absorbed and provide 

a precursor for NAD+. Secondly, the trial population was different and interestingly, 

SAEs appeared to differ between ethnicities enrolled in the trial, with Chinese 

patients being more affected overall. The surprisingly increased rate of bleeding in 

HPS2-THRIVE is likely a side effect of laropriprant rather than nicotinic acid as 

the antagonism of the prostaglandin D2 receptor also exhibited antagonistic effects 

on the thromboxane A2 receptor hence, may affect platelet aggregation.316 
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Myocardial high-energy phosphate metabolism plays a crucial role in maintaining 

normal contractile function.16 In this trial, we demonstrated that not only is T2D 

related to reduced PCr/ATP but also that this reduction is associated with a reduced 

[13C]bicarbonate/ [1-13C]lactate ratio. This implies that markedly reduced 

energetics in T2D are related to a reduction in relative carbohydrate oxidation.  

The crucial importance of this increase in FA metabolism lies in the fact that the 

mitochondrial redox state and, as a result, the free energy of ATP-hydrolysis (ΔG) 

are negatively affected by a change in the balance of substrate use.288 As such, the 

surge in FAO results in a loss of efficient coupling between substrate use and ATP 

production in the diabetic heart.317 As the sarcoplasmic reticular Ca2+-ATPase is the 

most energetically demanding of all enzymes involved in contractile function318, 

impairment in high-energy phosphate metabolism initially affects the ability the to 

lower cytosolic Ca2+ and thus, impairs diastolic function first. In line with this, both 

animal319 and human T2D140 have shown a typical triad of reduced cardiac PDH 

flux, deranged myocardial energetics, and progressive diastolic dysfunction.  

PDH is a key enzyme regulating the balance between carbohydrate and fat 

metabolism in the heart. Consequently, increasing PDH flux has previously been 

proposed as a novel therapeutic target in different cardiomyopathies.319,320 Via 

restoration of PDH activity, a normal fuel balance may be re-established which in 

turn may restore cardiac energetics and function. 

Following treatment with Ninerafaxstat, PCr/ATP was significantly and 

consistently improved. It is worthwhile noting that the magnitude of this 

improvement is larger than that seen with empagliflozin189, and resulted in the 
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median PCr/ATP following this trial recovering to physiological ranges.311 The 

numerical increase in the [1-13C]bicarbonate/ [1-13C]pyruvate ratio (by 20 %, 

p=0.08) is in keeping with the mechanism of action of as ninerafaxstat as a partial 

FAO inhibitor, conversely increasing glucose utilisation in myocardial tissues. 

Considering the study’s limitations regarding sample size, the fact that 7 of 9 

participants show an increase in [1-13C]bicarbonate/[1-13C]pyruvate ratio suggests 

strongly that PDH flux has increased following treatment. It is therefore reasonable 

to assume that the re-balancing of substrate use towards normal is likely to be a 

mechanism underlying the energetic benefits seen in this study. Hence, the observed 

improvement in diastolic function, being an active process requiring energy, is also 

likely to be a consequence of improved ATP metabolism. 

	

6.5.2 Changes in LV-structure and function 

The improvements seen in MTG and overall diastolic function in this study are 

further evidence of ninerafaxstat’s metabolic mechanism of action.  

Previous studies indicated that trimetazidine may cause an activation of 5′-AMP-

activated protein kinase (AMPK) and inhibition of the peroxisome proliferator-

activated receptor γ coactivator-1 (PGC-1α) expression.321 This combination would 

result in inhibition of peroxisome proliferator-activated receptor alpha (PPARα), 

reducing the expression of pyruvate dehydrogenase kinase 4 and increasing PDH 

flux. Additionally, decreasing expression levels of genes such as fatty acid 

translocase (FAT/CD36) can further reduce cellular fatty acid uptake.322 Given the 

active metabolite of ninerafaxstat is trimetazidine, the aforementioned mechanism 
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may well be why it can both reduce ectopic MTG deposition, and decrease FAO. 

In the present study, this was demonstrated by a reduction in MTG content without 

change in circulating FFA levels in combination with a stronger correlation between 

FFA and MTG content before treatment. Given that MTG content was correlated 

with diastolic function at baseline, it is also likely that this improvement is related 

to the amelioration in peak diastolic strain observed.  

Whilst mild weight loss was noted in this trial and is known to independently 

improve myocardial energetics299, myocardial steatosis298 and diastolic function323, 

the magnitude of energetic improvements and reduction in MTG seen here (~30 %) 

are greater than would be expected with the median 1.5 kg weight loss observed. 

Additionally, the time period required to detect these changes following a lifestyle 

intervention would need to be considerably longer.298 Moreover, individual analysis 

of cases with patients maintaining their weight (data not shown), further 

corroborates our findings. Whether ninerafaxstat has longer term weight loss effects 

in addition to its metabolic effects is unknown, but worthy of future investigations.  

In addition to the changes outlined above, the present trial equally observed 

beneficial effects on diastolic function derived from CMR. Peak filling ration 

normalised to EDV as well as peak filling rate individually have previously been 

shown to be valuable markers with high specificity and sensitivity in patients with 

T2D.324 Furthermore, peak diastolic circumferential strain rate, which was 

abnormal at baseline and significantly improved by ninerafaxstat, is a sensitive 

marker of diastolic dysfunction in cardio-metabolic syndromes and thus, might be 

better suited in detecting this compared to echocardiography.325 
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6.6 Limitations 

This study may suffer from reduced generalisability due to a small sample size in 

our cohort and the exclusion of patients on SGLT2i and insulin due to safety 

concerns. Patients with atrial fibrillation were excluded from the trial. Female and 

male participants were not entirely equal in our cohort and patients of minoritised 

ethnic were significantly underrepresented in this single-centre trial. 

6.7 Conclusions 

In patients with obesity (BMI ≥ 30 kg/m2) and T2D, treatment with ninerafaxstat 

was well tolerated, safe and improved myocardial energetics, cardiac steatosis and 

diastolic function. This phase 2a trial strongly supports a positive effect of 

ninerafaxstat on myocardial metabolism and further studies are warranted to define 

broader patient population benefitting from this treatment as well as foster the 

clinical utility of this drug.
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7  General conclusions  

and future directions 

	

This thesis has investigated metabolic modulation by different means in a variety 

of HF patients. Covering the spectrum from prospective longitudinal studies to 

phase 2a open label and phase 3 randomised controlled trials and using gold-

standard, cutting edge techniques (1H-, 31P and hyperpolarized MRS, serum 

metabolomics) the results herein provide novel insights into metabolic 

derangements of different phenotypes of HF and how to manipulate metabolic 

substrate metabolism in HF for therapeutic purposes. The principal findings of each 

of the experiments presented above are: 

1. In a prospective double-blind RCT (EMPA-VISION) enrolling patients with 

HFrEF (Chapter 3), treatment with the SGLT2i empagliflozin for 12 weeks 

did not lead to substantial improvements in myocardial energetics at rest or 

during pharmacological stress (dobutamine). These findings were further 

corroborated by a targeted panel of myocardial metabolomics in which no 

overall change could be observed. However, a significant anti-hypertrophic 

effect including reduction of cardiomyocyte cell volume that was paralleled 

by a decrease in myocardial triglycerides did provide interesting new 

scientific approach for patient selection for treatment with SGLT2i in 

HFrEF. Taking the findings as a whole, it is likely that empagliflozin’s 
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mechanism of action in HFrEF is multifactorial and that, a link of 

inflammation and metabolism is a worthy target to investigate in human in-

vivo studies. 

 

2. Despite sharing a common terminology, an increasing amount of evidence 

underpins the distinct differences in the development but also the 

aggravation of HFpEF compared to HFrEF. As such, this cohort of the 

randomised controlled trial ‘EMPA-VISION’ sought to investigate the 

changes of SGLT2i treatment with empagliflozin in patients with clinically 

established HFpEF (Chapter 4). After 12 weeks, there was again no effect 

on cardiac energy metabolism, neither with 31P-MRS nor in the serum 

metabolomics results, which reinforces the neutral findings in the HFrEF 

cohort. Importantly, similarly to HFrEF, there was again a marked reduction 

of myocardial steatosis in the active treatment but not in the placebo arm. 

Refined surrogates of systolic function (circumferential and radial strain) 

showed improvements which again, points to beneficial effects on cardiac 

structure. In addition, patients had an improved pulmonary function, 

reduced symptom burden (KCCQ) and an increased walking distance in the 

6MWT. Of note, the original number of patients enrolled differed markedly 

from the number of patients completing the trial due to the far-reaching 

restrictions put in place as a result of the COVID-19 pandemic. 

Nevertheless, this was the first trial to investigate imaging endpoints and 

metabolism in a dedicated cohort of HFpEF patients and	thus, offers more 

insight on selection of future endpoints for trials in this population.	
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3. Lifestyle modifications, contrary to pharmacological interventions, are 

currently largely underutilised as a treatment for established HF and mainly 

used for primary prevention or symptom management in selected cases. 

Disappointingly little is known on the potential benefits and changes 

induced by weight management in patients with obesity and an established 

diagnosis of HFpEF. As such, the study in Chapter 5 aimed to examine the 

effects of weight loss with a very low energy diet (VLED) on cardiac 

energetics, structure and function in patients with HFpEF. The intervention 

led to a significantly reduced symptom burden (NYHA), level of NT-

proBNP and markedly improved RV adaptation at rest and during 

physiological ergometer stress. As RV dysfunction and pulmonary 

hypertension are frequent conditions in obese HFpEF, the results are 

encouraging to test a dietary intervention as a treatment in a large HFpEF 

trial. 

 

4. Lastly, in a phase 2a trial of ninerafaxstat, a novel cardiac mitotrope 

designed to enhance cardiac energy metabolism in patients with diabetes / 

diabetic cardiomyopathy, Chapter 6 examined its impact on cardiac 

metabolism, energetics, structure and function. To do so, the novel resource 

of hyperpolarized MR spectroscopy was used to examine the drug’s effects 

on pyruvate dehydrogenase (PDH), a key player in the fine regulation of 

balance between fatty acid oxidation (FAO) and glucose oxidation. 

Interestingly, treatment with this novel drug did improve PCr/ATP at rest, 



7.	General	Conclusions	and	Outlook	

244	
	

reduce myocardial steatosis and in the majority of patients improve PDH-

flux. Importantly, measures of diastolic function also improved significantly 

indicating a potential mechanism of action for other cardio-metabolic 

diseases related to diabetes, such as HFpEF. 

 

Several implications for future cardio-metabolic research projects in human 

subjects in the context of clinical trials and drug development can be inferred from 

the presented data. The three major insinuations are presented below: 

1. Drug development in the cardiovascular field is stagnant and lagging years 

behind innovative specialties such as oncology. The results of this thesis 

present CMR in the context of early and advanced phase clinical trials as an 

attractive method to reduce overall costs and improve reliability of findings. 

Given the mostly neutral findings on echocardiography in contrast to the 

widely applicable CMR findings in this thesis, early mechanistic research 

should increasingly focus on CMR as an imaging tool for clinical trials. 

 

2. Hyperpolarized MR enables in-vivo detection of single metabolic pathways 

and importantly, due to the greatly improved signal strength, by use of 

substantially lower patient numbers compared to other techniques. Hence, a 

direct link between cellular biochemistry, overall metabolism and patient 

outcomes can achieved. This novel technique can further close the missing 

link between metabolism and cell-driven inflammation which is of 

particular importance in certain cardio-metabolic diseases like diabetes, 

obesity and HFpEF. 
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3. Despite decades of research, our understanding of cardiac physiology 

concerning energy metabolism is limited. More importantly, the 

consequences in treatment with the same drug (Chapters 3 and 4) may vary 

considerably in patient groups with different characteristics of the same 

syndrome (e.g. obese HFpEF vs. non-obese HFpEF). Inflammation, similar 

to metabolism, is a finely tuned machinery with significant multi-organ 

interaction and trials investigating inflammation-modulating treatments 

(e.g. canakimumab) depend on adequate patient selection. The same 

standard should be applied to mechanistic trials investigating metabolic 

modulators in HF. 

7.1 Follow-up studies and outstanding questions 

Results outlined in this thesis provide certain ideas for new experiments but 

likewise leave some questions unanswered. Thus, the following section intends to 

outline the major experiments to be performed to answer the most pertinent 

questions: 

1. Given the effects of SGLT2i in patients with HFrEF and HFpEF (Chapters 

3 and 4, respectively) on biomarkers of the RAAS as well as structural 

changes in the heart, it is likely that multi-organ effects of SGLT2i lead to 

the salutary changes observed. As such, investigating the cardio-renal axis 

would certainly be of value. Patients with severe kidney disease, present 

with reduced myocardial fibrosis and signs of reverse remodelling 6-months 

post kidney transplant.326 Interestingly, these effects are similar to those 

observed in this Thesis (reduced T1, reduced ECV and LV-mass) following 
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SGLT2i treatment. Furthermore, inflammation appears to be a significant 

driver of fibrosis in both the kidney and the heart.327,328 There is an 

increasing amount of preliminary evidence observing anti-inflammatory 

properties of SGLT2i.329-331 In addition, these anti-inflammatory properties 

have long been known for ketone bodies and could thus present a link 

explaining treatment effects in HF, especially given the mild 

hyperketonemia induced by SGLT2i.332,333 Assessing the effects of the two 

organs over a certain time frame following treatment onset (e.g. 1 month, 3 

months, 6 months, 9 months) would be of great benefit to understand the 

mechanism of action of SGLT2i in HF but further clarify the interaction 

between heart and kidneys and the hierarchy of changes in HF. The 

experiments needed can easily be performed in a single CMR session and 

could be underpinned by serum biomarker and (untargeted) metabolomic as 

well as inflammasome analyses. 

2. As outlined in Chapter 5, weight loss leads to favourable changes in obese 

patients with HFpEF. Despite the ‘pilot character’ of the study, its results 

are encouraging to pursue lifestyle related treatments for patients with 

chronic HF and obesity. However, important questions remaining are 

a. Can the beneficial changes be reproduced in a larger cohort?  

b. Are there differences between how weight loss is achieved 

(pharmacologically for example via treatment with semaglutide vs. 

dietary intervention) and which method is safer short and long term? 

c. Is there a BMI cut-off for patients with HFpEF over which weight 

loss should be a guideline recommended treatment and vice versa, 
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is there a lower BMI limit under which it might be harmful (i.e. 

obesity paradox in HFpEF)? 

As diet trials are generally open-label trials290, it would be of value 

designing a multi-centre trial using cluster-randomisation of the diet in 

question vs. pharmaceutical intervention vs. control (standard practice). 

Enrolling patients along the gradient of HFpEF severity and metabolic 

dysfunction as well as staggered BMI cut-offs (28 kg/m2 vs. 30 kg/m2 vs. > 

34 kg/m2) would ensure valid testing of the overall hypothesis. An imaging 

arm using CMR (imaging and spectroscopy) would investigate a fraction of 

patients in each cohort in detail in pre-determined intervals (e.g. every 3 

months) while patients should generally be followed-up for at least 24 

months. 

3. Patients with diabetes as well as patients with obesity share common 

features ranging from the underlying metabolic derangements to a 

significantly higher prevalence of LV-hypertrophy and diastolic 

dysfunction, which is reflected by the neologism ‘diabesity’.334 Importantly, 

these alterations are largely reversible when addressing the underlying 

aetiology / risk factors appropriately. As demonstrated in Chapter 6 of this 

thesis, metabolic and functional maladaptive changes can be significantly 

improved by administering ninerafaxstat, a treatment designed to re-balance 

substrate metabolism and addressing the energetic deficit in the heart. Most 

patients with HFpEF are obese and a significant proportion is diabetic, 

likewise. Therefore, it appears worthy to speculate if a targeted metabolic 
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intervention with ninerafaxstat might be suitable to rectify the functional 

and metabolic pathophysiological changes seen in HFpEF?  

Given the effect size observed in IMPROVE-DiCE, a set of 25 HFpEF 

patients would suffice to investigate any metabolic and functional changes. 

As there continues to be debate around the definition of HFpEF in clinical 

trials, with many trials using a cut-off of 45 % LVEF, the patients enrolled 

here would need to be ‘true’ HFpEF with a LVEF of > 50 %, a HFA-PEFF 

Score335 of > 5 and a BMI over 28 kg/m2. Interestingly, patients with HFpEF 

display a muscular energetic deficit not confined to the heart muscle but 

likewise the skeletal muscles, leading to exercise intolerance and increased 

symptom burden. Using 31P-MRS to measure the PCr recovery time in 

skeletal muscle (𝝉	PCr)336	which is a good correlate of overall mitochondrial 

function as well as a suitable replacement for testing fitness (instead of using 

CPET), possibly decreasing the burden of trial participation for patients. 
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