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Abstract 

Role of Cardiac Magnetic Resonance Imaging measured Myocardial Perfusion Reserve 
in asymptomatic patients with Aortic Stenosis: a comparison with Exercise Testing 
 
Dr Anvesha Singh 
 
Background: The management of asymptomatic patients with severe aortic stenosis (AS) 
is controversial. Cardiovascular Magnetic Resonance (CMR) imaging has been proposed 
as a potential prognostic marker that may help select patients for aortic valve 
replacement (AVR). 
 
Aims: To establish: the reproducibility of novel CMR techniques; determinants of peak 
VO2 and MPR; effect of Ranolazine; and predictors of outcome in asymptomatic 
moderate-severe AS, and compare MPR to exercise testing as predictors of outcome. 
 
Methods: The PRIMID-AS study was a multi-centre, prospective, observational study, 
with blinded analysis of imaging data. AS patients and controls underwent: trans-
thoracic echocardiogram (TTE), symptom-limited cardiopulmonary exercise test (CPET), 
adenosine stress CMR at 3T and a CT calcium score, and were followed up for a 
minimum of 12 months, or until a primary endpoint occurred (symptom-driven AVR, 
MACE or cardiovascular death). Additionally a pilot study on the short-term effect of 
Ranolazine in asymptomatic patients with moderate-severe AS was carried out in 19 
patients. 
 
Results: 174 patients (age 66.2±13.34 years, 76% male, aortic valve area index 0.57±0.14 
cm2/m2) were recruited as part of PRIMID-AS study, in addition to 23 age- and 
comorbidity-matched controls. Patients showed evidence of LV remodeling and impaired 
MPR, but preserved exercise capacity compared to controls, suggesting a state of 
‘compensation’. MPR and longitudinal strain were independently associated with age- 
and sex-corrected peak VO2, whilst extra-cellular volume (ECV) and AS severity were 
independently associated with MPR. A primary outcome occurred in 39 (22.4%) patients. 
MPR showed moderate association with outcome (area under curve (AUC)=0.62 (0.52-
0.71, p=0.019), as did exercise testing (AUC=0.58 (0.49-0.67, p=0.071), with no significant 
difference between the two. Ranolazine did not improve diastolic function or MPR 
significantly. 
 
Conclusions: MPR was associated with exercise capacity and symptom-onset in initially 
asymptomatic patients with AS, but with moderate accuracy and was not superior to 
symptom-limited exercise testing.  
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1.1 Background 

1.1.1 The normal Aortic Valve 

The aortic valve (AV) lies between the left ventricle (LV) and the aorta and controls 

the outflow of blood from the heart. The normal AV has three equal sized cusps, 

which open fully to allow forward flow of blood during ventricular contraction, with 

an aortic valve area (AVA) of 3-4cm2. During diastole the valve closes to prevent 

regurgitation. A bicuspid aortic valve is the most common congenital malformation, 

affecting 1-2% of the population(1). (Figure 1) 

 

Figure 1. Anatomy of the aortic valve, with a tri-leaflet (top) and a bicuspd (bottom) aortic 
valves   

(http://www.nlm.nih.gov/medlineplus/ency/imagepages/19893.htm) 

1.1.2 Aortic Stenosis 

Aortic stenosis (AS) is a reduction in the area of the aortic valve orifice to <2.5 cm2 

(Figure 2). AS is the commonest valve lesion requiring surgery in the western world(2) 

and is common in the elderly, with up to 3% of those over the age of 75 thought to 

have severe disease(3). With an aging population, the prevalence of AS is expected to 

double in the next 20 years(4).  
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Figure 2. An example of a normal (left) and a stenosed (right) tri-leaflet aortic valve on 

Magnetic Resonance Imaging 

1.1.3 Classification of severity 

The severity of AS is classified according to the AVA and the pressure gradient across 

the valve. An increased pressure gradient results from the narrowed orifice (Table 1), 

with an increased pressure in the LV cavity required to drive flow into the aorta. 

Historically, AS severity was assessed invasively by cardiac catheterisation and 

calculation of the valve area using the Gorlin equation, but non-invasive assessment 

with trans-thoracic echocardiography (TTE) is now the established method(5). 

Table 1. Classification of severity of Aortic Stenosis (European Society of Cardiology) 

 Mild Moderate Severe 

Peak velocity (m/s) <3.0 3.0-4.0 >4.0 

Peak Pressure Gradient (mmHg) <36 36-64 >64 

Mean Pressure Gradient (mmHg) <25 25-40 >40 

Aortic Valve Area (cm2) >1.5 1.0-1.5 <1.0 

1.1.4 Aetiology 

AS can be congenital or acquired. Congenital AS in childhood is most commonly 

caused by a unicuspid AV, while a bicuspid AV doesn’t usually cause obstruction until 

adulthood. In adults, AS can result from secondary calcification of a congenitally 

bicuspid AV, primary degenerative calcification of a tri-leaflet valve, or can be post-

inflammatory (rheumatic heart disease). Other rare causes include familial 
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hypercholesterolaemia, hyperuricaemia, Paget’s disease, Fabry disease and 

hyperparathyroidism(6). 

1.1.5 Natural history 

Patients with a bicuspid AV tend to present earlier, in the 4th and 5th decade of life, 

whereas those with tri-leaflet valves present in the 6th or 7th decade(7). AS is a slowly 

progressive disease, with a long latent asymptomatic period, and good prognosis in 

this phase. It is often diagnosed following the discovery of an incidental ejection 

systolic murmur. Observational studies using both serial cardiac catheterisation and 

Doppler echocardiography have demonstrated that the rate of progression of AS 

severity and symptom development is highly variable amongst individuals(8). 

Eventually, when symptoms do develop, they are characterised by the triad of angina, 

dyspnoea and syncope. 

1.2 Pathophysiology 

AS is characterised by progressive narrowing of the AV, leading to chronic LV pressure 

overload. Concomitant arterial hypertension is also found in 35-51% of adults with 

AS(9), being commonly present in elderly patients with calcific AS, as well as that due 

to the reduced aortic elasticity and aortopathy associated with bicuspid aortic 

valves(10). The combined effect is to increase the afterload that can contribute to 

cardiac remodeling.  

1.2.1 Cardiac remodeling 

Cardiac remodeling is defined as ‘genome expression, molecular, cellular and 

interstitial changes that are manifested clinically as changes in size, shape and 

function of the heart after cardiac injury’(11). AS is characterised by changes in LV 

wall thickness, mass and volume. The degree and pattern of response of the LV to 

chronic pressure overload in AS, however, is highly variable, and not directly related 

to the haemodynamic severity of AS(12, 13). Initial echo studies, and a more recent 

cardiovascular magnetic resonance (CMR) imaging study have identified various 

patterns of cardiac remodeling in response to the increased afterload(13-15)(Figure 

3).  



Singh, A.                                                                 Myocardial Perfusion Reserve in Aortic Stenosis. 

 33 

 

Figure 3. Different patterns of cardiac remodeling identified in Aortic Stenosis(13) 

1.2.1.1 Left ventricular hypertrophy (LVH) in AS 

The increase in LV wall thickness in AS was traditionally thought to be an adaptive 

process that attempts to reduce wall stress, according to the Laplace equation(16). 

Wall stress is directly related to intra-cavity pressure and cavity size, and inversely 

related to wall thickness. However, in his study of patients with severe AS undergoing 
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echocardiography prior to aortic valve replacement (AVR), Kupari(12) demonstrated 

that increased LV mass was related to lower ejection fraction and a greater likelihood 

of heart failure, independent of the severity of AS.  This finding, together with the 

observation in an experimental model of AS animals, that those who do not develop 

LVH are less likely to develop heart failure(17), suggests that LVH may be maladaptive 

rather than beneficial in AS. This has further been confirmed by Cioffi et al., who 

found inappropriately high LV mass to be a predictor of adverse outcome in 

asymptomatic severe AS(18).  

 

LVH is associated with a range of detrimental sequelae including: reduced myocardial 

perfusion(19), interstitial fibrosis and diastolic dysfunction(20). In AS, both myocyte 

apoptosis(21) and oncosis(22) (cell swelling before death) have been reported as 

being associated with adverse ventricular remodeling and the development of 

fibrosis. 

1.2.2 Myocardial Blood Flow and Perfusion Reserve 

Myocardial perfusion reserve (MPR) is defined as ‘the maximal increase in myocardial 

blood flow (MBF) above its resting level for a given perfusion pressure when coronary 

vasculature is maximally dilated’(23). It is measured by calculating the ratio of MBF 

during hyperemia to resting MBF. In the absence of significant epicardial coronary 

artery disease, a reduction in MPR suggests the presence of microvascular 

dysfunction or deficiency(24).  

 

As the LV remodels in response to the pressure overload in AS, the rate of myocyte 

hypertrophy exceeds that of the capillary angiogenesis, leading to a relatively reduced 

capillary density in the hypertrophied myocardium(25). With increased LV mass, there 

is increased oxygen demand at rest. The increase in resting MBF to match increased 

metabolic demand is therefore likely to be maintained by arteriolar vasodilation. 

However, the remodelled myocardium is unable to match the further increased 

demand on exercise, leading to reduced stress MBF and therefore reduced MPR. The 

ability to increase blood flow to the myocardium on exercise is most likely limited 

because vasodilation may already be near maximal(26), diastolic perfusion time (DPT) 
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will be limited further with increased heart rate and there is a rapid increase in LV 

end-diastolic pressure(27), which reduces the effective pressure gradient for 

perfusion. The inability of the hypertrophied myocardium to adequately increase its 

blood supply with increasing demand causes repetitive ischaemia(23), that may be 

responsible for the angina in patients with AS, despite normal epicardial coronary 

arteries, as well as ischaemic damage. Petersen’s study of patients with hypertrophic 

cardiomyopathy demonstrated increased frequency of fibrosis with increasing wall 

thickness and decreasing hyperemic MBF, suggesting a possible pathophysiological 

link between repetitive hypoperfusion during stress and development of myocardial 

fibrosis(28). Reduced MPR in AS may therefore play a role in the development of both 

cell death and interstitial fibrosis from ischaemic necrosis. 

1.2.3 Role of apoptosis 

Apoptosis is defined as ‘suicidal programmed cell death … characterized by 

preservation of mitochondrial and sarcolemmal integrity, nuclear chromatin 

condensation and removal by macrophages or neighboring cells’(29). It is present in 

failing human hearts from multiple causes, with the reported apoptotic index of 0.12-

35%. An increased rate of apoptosis has also been demonstrated in patients with 

severe AS, and is associated with reduced coronary and myocardial blood 

flow(21)(Figure 4). In another study, the apoptotic rate correlated directly with pre-

operative New York Heart Association (NYHA) functional class, as well as post-

operative duration of intensive care unit (ICU) stay, number of days of acute renal 

failure, and serum level of troponin-T at 24 hours after AVR for severe AS(30). The 

study by Hein provided the link between structure and function, where myocyte 

degeneration and cell death were found to be increased, with decreasing LV ejection 

fraction (EF)(22). 
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Figure 4. Difference in (a) myocyte apoptosis, (b) coronary blood flow velocity index 

(CBFVI) and SI*β (measure of myocardial flow), between AS patients and controls. (21) 

1.2.4 Role of fibrosis 

Reactive interstitial fibrosis is characterized by progressive onset and diffuse 

distribution, and is caused by increased collagen synthesis by myofibroblasts 

secondary to various stimuli, including inflammatory, endocrine and ischemic. Both 

interstitial and infiltrative fibrosis can lead to irreversible replacement fibrosis in the 

later stages of disease, characterized by cellular damage, necrosis and replacement of 

myocytes by collagen(31). Fibrosis plays an important role in the development of both 

diastolic and systolic dysfunction in AS. Extensive fibrosis is often present in patients 

with advanced heart failure, regardless of the aetiology.  Fibrosis and myocyte 

damage appear to be the decisive morphological alterations in adverse LV remodeling 

in AS(22).  

1.3 Risk stratification in AS 

Many observational studies have attempted to identify prognostic markers to identify 

high-risk asymptomatic patients who may benefit from early surgery (Appendix-1). 

1.3.1 Echocardiographic markers 

Prospective studies have identified very severe AS (AVA <0.7-0.75 cm2, (32, 33) or very 

high peak velocity of >5-5.5 m/s(34, 35)), rapid increase in velocity (>0.3 m/s per 

year)(36, 37) and heavy calcification of the valve(18, 37) as echocardiographic 
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predictors of adverse outcome. LVH(38), a high left ventricular mass index (LVMI)(18), 

increased left atrial (LA) area(39), reduced longitudinal LV strain(27, 39) as well as 

increased valvulo-arterial impedance (VAI)(39, 40), a marker of global afterload, have 

also been shown to predict adverse outcome in asymptomatic AS. 

 

It should be noted, however, that echocardiographic measures of AS severity are poor 

discriminators between those who go on to develop symptoms and those that do not, 

compared to other parameters. In Amato’s study(32), 10 out of 43 patients with 

AVA<0.7cm2 remained asymptomatic, while 6 out of 23 with AVA>0.7cm2 developed 

symptoms. Even in Otto’s study of predictors of outcome(36), although there were 

statistically significant mean differences between the groups for measures of aortic 

stenosis severity, there was substantial overlap in individual hemodynamic values 

between the symptomatic and asymptomatic groups (Figure 5). 

 

Figure 5. Aortic jet velocity (top) and aortic valve area (bottom) in subjects who developed 

symptoms requiring AVR or died compared with those who remained asymptomatic. (36) 



Singh, A.                                                                 Myocardial Perfusion Reserve in Aortic Stenosis. 

 38 

1.3.2 Exercise testing 

Traditionally, severe AS was regarded as an absolute contraindication to exercise 

testing because of the potential for complications(41). However, there have been 

several studies that have safely examined the role of carefully monitored exercise 

testing in eliciting symptoms and predicting outcome in apparently asymptomatic 

severe AS(32, 33, 36, 42). An abnormal response or symptoms on exercise testing 

have been shown to be predictive of adverse outcome in AS (Figure 6), though the 

definition of a positive test varies between studies. 

 

A positive test has been defined as any one of: ST depression >1mm or 2mm in 

females, excessive dyspnoea, chest pain, syncope or a blunted increase in systolic BP 

<20mmHg. However, in Otto’s study which included many patients with mild AS, 

asymptomatic flat or downsloping ST depression (>1 mm) was seen in 69% of all tests 

and was even more common in those with an abnormal resting electrocardiogram 

(ECG) (85%). 

 

Figure 6. Symptom-free survival over 12 months in moderate-severe AS with and without a 

symptomatically positive ETT at baseline. (42) 

The presence or absence of ST depression did not correlate with the presence of 

coronary artery disease at subsequent angiography(36). There is also substantial 

overlap in the BP response to exercise between patient groups(36, 42).  In Das’ study, 
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there was no additional benefit of ST changes or BP response to exercise-induced 

symptoms, for predicting outcome. ST segment depression occurred in 42% of 

patients who developed symptoms but also 20% of those who remained 

asymptomatic. In both Otto’s and Lancellotti’s studies(39), exercise parameters did 

not predict outcome on multivariate analysis.  

 

Exercise testing appears to be a good tool for excluding imminent symptoms or other 

adverse outcome, but has a relatively low specificity (high false positive rate) for 

predicting outcome(32, 42, 43). For example, the positive predictive value of exercise 

testing was only 57% in the study by Das et al., and even lower in the those >70 years 

of age(42). No trial has been done to assess whether a positive exercise test can 

actually improve outcome in asymptomatic patients with AS. 

 

There is also a degree of subjectivity in interpreting positive symptoms, particularly 

breathlessness. This is reflected in Das’ study where 83% of patients with exertional 

dizziness on exercise subsequently developed symptoms, where as only 54% with 

breathlessness and 50% with chest tightness did. In contrast, in Amato’s study, where 

only dizziness and chest pain were used to define symptom-limited exercise test, all 

patients with symptoms on exercise reached an endpoint(32). It is therefore 

somewhat surprising that the latest American guidelines on valvular heart disease 

state that “patients with symptoms provoked by exercise testing should be considered 

symptomatic”, despite acknowledging that “it can be challenging to separate normal 

exercise limitations from abnormal symptoms due to AS, particularly in elderly 

sedentary patients”(44), and both European and American guidelines now consider 

AVR as a class I recommendation in such patients (section 1.5.3). 

1.3.3 BNP and NT-proBNP 

A biomarker is defined as “a biological molecule that can be identified in a particular 

disease and additionally may be able to assess the severity and prognosis or monitor 

the response to treatment of that disease state”(45). Natriuretic peptides are 

endogenous cardiac hormones that are synthesized as pro-hormones, which are 

cleaved into the inactive N-terminal fragments (NT-proBNP) and the biologically 
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active hormone, before being released into circulation. The N-terminal fragments are 

often used as a surrogate for the biologically active hormone. Although brain (or B-

type) natriuretic peptides (BNP) were originally identified in pig brain in 1988, the 

primary site of their synthesis is the ventricular myocardium(46). The release of BNP 

occurs in bursts, regulated by gene transcription, and the main stimulus for their 

release is myocyte stretch, though other factors such as endothelin-I, angiotensin-II 

and nitric oxide may also play a role. 

BNP and NT-proBNP have been widely studied as potential markers for symptom 

development in AS(47-50). The increased myocardial wall stress caused by AS is 

thought to induce expression of these biomarkers, leading to increased levels being 

found in the bloodstream. Raised plasma concentrations of BNP and NT-proBNP have 

been shown to be related to AS severity, symptoms, LV function and associated with 

an increase risk of death or requirement for AVR, but also indicate higher peri-

operative risk(45).  

1.3.4 ECG and troponin 

Recent studies have identified additional markers that have been shown to be 

associated with adverse outcome in AS. These include ECG markers of LVH with and 

without strain (defined as ST-depression and T-inversion in lateral leads), which have 

been shown to be independently predictive of adverse outcome including AVR and 

cardiovascular death in asymptomatic patients with AS(51, 52). LVH with strain on 

ECG has also been shown to be independently associated with CMR measures of focal 

and diffuse fibrosis and AS severity(52). In addition, plasma concentrations of high-

sensitivity troponin-I have also been shown to be associated with LVMI and late 

gadolinium enhancement (LGE) in asymptomatic patients with AS, and independently 

associated with adverse outcome (AVR and cardiovascular death), independent of 

age, sex, systolic function and AS severity(53). 

1.4 Role of Novel Imaging Techniques in AS 

Cardiac imaging plays an important role in the management of patients with valvular 

heart disease, by providing a non-invasive and convenient tool for diagnosis and 
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monitoring. Echocardiography remains ‘the key technique used to confirm the 

diagnosis of valvular heart disease, as well as to assess its severity and prognosis’ (ESC 

guidelines 2012)(5). Three-dimensional TTE or trans-esophageal echocardiography 

can provide more accurate measurement of the aortic annulus prior to intervention.  

However, rest echocardiography is a poor discriminator in determining which 

asymptomatic patients will develop symptoms in the short term(54). 

1.4.1 Stress Echocardiography 

Doppler exercise echocardiography has an incremental prognostic value over resting 

echocardiographic and exercise electrocardiographic parameters alone(33). An 

increase in the exercise mean pressure gradient of >17-20 mmHg from baseline has 

been found to be an independent predictor of exercise capacity(55) as well as adverse 

outcome(33, 56) in patients with asymptomatic moderate to severe AS. In addition, 

absence of left ventricular contractile reserve, i.e., a decrease or a small increase in 

ejection fraction, and exercise pulmonary hypertension, are also associated with 

reduced exercise capacity and poor outcome(57).  

 

The widespread dissemination of this technique is limited by the operator variability 

and difficulty in acquiring reliable echo images during / post-exercise. In routine 

clinical practice, stress testing is not often (<6%) performed in asymptomatic patients 

with severe AS, as shown in the Euro Heart Survey(58). 

1.4.2 Tissue Doppler Imaging and Speckle Tracking 

More advanced echocardiographic techniques including Tissue Doppler imaging (TDI) 

and speckle tracking allow early detection of diastolic and systolic dysfunction, though 

there is little validation of their prognostic value for clinical endpoints(5). TDI is a 

Doppler technique that allows quantification of the high amplitude but low-velocity 

myocardial velocities using a high-pass filter (>100 Hz). It integrates information about 

systolic and diastolic function, and has been validated against invasively measured LV 

filling pressures(59). Speckle tracking allows angle-independent determination of 

myocardial strain and strain rate through frame-by-frame tracking of natural acoustic 

markers within the myocardium in standard echocardiographic images(60).  
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Several studies have shown reduced myocardial deformation in patients with AS, 

despite normal EF(61-63). There may be a stepwise impairment in longitudinal, 

circumferential and radial myocardial deformation with increasing AS severity(63). 

Impaired longitudinal strain has also been associated with an abnormal response to 

exercise in asymptomatic patients with severe AS(27). In a small sub-group analysis of 

18 patients, the investigators also demonstrated a relationship between longitudinal 

strain and cardiovascular events. More recently, global longitudinal strain, measured 

by speckle tracking, has been shown to be an independent predictor of outcomes in 

patients with severe asymptomatic AS, incremental to other echocardiographic 

markers (64). 

 

Limitations of speckle tracking and TDI include the need for good image quality for 

accurate strain quantification, poor inter- and intra-observer variability and the test-

retest repeatability of these measurements is not known in AS. In addition, TDI 

requires alignment with the myocardial plane of motion for accurate measurement. 

1.4.3 Computed Tomography (CT) 

CT can play a role in the assessment of AS by accurately quantifying the degree of 

aortic valve calcification (AVC), assessing the aortic root geometry as well as screening 

for significant coronary artery disease(65). AVC quantification, using both electron-

beam CT and multi-detector CT (MDCT), has been validated against the amount of 

calcification detected by calcium weight or electron spectroscopy in excised aortic 

valves(66, 67). Various studies have also demonstrated a significant curvi-linear 

relationship between the degree of CT detected AVC and AS severity measured by 

echocardiography (Figure 7)(66, 68-70). MDCT detected AVC may also allow 

reclassification of patients. In a large cohort of patients, 29% were found to have 

discordant disease on echocardiography, out of whom about half of those with low 

gradient were classified as having severe AVC by MDCT(71). However, the impact on 

clinical outcome was not assessed in that study.  
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Recent reports have assessed the prognostic value of CT-measured AVC in patients 

with AS. One small study in 64 asymptomatic patients(72), suggested that CT-

measured AVC is independently predictive of cardiac events including cardiac death, 

myocardial infarct, AVR and heart failure related hospitalisation. A larger study in 694 

patients, which has been presented but not published, may confirm an association 

with increased mortality(73)(abstract only). It is intriguing to speculate that the most 

heavily calcified valves may be associated with greatest extent of LV remodeling.  

 

  

Figure 7. Association between Aortic Valve Calcification and A. Aortic valve area, B. Peak 

aortic velocity (EBCT: electron-beam computed tomography). (66) 

CT-detected AVC has also been used a surrogate endpoint for disease activity in 

studies assessing the efficacy of statin therapy in calcific AS(74, 75). However, by the 

time AS has developed, it is likely that disease activity is too well established to be 

influenced by statins(74, 76). The role of subclinical coronary artery disease in the 

progression to symptoms in asymptomatic AS is unclear.  CT coronary artery calcium 

score correlates with atherosclerotic plaque burden although underestimates this.   

 

The limitations of CT include exposure to ionizing radiation, as well as the need for 

intravenous contrast and beta-blockers for CT coronary angiography. CT can also be 

prone to errors with arrhythmias and blooming artifacts, particularly in relation to the 

assessment of coronary disease, in the presence of severe calcification. The 

reproducibility of CT in AS also remains to be determined.  
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1.4.4 Positron Emission Tomography / CT 

PET scanning employs tracers that consist of a positron emitter such as 18F (fluorine), 

attached to a molecular vehicle that targets biochemical processes of interest. PET 

detectors are then used to build a 3D image of the positron emission events at the 

sites of tracer accumulation(77). Combined PET/CT scanning allows the combination 

of functional information from PET with accurate anatomical information from CT. 

PET/CT has been used to investigate inflammation and microcalcification, both of 

which are thought to be key mechanisms in the development and progression of AS. 

 

The tracer 18F-flurodeoxyglucose (18F-FDG) is a glucose analogue that accumulates in 

areas of increased glucose usage, such as malignant cells with high cellular turnover, 

and macrophages with increased metabolic requirements in areas of inflammation. It 

can be used to target vascular inflammation. Increased 18F-FDG uptake has been 

demonstrated in the aortic valves of patients with AS in two PET studies(78, 79). The 

degree of uptake increased with the severity of AS in a prospective study of 121 

patients with a spectrum of disease.  

 

18F-Sodium Fluoride (18F-NaF) targets exposed bone crystals, and is used to 

demonstrate areas of novel calcification, calcium remodelling and bone turnover. In 

one study, 18F-NaF activity in the valves of patients with AS was found to progressively 

rise with increasing severity of AS(79). This study has established the concept that 

non-invasive imaging with PET/CT may be able to evaluate disease activity in AS. The 

association of increased 18F-FDG activity with increasing AS severity was weaker than 

that for 18F-NaF (Figure 8), suggesting that calcification is the predominant 

pathological process in AS, and perhaps a better target for future medical therapies.  

PET/CT also has potentially much wider applications, as new tracers are developed 

that target different pathways in the disease or LV remodeling process. 
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Figure 8. Uptake of 18F-fluorodeoxyglucose (18F-FDG) and 18F-sodium fluoride (18F-NaF) 

according to the severity of AS. (79) 

The limitations of PET/CT include the use of ionizing radiation, relatively expensive 

tracers, unknown scan-rescan reproducibility in AS and histological validation studies 

are also lacking at this time. 

1.4.5 Cardiac Magnetic Resonance (CMR) Imaging 

CMR is the gold standard non-invasive technique for the assessment of LV volumes, 

mass and function, and is the most accurate and reproducible technique for their 

quantification(80, 81). It has been validated against post-mortem studies of both 

animal and human hearts(82, 83). The accuracy of the technique and lack of ionizing 

radiation make CMR the ideal technique for the monitoring of progressive changes in 

ventricular mass and volumes, and assessing the effect of interventions in clinical 

trials. Additionally, CMR allows direct visualisation of aortic valve area, which has very 

good agreement with trans-oesophageal echocardiography(84). However, the main 

benefits in relation to the assessment of pathophysiology in AS, are the 

multiparametric capability of CMR combined with tissue characterisation of the 

myocardium. 

1.4.5.1 Late Gadolinium Enhancement (LGE) and focal scarring 

As outlined in section 1.2.4, fibrosis is a key determinant of both diastolic and systolic 

LV dysfunction in AS. Previously, the gold standard for detecting myocardial fibrosis 
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was endomyocardial biopsy, which has various disadvantages, including its invasive 

nature, sampling errors and its inability to assess the whole heart(31). Histological 

studies of patients with severe AS have shown that the extent of interstitial fibrosis is 

highly variable, ranging from 4% to 39%(85, 86).  

 

LGE imaging is a technique optimised to detect myocardial infarction, with dead or 

scarred myocardium appearing bright and normal muscle black on inversion-recovery 

T1-weighted CMR images(87). However, LGE has been detected in almost all 

conditions associated with myocardial scarring and has been validated in necropsy 

studies in hypertrophic cardiomyopathy(88) and surgical biopsy studies in AS(89, 90).  

 

 

Figure 9. Examples of focal fibrosis demonstrated by Late Gadolinium Enhancement on MRI 

of patients with severe AS. Left: focal area of fibrosis at anterior right ventricle insertion 

point (arrow), Right: Patchy fibrosis throughout the myocardium. 

LGE can be detected in 27-64% of patients with AS(25, 89, 91) (Figure 9). The extent 

of LGE has been shown to correlate with the extent of interstitial fibrosis on 

endomyocardial biopsy(89) and increases with increasing LVH(25, 91). The degree of 

LGE correlated more closely with the pre-operative NYHA class symptoms than the 

AVA or LV systolic function.  LGE is also inversely associated with the degree of 

functional improvement post AVR(92) and all-cause mortality late after AVR(22, 89). 

In a larger study of 143 patients with AS, 50% of who subsequently underwent AVR, 

mid-wall fibrosis was a predictor of mortality, independent of ejection fraction, 

although the results were not adjusted for symptom status(93).  
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LGE relies on the higher signal intensity of abnormal myocardium compared to the 

‘normal appearing’ myocardium, which needs to be ‘nulled’ by adjusting the inversion 

time. This technique is therefore insensitive to more homogenous changes seen with 

interstitial fibrosis.  

1.4.5.2 T1 Mapping and Diffuse Myocardial Fibrosis 

Diffuse interstitial fibrosis is associated with increased collagen content and increased 

myocardial extracellular volume fraction (ECV). T1 mapping is a novel technique that 

directly measures the T1 relaxation time of the myocardium, allowing quantification 

on a standardised scale(94) before (native) and after the administration of a bolus of 

gadolinium contrast.   

 

Initial studies in AS employed a bolus and continuous infusion of low dose gadolinium 

contrast to achieve contrast agent concentration equilibrium between blood and 

myocardium(86). Taking 1-haematocrit (Hct) as the volume of distribution of the 

gadolinium (which is an extracellular agent) in blood, and knowing the changes in 

signal intensity of the myocardium and blood, allows calculation of the myocardial 

volume of distribution(95) (section 2.4.7.7). Both the equilibrium-contrast CMR (EQ-

CMR) technique and the bolus-contrast (pseudo-equilibrium/ dynamic equilibrium) 

techniques have been validated against histological specimens, with good correlation 

demonstrated between ECV measured by CMR and collagen volume fraction on 

histology(86, 96, 97). EQ-CMR technique has also been compared to the bolus-

contrast technique in a wide range of diseases and normal controls, with good 

agreement between the two techniques(97).  

 

Native T1 values have been shown to be higher in patients with severe symptomatic 

AS compared to controls, and is moderately correlated with fibrosis on histology(98). 

However, there is marked overlap in native T1 values between asymptomatic patients 

with AS and controls. T1 values correcting for changes in the blood pool (partition 

coefficient and ECV methods) show better discrimination and excellent reproducibility 
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between healthy volunteers and patients with AS (Figure 10)(99, 100), though overlap 

remains. 

 

Figure 10. Ability of different T1 techniques to differentiate between AS and healthy 

controls: no significant difference using pre- (A) and post-contrast (B) myocardial T1 

values, significant difference using Partition Coefficient (C) and ECV (D) techniques. (100) 

 

Diffuse myocardial fibrosis, using EQ-CMR, has also been shown to be an independent 

predictor of exercise capacity in severe AS before AVR. Six months after AVR, diffuse 

fibrosis measured by T1 mapping did not significantly reduce(101) as has been found 

previously on histology(102).  
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T1 mapping therefore has the potential to detect increases in diffuse myocardial 

fibrosis before the onset of myocardial dysfunction, and may better identify 

asymptomatic patients at high risk, although further prognostic studies evaluating 

ECV are needed. There are multiple sequences and methods that can be used to 

quantify T1 in patients and there are variations with different field strengths. 

Strenuous efforts are being made by the CMR community to standardise this exciting 

technique so that it can be implemented in clinical practice(103). 

1.4.5.3 MRI Spectroscopy 

A recent study has used MR spectroscopy to demonstrate increased myocardial 

steatosis (increased myocardial triglyceride content) in severe AS compared to 

controls, regardless of symptomatic status, and was validated against histological 

samples from ten patients undergoing AVR(104). Myocardial steatosis was 

independently associated with systolic strain impairment in patients, despite normal 

EF. Steatosis is thought to cause myocardial dysfunction due the production of toxic 

metabolites such as diaclglycerol and ceramides(105). This finding provides new 

insights into the pathophysiological processes involved in AS, suggesting an additional 

mechanism, which may precede fibrosis, for the development of LV dysfunction, as 

well as a potential therapeutic target in future studies. 

1.4.5.4 Myocardial Perfusion Reserve 

Non-invasive methods of measuring coronary and myocardial flow include doppler 

echocardiography to assess coronary blood flow(21, 106) and PET and CMR to 

measure the absolute MBF. Although MBF at rest is similar in controls and patients 

with LVH secondary to hypertrophic cardiomyopathy(28) or AS(24), hyperaemic MBF 

is lower in patients than controls, resulting in a lower MPR in patients. In addition, 

Rajapan found MPR to be more severely impaired in the subendocardial layer than 

the subepicardium in patients with severe AS(24). The severity of this impairment was 

related to AS severity, haemodynamic load and diastolic perfusion time. Following 

AVR, increases in MPR were associated with diastolic perfusion time and increased 

AVA(107).  
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Myocardial perfusion measured by CMR allows non-invasive assessment of the 

microcirculation. It employs contrast agents as tracers and imaging of the first-pass of 

the contrast agent through the myocardium, which is a surrogate for myocardial 

blood flow. MPR measured by CMR has recently been shown to be an independent 

predictor of aerobic exercise capacity (age and sex-corrected peak VO2) in 46 patients 

with severe isolated AS, and was inversely related to NYHA class symptoms (Figure 

11)(108). In this study, MPR had univariate associations with filling pressure, LVMI, 

LGE, peak AV velocity and a borderline significant association with diastolic perfusion 

time(108). On multivariate analysis, LVMI and LGE were independently associated 

with MPR. 

 

Figure 11. Relationship between Myocardial Perfusion Reserve and Peak VO2 / NYHA class 

symptoms in patients with severe AS. (108) 

MPR is therefore an attractive biomarker in AS given its strong relation to symptom 

status, functional capacity and its dependence on integrated measures of AS severity 

and LV remodeling. It is not yet known how MPR is affected by changes in interstitial 

fibrosis, nor indeed whether fibrosis precedes or results from microvascular 

dysfunction/insufficiency(22).  

1.4.5.4.1 MBF and MPR quantification 

The first-pass perfusion images acquired with CMR can be used for qualitative, semi-

quantitative and quantitative assessment. In clinical practice, visual assessment of 

perfusion defect (qualitative) remains the mainstay. Both semi-quantitative and 

quantitative assessment involve generation of signal-intensity (SI) against time curves, 
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following manual contouring of the endocardial and epicardial borders as well as a 

blood pool region-of-interest (ROI). For semi-quantitative assessment, various 

parameters such as peak SI, up-slope parameter and area under the SI curve can be 

derived from these, at rest and hyperaemic stress, for calculation of myocardial 

perfusion reserve index (MPRI). Quantitative assessment allows absolute MBF and 

MPR to be calculated, and has been described using both model-dependent methods 

such as the ‘lumped-compartment’ model, or model-independent methods based on 

the ‘central-volume principle’, which in turn require the process of deconvolution to 

extract the transfer function for absolute MBF quantification. Multiple methods of 

this mathematical process of deconvolution have also been described, including the 

Fermi-function model and the model-independent deconvulution technique(109-

111). Both methods of deconvolution have been validated against flow measured by 

injected microspheres in animal models, which is the gold standard for tissue 

perfusion assessment, with overall good to excellent correlations, using both single 

and dual-bolus techniques, and absolute MBF quantification correlating more closely 

than semi-quantitative methods(111). 

 

However, quantification of MPR on CMR is limited by the relatively time-consuming 

method of SI-time curve generation, as well as complex mathematical derivation of 

MBF and a lack of universal agreement on the best method for its calculation. There is 

also scarce data on the reproducibility of MPR measurement using CMR, especially in 

patient groups. Further studies are therefore needed, assessing both its 

reproducibility and its prognostic value in predicting outcomes in asymptomatic AS. 

1.5 Management of AS 

1.5.1   Surgical management 

The development of symptoms in AS heralds a malignant phase of the condition and 

prompt AVR results in a clear reduction in mortality(112)(Figure 12). Surgery in this 

situation is universally regarded as a class I indication (Table 2), despite the absence 

of randomised controlled trials(113, 114). Transcatheter aortic valve implantation 
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(TAVI) is an emerging alternative technique to surgical AVR, which is especially 

suitable for high-surgical-risk patients with severe symptomatic AS(115).   

Table 2. Definition of classes of recommendation and levels of evidence (from European 

Society of Cardiology guidelines) 

Class of 
recommendation 

Definition Level of 
Evidence 

Data derived from 

Class I Evidence and/or general 
agreement that a given treatment 
or procedure is beneficial, useful, 
effective. 

A Multiple randomised clinical 
trials or meta-analyses. 

Class II Conflicting evidence and/or a 
divergence of opinion about the 
usefulness/efficacy of the given 
treatment or procedure. 

B A single randomised clinical 
trial or large non-randomised 
studies. 

      Class IIa Weight of evidence/opinion is in 
favour of usefulness/efficacy. 

C Consensus of opinion of the 
experts / small studies, 
retrospective studies, 
registries. 

      Class IIb Usefulness/efficacy is less well 
established by evidence/opinion. 

  

Class III Evidence or general agreement 
that the given treatment or 
procedure is not useful/effective, 
and in some cases may be harmful. 

  

 

 

Figure 12. Kaplan-Meier survival curves comparing the outcome of asymptomatic severe 

aortic stenosis patients with and without aortic valve replacement (AVR).  (112) 
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1.5.2 Medical management 

There are currently no drugs of proven benefit that improve or reduce the 

progression of AS. Despite some experimental and retrospective studies suggesting 

the role of statins in slowing the progression of AS, large randomised controlled trials 

have failed to demonstrate a benefit in haemodynamic severity or clinical outcome in 

AS(74, 76, 116), and are therefore not recommended in the latest guidelines(44). 

Management of concurrent hypertension, which is common in AS, is recommended 

with standard anti-hypertensive therapy. 

1.5.2.1 Novel medical therapies 

As we gain greater understanding into the pathophysiology of symptom development 

and LV remodeling in AS, various potential therapeutic targets have been identified. 

New classes of drugs targeting these processes may slow down disease progression 

and improve prognosis in AS. These include: 1.) anti-osteoporosis drugs targeting 

micro-calcification and disease progression (ClinicalTrials.gov NCT02132026) (79, 

117), 2.) drugs targeting LV remodeling (118), 3.) anti-steatosis agents(104) and 4.) 

drugs that could improve cardiac function and perfusion. Drugs that can improve 

myocardial function may prevent onset of symptoms, and especially in the elderly, 

decrease the need for intervention. Also a significant proportion of patients have 

residual symptoms post AVR/TAVI who may benefit from treatment.  

1.5.2.1.1 Ranolazine 

Ranolazine is a newly-licensed drug for the treatment of chronic stable angina(119, 

120), that has been shown to improve both diastolic function and myocardial 

ischaemia in animal models and small clinical studies(121-124). It may therefore play 

a role in improving both diastolic function and myocardial perfusion in patients with 

AS and existing diastolic impairment / LVH. 

1.5.3 Management Controversies 

The management of patients with severe AS in the absence of symptoms remains one 

of the most controversial and debated areas in modern cardiology(125, 126). Registry 

data indicate that 15% of patients are asymptomatic at the time of surgery(58). There 
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is variation in clinical practice in the management of these patients because of 

arguments both for and against the traditional ‘watch and wait’ policy. There remains 

a small risk of sudden death in symptomatic patients (1-2% per annum)(127). Some 

patients, especially the elderly, may not recognise symptoms or may reduce their 

activities subconsciously to avoid symptoms. Shortly after the development of 

symptoms, the risk of sudden death and that of surgery itself can increase 

dramatically(128). Finally, the remodeling processes within the myocardium may be 

only partially reversible, which can lead to limited symptomatic improvement and 

intermediate long-term outcome post surgery(85, 129). However, early surgery is not 

without risk. There is peri-operative morbidity and mortality, as well as complications 

associated with the prosthetic valve itself, including endocarditis, bleeding 

complications and valve degeneration. Finally, in an elderly population, some patients 

may never develop symptoms related to AS in their lifetime.  

 

This variation in clinical practice was reflected in the discrepancies between 

international guidelines on management of asymptomatic severe AS until recently (at 

the time of planning this study) (Table 3). This is partly because there has been no 

randomised trial that has assessed whether outcome can be improved in 

asymptomatic patients with a positive exercise test, or any other prognostic marker. 

For this reason, the American Heart Association/ American College of Cardiology 

guidelines had graded exercise-induced symptoms as a class IIb indication (can be 

considered, but weight of evidence does not support intervention) for AVR. However, 

somewhat surprisingly, both the latest European and American guidelines now class 

symptoms on exercise testing as a level-I recommendation. This is based on mainly 

observational studies, many with limitations, as discussed in section 1.6 below. 
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Table 3. Comparison of European and American guidelines on management of 

asymptomatic severe AS 

Indication ESC 
(2007) 

AHA 
(2008 update) 

ESC 
(2012) 

AHA 
(2014) 

Other Cardiac surgery I (C) I (C) I (C) I (B) 

LVEF < 50% I (C) I (C) I (C) I (B) 

Symptoms on ETT I (C) IIb (C) I (C) I (B) 

Drop in BP on ETT IIa (C) IIb (C) IIa (C) IIa (B) 

Rapid progression  IIa (C) IIb (C) IIa (C) IIb (C) 

Very severe AS  - IIb (C) IIa (C) 

>5.5 m/s 

IIa (B) 

>5 m/s 

LVH > 15 mm IIb (C) - IIb (C) - 

Elevated natriuretic peptides - - IIb (C) - 

Increase in exercise MPG >20 mmHg - - IIb (C) - 

Complex arrhythmia on ETT IIb (C) - - - 

 
LVEF = left ventricular ejection fraction, BP = blood pressure, ETT = exercise tolerance test, LVH = 
left ventricular hypertrophy, MPG = mean pressure gradient, ESC = European society of 
Cardiology, AHA – American heart association 

 

The theoretical ideal time for surgery would be immediately prior to symptom 

development and before the irreversible aspects of cardiac remodelling take place. 

Understanding the pathophysiology and mechanisms which lead to symptom 

development and adverse events in AS, will help improve risk stratification of these 

patients. The ultimate aim in the management of asymptomatic patients with severe 

AS is to accurately identify those patients with incipient symptoms, so that 

intervention can be offered earlier, with low peri-operative risk.  

1.6 Limitations of current research 

There have been no randomised clinical trials to date assessing the effect of any of 

the above prognostic markers on outcome in asymptomatic patients with moderate 

to severe AS. Although most of the studies mentioned above are prospective in 

nature, there are still a number of limitations, as summarised in a recent editorial(54). 

These include non-blinded investigations influencing management decisions and a 

degree of selection bias in who gets referred for surgery, leading to the groups 

treated medically being different from those offered early surgery (as reflected by 
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more non-cardiac deaths in patients managed conservatively than in those operated 

on whilst asymptomatic(35, 38)). Finally, the majority of these studies used a 

composite of death and need for AVR as their endpoint. They have included 

asymptomatic patients having AVR based on the clinician’s judgement, which is an 

extremely soft endpoint, since such patients are not at the same risk as those with 

symptoms, heart failure or death. They have also included symptomatic patients who 

then refuse surgery in the non-surgical group in the final endpoint analysis. These 

patients should ideally be excluded from endpoint analysis. 

1.7 Summary 

AS is a common disease in the western world, accounting for a great deal of morbidity 

and mortality, with its prevalence increasing with an ageing population. Whilst AVR is 

universally considered the best treatment once symptoms develop, the management 

of asymptomatic patients remains controversial, with variable clinical practice and 

differences in international guidelines until recently.  This is because AS is 

characterised by a long and variable latent asymptomatic phase, with good prognosis 

until symptoms develop, and AVR itself is associated with peri- and post-operative 

morbidity and mortality, due to which a ‘watch and wait’ approach is recommended. 

However, there is a small risk of sudden cardiac death prior to symptom onset and 

some of the cardiac remodeling that occurs secondary to chronic pressure overload 

caused by AS, is thought to be irreversible. The ideal time of intervention therefore, 

would be just prior to the irreversible damage and onset of symptoms. Many 

observational studies have attempted to identify risk factors, including 

echocardiographic and exercise markers, though with some limitations. Recent 

advances in non-invasive imaging have allowed us to better quantify disease severity 

and to increase our understanding of the pathophysiological sequale of AS on the 

myocardium in vivo. 

 

CMR is an attractive non-invasive imaging tool to assess patients with AS. In 

particular, MPR shows promise as a potential imaging biomarker for identifying high-

risk patients with AS and has recently been shown to be a predictor of exercise 

capacity in AS. The increased afterload caused by the chronic pressure overload in AS 
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leads to LVH, with a relatively reduced capillary density and increased diastolic 

stiffness, leading to an inability to increase MBF during stress, resulting in reduced 

MPR and repetitive ischaemia during stress. This can lead to ischaemic necrosis and 

fibrosis within the myocardium, some of which can be irreversible. 

 

The mechanisms responsible for exercise intolerance in AS are likely to be the same 

as those that lead to symptom development. A better understanding of the 

determinants of both exercise capacity and MPR in AS, will therefore improve our 

understanding of the pathophysiology of symptom development in AS. Better risk 

stratification of patients with AS will allow earlier intervention to be offered to those 

with imminent symptoms, in order to improve their management, with the ultimate 

aim of reducing both morbidity and mortality. 
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1.8 Aims 

The main aim of this thesis was to establish robust prognostic markers in a 

moderately large multi-centre cohort of patients with moderate to severe AS, with 

particular focus on CMR and the assessment of MPR. Additionally, a proof-of-concept 

study was conducted to determine whether Ranolazine might improve MPR and 

diastolic strain rate in AS.    

 

Specifically, the aims addressed in this thesis are:- 

- to establish the reproducibility of contrast-enhanced CMR (MPR, T1 mapping) in 

AS. 

- to establish the reproducibility of strain and strain rate measurement at 3T, 

compared to 1.5T. 

- to establish the effect of Ranolazine on MPR and diastolic strain rate in 

asymptomatic AS. 

- to establish differences in LV remodeling and exercise capacity in asymptomatic 

patients with moderate-sever AS and matched controls. 

- to identify the determinants of MPR in asymptomatic AS. 

- to identify the determinants of exercise capacity in asymptomatic AS. 

- to establish the predictors of 1 year outcome in asymptomatic AS, and assess 

whether MPR is a better predictor than exercise capacity. 
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1.9 Original Hypotheses 

1.9.1 Reproducibility of strain and strain rate 

H1: MRI measured strain and strain rate, using tagging and Feature Tracking, have 

good reproducibility (observer variability and test-retest repeatability) at 3T (CoV < 

20%). 

H0: MRI measured strain and strain rate, using tagging and Feature Tracking, does not 

have good reproducibility at 3T (CoV > 20%). 

1.9.2 Reproducibility of T1 / ECV 

H1: MRI-measured T1 / ECV using T1 mapping has good reproducibility (observer 

variability and test-retest repeatability) in moderate to severe AS (CoV < 20%). 

H0: MRI measured T1 / ECV does not have good reproducibility (CoV > 20%). 

1.9.3 Reproducibility of MPR using MOCO vs raw image analysis 

H1: MPR measured using motion-corrected (MOCO) images is more reproducible 

(better observer variability and test-retest repeatability) than raw images. 

H0: Both MOCO and raw images are equally reproducible for measurement of MPR. 

1.9.4 Effect of Ranolazine 

H1: Short-term treatment with Ranolazine leads to an improvement in MPR and 

diastolic strain rate in patients with moderate to severe AS. 

H0: Short-term treatment with Ranolazine does not lead to an improvement in MPR 

and diastolic strain rate in patients with moderate to severe AS. 

1.9.5 Asymptomatic AS vs. controls 

H1: Asymptomatic patients with moderate to severe AS show evidence of LV 

remodeling and impaired exercise capacity compared to controls.  

H0: Asymptomatic patients with moderate to severe AS do not show evidence of LV 

remodeling and impaired exercise capacity compared to controls. 
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1.9.6 Determinants of exercise capacity 

H1: MPR is an independent predictors of peak VO2 measured on CPET.  

H0: MPR does not predict peak VO2 measured on CPET.  

1.9.7 Determinants of MPR 

H1: MPR is related to LV mass and myocardial fibrosis in asymptomatic AS.  

H0: MPR is not related to LV mass or myocardial fibrosis in asymptomatic AS. 

1.9.8 Predictors of outcome 

H1: MPR is a better predictor of outcome in moderate to severe AS than exercise 

testing. 

H0: MPR is not a better predictor of outcome in moderate to severe AS than exercise 

testing. 
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CHAPTER TWO 

 

 

2 GENERAL METHODS 

 

 

 

 

Published (PRIMID protocol paper): 

Singh A, Ford I, Greenwood JP, Khan JN, Uddin A, Berry C, Neubauer S, Prendergast B, 

Jerosch-Herold M, Williams B, Samani NJ, McCann GP. Rationale and design of the 

PRognostic Importance of MIcrovascular Dysfunction in asymptomatic patients with 

Aortic Stenosis (PRIMID-AS): a multicentre observational study with blinded 

investigations. BMJ Open. 2013;3(12):e004348  

 

 



Singh, A.                                                                 Myocardial Perfusion Reserve in Aortic Stenosis. 

 62 

2.1 Study Design 

(i) The main study (PRIMID-AS: PRognostic Importance of MIcrovascular Dysfunction 

in asymptomatic patients with Aortic Stenosis) was a prospective, multi-centre, 

observational, cohort outcome study with blinded analysis of CMR data. Ten of the 

patients had the CMR scan performed twice, to allow test-retest reproducibility of 

contrast-enhanced CMR to be assessed. (ii) In addition, the Ranolazine study was a 

proof-of-concept single centre, open label, single group pilot study in 20 patients, 

with blinded endpoint (CMR) analysis, to assess whether Ranolazine may improve 

MPR and diastolic dysfunction in asymptomatic AS.  (iii) Finally, 20 asymptomatic 

controls without valve disease were recruited to allow determination of age and sex-

matched normal range for MPR and diffuse myocardial fibrosis.  This would allow 

additional analysis by normal and reduced MPR. 

2.2 Subject Selection 

2.2.1 Recruitment 

Patients were recruited from the cardiology outpatient department at Glenfield 

Hospital and surrounding hospitals in the Midlands. Additional centres were originally 

established in Leeds and Glasgow, with the later addition of Aberdeen, Dundee and 

Coventry, in order to increase the recruitment rate. In Leicester, patients were 

identified from the Biomedical Research Informatics Centre for Cardiovascular Science 

database, cardiology clinics, echocardiography and MRI reports. Their latest clinical 

echocardiogram report was screened for inclusion criteria, followed by review of their 

clinical notes / clinic letters for exclusion criteria. Those who were deemed eligible 

were posted a patient information sheet (PIS) with a reply envelope. Those who 

expressed an interest were checked for suitability and an appointment was arranged 

if applicable. Patients who had been sent a PIS were also approached in clinic if they 

hadn’t sent the reply slip before their appointment. 

2.2.2 Patient Inclusion Criteria (PRIMID-AS) 

1. Moderate-severe aortic stenosis (2 or more of: AVA <1.5cm2, peak pressure gradient 

>36mmHg, mean PG >25mmHg). 



Singh, A.                                                                 Myocardial Perfusion Reserve in Aortic Stenosis. 

 63 

2. Asymptomatic. 

3. Age >18 years and < 85 years. 

4. Prepared to consider AVR if symptoms developed. 

5.  Ability to perform bicycle exercise test. 

2.2.3 Patient Exclusion Criteria (PRIMID-AS) 

1. History of coronary artery bypass graft (CABG), myocardial infarction (MI),   

 angiographic coronary artery disease (>50% luminal stenosis if previously   

undertaken): Amended to history of CABG, or MI / coronary intervention within 6 

months (for PRIMID-AS study only)  

2. Persistent Atrial fibrillation or flutter 

3. Severe Asthma. 

4. Severe renal impairment eGFR <30ml/min. 

5. Any absolute contraindication to CMR 

6. Any absolute contraindication to Adenosine 

7. Previous valve surgery/ Severe valve disease other than AS 

8. Planned AVR 

9. Significant LV systolic dysfunction (LVEF < 40%) 

10. Other medical condition that limits life expectancy or precludes AVR  

11. Participation in an interventional clinical trial 

2.2.4 Healthy Volunteer Inclusion Criteria 

1. Asymptomatic  

2. Ability to perform bicycle exercise 

2.2.5 Healthy Volunteer Exclusion Criteria 

Points 1-6 as above (section 2.2.2), and in addition:- 

 Presence of valvular heart disease (for regurgitant lesions more than mild on    

echocardiography) 

 LV systolic dysfunction (EF < 50%) 

 Uncontrolled hypertension >160/100mmHg. (Hypertension controlled on 

medication allowed) 
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 Obesity (BMI > 30) 

 Chronic Obstructive Pulmonary Disease (clinical diagnosis) 

 Other medical condition that limits life expectancy 

2.2.6 Ranolazine study Inclusion Criteria 

Points 1-3 of above (section 2.2.2), and in addition:- 

 Evidence of diastolic dysfunction on echocardiography (MV inflow and or TDI) or 

LVH (maximum wall thickness ≥13mm) 

2.2.7 Ranolazine study Exclusion Criteria 

Points 1-6 of above (section 2.2.3), and in addition:- 

 Hepatic impairment 

 Concurrent administration of strong CYPA4 inhibitors 

 Concurrent class I or III anti-arrhythmic administration 

 QTc prolongation >470ms 

 Hypersensitivity to Ranolazine 

 Females of childbearing potential 

2.3 Study Visits 

Written informed consent was obtained from all patients prior to commencement of 

any investigations.  

2.3.1 PRIMID-AS study visits and follow-up 

The number of patient visits was kept to a minimum, and all investigations at the 

baseline visit (Figure 13) were carried out in a single visit in Leicester, and at other 

sites where facilities allowed. If necessary, the baseline visit was split. The baseline 

visit lasted 3.5 to 4 hours in total, with a break for lunch between the tests. 
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Figure 13. Baseline visit for PRIMID-AS  

(BP=blood pressure, Ht=height, Wt=weight, ECG=electrocardiography, CPET=cardiopulmonary 
exercise test, CMR=cardiac magnetic resonance imaging, CT Ca2+ score=CT calcium score) 

 

The patients were followed up at 6-monthly intervals, with the visits involving history 

taking and venepuncture for biomarker analysis. At the one-year visit, those patients 

who remained asymptomatic were invited for a repeat MRI scan in order to assess 

longitudinal CMR data in a sub-group of patients (Figure 14). The follow-up was 

stopped once the patient reached one of the pre-defined endpoints, or at the end of 

the study (minimum 12 months). 

 



Singh, A.                                                                 Myocardial Perfusion Reserve in Aortic Stenosis. 

 66 

 

Figure 14. Study visits for PRIMID-AS study  

(ECG=electrocardiogram, NT-proBP=N terminal pro-brain natriuretic peptide, TTE=trans-thoracic 
echocardiogram, CMR=cardiac magnetic resonance imaging, CPET=cardio-pulmonary exercise 
test, CT Ca score=CT calcium score, MACE=major adverse cardiovascular events) 
 

2.3.2 Ranolazine study visits and follow-up 

The visits for the Ranolazine study were very similar to that of the main study, with 

the exclusion of the CT and use of treadmill instead of the recumbent bicycle for the 

CPET. Patients were followed up at 2 weeks, 6 weeks and 10 weeks following 

initiation of 500 mg BD of Ranolazine (Figure 15). At 2 weeks, the dose was increased 

to 750 mg BD if tolerated and ECG and bloods remained normal. At the 6-week visit, 

the patient underwent all the tests performed at the baseline visit and Ranolazine 

was discontinued. At the 10-week visit, all the tests were repeated for the final time. 
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Figure 15. Study visits for the Ranolazine study  

(Abbreviations as previous figure, and ET= exercise test) 
 

2.4 Investigations 

2.4.1 History Taking 

Patients were interviewed to confirm the inclusion and exclusion criteria prior to 

written informed consent being obtained.  

2.4.2 Venepuncture 

Two intra-venous cannulae were placed in the ante-cubital fossae, to allow 

administration of contrast and adenosine for stress imaging, and 30 ml of blood was 

taken for full blood count, renal function, cholesterol, glucose and HbA1c. For the 

patients in the Midlands, nearly all of the cannulation and venepuncture was 

performed by myself. Twenty millilitres of the blood was transferred into EDTA tubes, 

which were centrifuged at 2000 revolutions per minute, for 20 minutes, at 4°C. Once 

separated, the plasma was pipetted into cryotubes in aliquots, labelled with the 

patient’s study number and stored in a cryobox in an electronically monitored freezer 

at -80°C, for biomarker analysis at the end of the study. All the stored plasma samples 

from the different sites were transferred to Leicester for analysis at the end of the 

study, to avoid inter-assay bias. 
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2.4.3 Electrocardiography 

A 12-lead standard ECG was undertaken by the research nurse or myself, to confirm 

sinus rhythm and document any signs of LVH (based on ECG voltage criteria). The 

following information was recorded:- 

 Rhythm 

 PR interval 

 QRS interval 

 Axis 

 Sokolow (sum of S-wave in V1 and R-wave in V5 or V6, whichever is longer) and 

Cornell (sum of R-wave in aVL and S-wave in V3) voltage criteria for LVH 

2.4.4 Trans-thoracic Echocardiography 

TTE was performed by a British Society of Echocardiography (BSE) accredited 

echocardiographer in all subjects, according to International guideline 

recommendations. Standard 2D, colour flow, continuous-wave (CW) and pulsed-wave 

(PW) Doppler images were acquired in the parasternal long-axis, short-axis, apical 4-, 

5-, 3- and 2-chamber views (Figure 16), as well as the sub-costal, supra-sternal and 

right parasternal views, if possible. A 3-lead ECG with clear QRS was attached. At least 

3 cardiac cycles were recorded and stored for blinded, off line analysis using an 

Xcelera (Philips, Netherlands) workstation. 

 

Figure 16. An example of apical 4-chamber (left), 2-chamber (middle) and 3-chamber 

(right) views on trans-thoracic Echocardiography.  

(LA: left atrium, LV: left ventricle, LVOT: left ventricular outflow tract, RA: right atrium, RV: right 
ventricle) 
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2.4.4.1 Assessment of AS severity 

CW Doppler through the aortic valve allowed measurement of peak velocity (AV 

Vmax) across the valve, with calculation of peak pressure gradient (PPG), mean 

pressure gradient (MPG) and AV velocity time integral (VTI). The pressure gradient 

across a stenotic valve is related to the jet velocity according to the Bernoulli 

equation, which has been simplified further to allow quick calculation of PPG(130) 

(Equation 1). 

ΔP  = 4 x V2 

Equation 1: Modified Bernoulli equation used to calculate the pressure gradient across the 

aortic valve.  

(ΔP = pressure drop across an obstruction, in mmHg; V = maximal velocity at the obstruction, in 
m/s) 
 

Although the original equation was derived from the study of water flow in rigid 

tubes, and may not therefore accurately apply to pulsatile blood flow, the simplified 

Bernoulli equation has been validated against invasive haemodynamic measurements 

in various studies and correlates well with invasively measured gradients(131, 132). 

However, accurate measurement of the AV Vmax is dependent on the correct 

alignment of the Doppler interrogation angle to the flow, and small changes in this 

angle can lead to under-estimation of the peak velocity. Another important point of 

note is the difference in what is being measured using Doppler and catheterisation. 

While Doppler reports the maximal instantaneous gradient, catheter measurements 

traditionally report the peak-to-peak gradient (Figure 17). MPG represents an average 

of pressure gradients during the entire flow period, and Doppler measured MPG 

corresponds to that measured using catheterisation.  
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Figure 17. Schematic of aortic (Ao) and left ventricular (LV) pressures demonstrating the 

difference between peak-to-peak, peak instantaneous and mean pressure gradients 

(dashed blue lines). 

PW Doppler through the left ventricular outflow track (LVOT) allowed measurement 

of the LVOT VTI. The LVOT diameter was measured on a zoomed parasternal long-axis 

view of the LVOT to calculate the LVOT area (Figure 18). Using these parameters, the 

aortic valve area (AVA) was calculated using the continuity equation(133) (Equation 2, 

Figure 19). 

 

Figure 18. An example of LVOT diameter measurement (dashed line) on a zoomed-in 

parasternal long-axis view of the LVOT. 
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However, there are some limitations to this method as well. Calculation of the LVOT 

area assumes a circular shape of the LVOT, and small errors in LVOT diameter 

measurement can lead to large inaccuracies in the calculated area. Having said this, 

continuity equation AVA has been well validated against the previous gold standard 

method of assessing AVA using the Gorlin formula on invasive measures of pressure 

gradient and cardiac output(133, 134). 

 

Figure 19. An example of continuous-wave Doppler through the aortic valve (left) with peak 

and mean pressure gradients displayed, and pulsed-wave Doppler through the LVOT 

(right), used for the calculation of Aortic Valve Area.  

AVA =  
𝑳𝑽𝑶𝑻𝒂𝒓𝒆𝒂 𝒙 𝑳𝑽𝑶𝑻𝑽𝑻𝑰

𝑨𝑽𝑽𝑻𝑰
 

Equation 2. Calculation of AVA using the Continuity Equation  

(AVA=aortic valve area in cm2; LVOT area=left ventricular outflow tract area in cm2; VTI=velocity 
time integral in cm; AV=aortic valve) 

2.4.4.2 Assessment of Diastolic function 

Diastolic function was assessed using mitral inflow velocities and tissue Doppler 

imaging (TDI), based on the British Society of Echocardiography guidelines. Pulsed-

wave Doppler at the mitral valve tips, in the apical 4-chamber view, was used to 

determine the peak early diastolic filling velocity of the LV due to acceleration of 

blood across the mitral valve (E-wave), the late LV filling velocity due to atrial 

contraction (A-wave) and the deceleration time. The E/A ratio was then calculated 

(Figure 20). 
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Figure 20. Pulsed-Wave (PW) doppler at the tips of the mitral valve showing the E-wave, A-

wave, E/A ratio and the deceleration time. 

TDI uses Doppler principles to measure the velocity of myocardial motion. Pulsed-

wave TDI was used to determine the longitudinal velocities at the septal and lateral 

mitral annulus, in the apical 4-chamber view.  The trans-mitral flow to mitral annular 

velocity ratio was calculated for the lateral and septal walls (lateral and septal E/E’) 

(Figure 21). 

 

Figure 21. An example of PW TDI at the medial (left) and lateral (right) mitral annulus for 

calculation of E/e' 
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2.4.4.3 Left ventricular Rate Pressure Product and Diastolic Perfusion Time 

The left ventricular rate pressure product (LVRPP) is a surrogate marker of myocardial 

oxygen consumption (Equation 3). 

 

LVRPP = (PPG + SBP) x HR 

Equation 3: Calculation of LVRPP  

(LVRPP = Left Ventricular Rate Pressure Product in mmHg.bpm.10-4; PPG = peak aortic valve 
pressure gradient in mmHg; SBP = systolic blood pressure in mmHg; HR = heart rate in beats per 
minute) 
 

Diastolic perfusion time (DPT), a major determinant of myocardial perfusion(135), 

was calculated using Equation 4, where LV ejection time (LVET) is the time between 

the opening and closing of the AV on continuous wave Doppler and the RR interval is 

the time between subsequent R-waves on ECG (Figure 22). 

 

Figure 22. Measurement of left ventricular ejection time (LVET) and RR-interval on a 

continuous wave doppler across the aortic valve. 

DPT = (RR interval – LVET) x HR 

Equation 4. Calculation of DPT  

(DPT = diastolic perfusion time in s/min; LVET = left ventricular ejection time in seconds; HR = 
heart rate in beats per minute) 
 

2.4.4.4 Valvulo-arterial Impedance 

Valvulo-arterial impedance (VAI), a measure of global LV afterload, which combines 

the effect of both valvular and vascular (arterial) afterload in AS, was calculated as 

follows (Equation 5). It was calculated using the stroke volume derived from both TTE 

(LVOT Doppler) and CMR volumetric analysis. 
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Equation 5. Calculation of VAI  

(VAI = valvulo-arterial impedance in mmHg/ml/m2; SBP = systolic blood pressure in mmHg; MPG 
= mean pressure gradient across aortic valve in mmHg; SVi = stroke volume index) 

2.4.5 Cardio-pulmonary Exercise Testing (CPET) 

All PRIMID-AS patients underwent a recumbent bicycle, symptom-limited maximal 

exercise test, supervised by an Advanced Life Support trained physician, and assisted 

by a Cardiac Physiologist. All CPET was performed in an air-conditioned room at 18-

20°C. Exercise was performed on an electrically braked semi-supine bicycle ergometer 

using a standardised 1 min incremental protocol, with the workload increment 

determined using the age, gender, height and weight of the patient(136) (Equation 6).   

 

Work Rate Increment  = *Peak Vo2 – Vo2 unloaded    where: 

        100 

*Peak Vo2 (ml/min) = (Height (cm) – age) x 20 (Males) 

(Height (cm) – age) x 14 (Females) 

Vo2 unloaded =  150 + (6 x weight (kg)) 

Equation 6. Formula used for calculation of Workload Increment per minute (in watts per 

minute) 

The calculated increment was rounded up to the nearest five watts. This formula 

gives the predicted workload increment that would result in achieving maximum 

exercise at around 10 minutes (typically 10-20 watts per minute). The maximum 

predicted workload was therefore taken as ten times the calculated workload by the 

above-mentioned formula. 

 

For the Ranolazine study, a treadmill was used instead of a bicycle, with the modified 

Bruce Protocol(137), as this was a sponsored study, with the study design being pre-

VAI =
SBP+MPG

SVi
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determined by the company. The subjects were exercised until they had achieved at 

least 85% of their maximal predicted heart rate. 

2.4.5.1 Callibration 

Before each test, the gas analyser was calibrated against a reference gas cylinder. The 

pneumotachograph, an airflow transducer, was volume calibrated using a 3L syringe. 

2.4.5.2 Testing procedure 

Baseline spirometry measurements were taken prior to testing. The subjects were 

then connected to a 12-lead ECG monitor (CASE system, GE, USA) and a 3-lead ECG 

for exercise echocardiography measurements. A facemask with an attached 

pnuemotachograph was placed on the individuals for ventilatory gas sampling. Before 

starting the exercise, all patients were read out the following definition of 

breathlessness: “Breathlessness is defined as laboured or difficult breathing 

characterized by air hunger and an uncomfortable awareness of one's own 

breathing.”  

 

A minimum of 1 minute of rest was completed before beginning exercise. The patient 

started pedalling at 0 watts for the first minute, with the workload increased by the 

pre-determined increment every minute. The speed of the pedalling was maintained 

at 60 revolutions per minute (range of 55-64 allowed). Expired ventilation (VE), 

oxygen uptake (VO2) and carbon-dioxide production (VCO2) were continuously 

monitored, in addition to a 12-lead ECG and pulse oximetry, with BP recordings taken 

at baseline and then every 2 minutes during both the exercise and the recovery 

period. Computerized breath-by-breath measures of ventilation, oxygen uptake and 

carbon dioxide production were continuously monitored. Once the patient had 

reached their maximal exertion or any of the pre-determined reasons for terminating 

the test early (Table 4), the resistance was reduced to 25 watts and the patient asked 

to continue pedalling while the post-exercise Doppler data (TTE) was acquired from 

the apical view.  
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Table 4. Reasons for termination of exercise 

a) Fatigue  

b) Dyspnoea 

c) Chest pain  

d) Asymptomatic ST depression (> 5mm)  

e) Significant cardiac arrhythmias i.e. VF/VT, heart block, ventricular ectopics > 1 in 4 consistently.  

f) Hypertension (>250mmHg systolic, 120mmHg diastolic)  

g) Fall in systolic pressure >20mmHg  

h) Dizziness or faintness  

 

The patient was then asked to stop pedalling and monitored until recovery of HR, BP 

and ECG. At the end of the test, the subjects were asked to scale their perceived level 

of effort and breathlessness using the Borg Rating of Perceived Exertion (RPE)(138) 

and the Borg CR10 Category Ratio scale(139), for subjective assessment (Table 5) and 

also asked their main reason for stopping. 

Table 5. Borg scale (RPE = rating of perceived exertion) 

 



Singh, A.                                                                 Myocardial Perfusion Reserve in Aortic Stenosis. 

 77 

2.4.5.3 Test Interpretation and Data Analysis 

Care was taken by the supervising Physician to distinguish between truly limiting 

symptoms and quickly reversible mild dyspnoea/fatigue, by reading out a definition of 

‘true breathlessness’ (as described above) to the patients prior to commencement of 

the test. The test was considered ‘symptom-limited’ if the patient stopped 

prematurely due to limiting breathlessness, chest tightness or dizziness at <80% of 

predicted maximal workload (‘strict definition’). In addition, a more ‘conventional 

definition’ of a positive test (symptoms at any stage) was also added, following 

publication of the new AHA/ACC guidelines on AS(44), that consider symptoms at any 

stage of exercise testing as an indication for AVR. In patients who stopped because of 

fatigue, the ETT was classed as negative or inconclusive if ≥80% or < 80% of the 

predicted workload was achieved respectively. This was because the purpose of the 

CPET was to elicit ‘true’ symptoms secondary to the AS, with the patients being 

exercised till symptoms developed or they reached their limit. Therefore, fatigue was 

not considered to be a ‘symptom’ as everyone would eventually experience this. The 

raw CPET data was averaged over 30 seconds for analysis and peak VO2 and 

respiratory exchange ratio were calculated. Exercise duration, peak workload and 

maximum systolic blood pressure were also noted.  

2.4.6 CMR Acquisition 

Imaging was performed on 3-Tesla scanners, with an 18-channel phased array cardiac 

coil (Leicester), using retrospective ECG gating as a default (Table 6) for details at 

each site). We chose to use a 3T scanner because of the better signal-to-noise ratio 

and limits of agreement of MBF with microspheres(140) and better tag persistence 

compared to 1.5T with similar LV function analysis. All subjects were asked to fill in a 

standard safety questionnaire prior to scanning to ensure the absence of any 

contraindications to CMR. Patients were asked to abstain from caffeine intake for at 

least 12 hours prior to the adenosine stress. The scans typically took 1 hour to 

perform. The CMR protocol used in the main study is outlined in Figure 23. 
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Table 6. MRI scanner used at each site 

Testing Site Referring sites 3T Magnetic Resonance Scanner used 

Leicester  Magnetom Skyra, Siemens, Erlangen, Germany 
 Kettering  
 Derby  
 Coventry  
 Grantham  
 Northampton  

Leeds  Phillips Achieva TX, Phillips Healthcare, Best, The 
Netherlands 

Glasgow  Magnetom Verio, Siemens, Erlangen, Germany 

Aberdeen  Phillips Achieva TX, Phillips Healthcare, Best, The 
Netherlands 

Dundee  Magnetom Trio, Siemens, Erlangen, Germany 

 

 

 

Figure 23. CMR Protocol used in PRIMID-AS study  

(Abbreviations: 4/2/3C: 4/2/3 chamber, LV: left ventricular, LA: left atrial, LVOT: left ventricular 
outflow tract, LGE: late gadolinium enhancement) 
 

2.4.6.1 Cine Imaging 

Following the acquisition of the localiser images, magnetic field shim was applied over 

the heart before cine acquisition, to reduce B0 field inhomogeneity. Balanced steady 

state free precession (bSSFP) cine images in the 2, 3 and 4 chamber views were 

acquired, with a slice thickness of 8 mm (typical parameters: matrix 256x204, field of 
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view (FOV) variable 300-360 x 360-420, TR 45 ms, TE 1.2 ms, flip angle 45°). The 

number of segments was altered according to the heart rate (HR<70 bpm: 14 

segments, 70-80 bpm: 12 segments, 80-100 bpm: 11 segments). 

 

 

Figure 24. An example of the planning used for the short-axis SSFP cine stack shown on 4-

chamber and 2-chamber slices (top panel), with examples of some short-axis slices (bottom 

panel). 

For the short-axis cine stack, the first slice was planned at the mitral valve annulus, 

perpendicular to the inter-ventricular septum. Full coverage of the LV, with 1 slice 

every 10mm (slice thickness 8 mm, distance factor 25%) (Figure 24) was completed 

before acquisition of the left atrial (LA) stack. The transmitter-offset frequency was 

adjusted as necessary if off-resonance artefacts appeared within the LV or RV. 
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Figure 25. Examples of stills taken from aortic valve cine imaging, showing a tri-leaflet (left) 

and a bicuspid (right) aortic valve. 

Cine imaging of the AV was acquired using a spoiled gradient echo (GRE) pulse 

sequence with a slice thickness of 6 mm (no gap), starting at the aortic annulus, and 

repeating every 3 mm until the AV orifice was no longer visible (Figure 25).  

2.4.6.2 Myocardial Tissue Tagging 

Myocardial tagged images were obtained using spatial modulation of magnetisation 

(SPAMM) imaging (typical parameters: matrix 224x198, slice thickness 8mm, grid tag 

spacing 8mm, TR 50 ms, TE 2.4ms, flip angle 10°, retrospective gating) at three short-

axis slices (base, mid and apex) and one longitudinal slice (4-chamber) for calculation 

of circumferential and longitudinal strain and strain rates (Figure 26).  

 

Figure 26. An example of tagged image at end-diastole (left) and end-systole (right). 

The mid-short-axis slice was planned from the 4- and 3-chamber images at mid-

systole, at the mid-point between the mitral annulus and the apex. The distance 

factor was altered (typically between 100-200%) to ensure that the LVOT was 
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excluded from the basal slice and the apical slice still contained some cavity (Figure 

27). 

  

Figure 27. An example of planning of the basal, mid and apical slices for tagging and 

perfusion imaging. 

2.4.6.3 Perfusion Imaging 

A comprehensive adenosine stress and rest perfusion study was performed using a 

saturation recovery GRE sequence (typical parameters: matrix 224x134, slice 

thickness 8 mm, TR 176 ms, TE 1ms, flip angle 10°), for quantification of MBF and 

MPR. The smallest FOV was selected, while avoiding any wrap artefacts (Figure 28).  

 

Figure 28. An example of stress (left) and rest (right) perfusion imaging, showing a global 

sub-endocardial perfusion defect at stress (white arrows). 

Three short axis slices were acquired, with the slice positions copied from the tagged 

images. Stress imaging was performed after inducing pharmacological vasodilation 

with an infusion of adenosine at 140 mg/kg/minute for 3 minutes or until a 



Singh, A.                                                                 Myocardial Perfusion Reserve in Aortic Stenosis. 

 82 

haemodynamic response and/or symptoms were achieved. The patient was closely 

monitored with recording of HR, BP and oxygen saturations every minute, as well as 

reporting of any symptoms. A bolus of gadolinium-based contrast agent 

(0.04mmol/kg of Gadovist, Bayer Pharma AG, Germany) was injected at a rate of 5 

ml/second, followed by a 20 ml bolus of saline, just prior to image acquisition. First 

pass perfusion was assessed for the 3 slices, acquiring every heartbeat, using a 

saturation recovery gradient-echo sequence, during breath-hold. Rest perfusion 

images were acquired after a minimum of 10 minutes using identical parameters to 

the stress scans. A further 0.04mmol/kg of contrast was administered, followed by a 

top-up of 0.07mmol/kg to bring the total dose to 0.15mmol/kg for LGE imaging. 

2.4.6.4 T1 Mapping 

T1 data were acquired at the mid-ventricular short-axis slice pre-contrast and at least 

15 minutes after the last contrast injection (bolus-contrast / dynamic-equilibrium 

technique(96, 97)), using a prototype, ECG-gated Modified Look-Locker Inversion 

recovery (MOLLI) sequence(141), with the 3(3)3(3)5 sampling pattern (typical 

parameters: matrix 256x192, slice thickness 8 mm, TE 1.1 ms, FoV 300 × 400 mm, flip 

angle 50°, minimum TI 120 ms, inversion time increment 80 ms). Multiple single-shot 

images in the same cardiac phase during end diastole were obtained in a single 

breath-hold. These images represent signal recovery following three preparation 

inversion pulses. Prior to acquisition of the MOLLI sequence, a tight field shim box 

was applied around the LV, the imaging volume was set at magnet iso-centre, and the 

FOV was increased to 400 mm, in order to reduce artefacts. The MOLLI sequence 

produces a series of 11 images with different inversion times, with data collected over 

17 heartbeats. The Siemens software (Syngo MR D13) then employs a built-in post-

processing image registration technique to produce a motion-corrected (MOCO) 

series of images, to account for mis-registration caused by breathing, patient 

movement or mis-triggering(142). In addition, the inline reconstruction software also 

produces a T1 parametric map (Figure 29), with pixel-by-pixel computation of the T1 

values. 
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Figure 29. An example of a parametric colour map of the MOLLI sequence pre- (left) and 

post-contrst. 

The MOLLI sequence was initially not available at the 3T scanner and so was not 

acquired in all of the study patients. This sequence was also not available for the 

Ranolazine study.  

2.4.6.5 Late Gadolinium Enhancement 

LGE imaging was performed at least 10 minutes after the last contrast injection, using 

an inversion recovery spoiled GRE sequence (typical parameters: matrix 256x192, 

slice thickness 8 mm, 2 mm gap, FOV 300x400, TR 2xRR interval, TE 2 ms). An 

inversion time (TI) scout was performed, in the mid short axis or 4-chamber slice 

position to identify the initial inversion time at which there was optimal nulling of the 

myocardium (typically 300 ms). Long-axis (2-, 3- and 4-chamber) as well as a full short-

axis stack LV were acquired, copying the slice positions used in cine imaging (Figure 

30). TI was altered by 10ms every 1-2 acquisitions. Any images showing 

enhancements of doubtful significance were repeated with the phase-encoding 

direction swapped or a slice planned through the region of enhancement, 

perpendicular to the current slice. If the patients were struggling with breath-holding, 

then single-shot images were acquired for the short-axis stack. 
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Figure 30. An example of LGE imaging showing long-axis (top panel) and short-axis (bottom 

panel) acquisitions, with inferior insertion point enhancement (white arrow). 

2.4.6.6 Aortic cine and Phase Contrast Imaging 

An SSFP cine (same parameters as cine imaging above) of the aorta at the pulmonary 

artery bifurcation level was acquired for calculation of aortic cross-sectional areas and 

distensibility. A retrospectively gated phase contrast velocity-encoded sequence was 

also performed at the same level, to calculate through-plane flow in the ascending 

and descending thoracic aorta in the transverse plane (typical parameters: matrix 

256x176, VENC 250 cm/s, slice thickness 5 mm, reconstructed to 100-125 phases, TR 

13 ms, TE 4 ms, flip angle 20°). A sagital oblique cine of the aortic arch was also 

acquired in order to calculate the pulse wave velocity (PWV) in this segment.  

2.4.7 CMR Analysis 

All CMR analysis was performed offline, blinded to the patient details, at the core lab, 

which was Leicester. I was responsible for the analysis of all CMR imaging. 

2.4.7.1 LV Mass and Volumes 

Analysis was performed on the short-axis cine stack using CMR 42 (Circle 

Cardiovascular Imaging, Canada) imaging software. LV epicardial and endocardial 

contours were manually drawn at end-diastole and end-systole (Figure 31), allowing 
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calculation of LV end-diastolic volume (LVEDV), LV end-systolic volume (LVESV), stroke 

volume (SV), LV ejection fraction (LVEF) and LV mass (LVM). Trabeculae and papillary 

muscles were included on the LV cavity measurement and excluded from LVM 

calculation, as this is the standard practice in our institution. This is because although 

inclusion of trabeculae in the LV cavity measurement can give higher volumes and 

lower mass, it has been shown to have higher inter-observer reproducibility and inter-

examination repeatability than when they are excluded(143). LV mass/volume 

(LVM/LVEDV) ratio was calculated to estimate relative wall thickness. Values were 

also indexed to body surface area and denoted by the suffix ‘I’ for instance LVMI for 

left ventricular mass index. 

 

Figure 31. An example of epicardial (green), endocardial (red) and right ventricular 

(yellow) contours at end-diastole (ED) and end-systole (ES) 

2.4.7.2 Left Atrial Volumes 

LA volumes were manually contoured using CMR 42 (Circle Cardiovascular Imaging, 

Calgary, Alberta, Canada) software, and the volumes were indexed to body surface 

area giving the indexed LA volumes (LAVI). 

2.4.7.3 Aortic Valve classification 

The aortic valve cine images were used to quantify the AVA using planimetry, as well 

as to classify the valve morphology into a tri-leaflet or bicuspid (type 1-3) aortic 

valve(144)(Figure 32). 
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Figure 32. Classification of Aortic valve morphology. Top left: tri-leaflet valve. Bottom two 

rows: bicuspid valves (Type 1: fusion of RCC and LCC; Type 2: fusion of RCC and NCC; Type 3: 

fusion of LCC and NCC). (144) 

(RCC = right coronary cusp, LCC = left coronary cusp, NCC = non-coronary cusp, RCA = right 
coronary artery, LCA = left coronary artery) 
 

2.4.7.4 Myocardial Tissue Tagging 

Tagged images were analysed using InTag (Creatis, Lyon, France), a plugin for the 

open source imaging software OsiriX (Pixmeo, Geneva, Switzerland). This software 

allows semi-automated quantification of myocardial motion following these steps: 

identification of the end-systole image, inputting tag spacing, manual tracing of the 

epicardial and endocardial borders (which is automatically propagated to all the 

phases) and indicating the anterior insertion point of the right ventricle. This was 

performed for each short-axis slice (base, mid and apex) to calculate the 

circumferential peak systolic strain (PSS), peak systolic strain rate (PSSR) and peak 

early diastolic strain rate (PEDSR) at each level, as well as globally (average of the 

three slices). Longitudinal strain and strain rates were calculated using the 4-chamber 

tagged sequence, with its analysis also requiring specification of the anterior and 

posterior mitral annulus and apex points. 
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Figure 33. An example of the epicardial (green) and endocardial (red) contours on a short-

axis and long-axis slice (left panel). Plot of strain and strain rate over time (right panel).  

(PSS = peak systolic strain, PSSR = peak systolic strain rate, PEDSR = peak early diastolic strain 
rate) 
 

The software generates output files containing data for circumferential (-C) and 

longitudinal (-L) strain. In order to obtain global strain values, the numerical data 

outputs were processed further using in-house Microsoft Excel spreadsheets 

(California, USA), to produce the average strain curves for each slice (Figure 33). 

Strain rates were calculated by dividing the difference between strains at consecutive 

time points by the time interval and plotting this against time.  

2.4.7.5 Feature Tracking 

Feature tracking (FT) is a relatively new technique for measuring strain and strain 

rates on CMR, that relies on automatic tracking of image features at the cavity-tissue 

interface of standard SSFP cine images, throughout the cardiac cycle, analogous to 

speckle tracking on echocardiography. Diogenes FT software (TomTec Imaging 

Systems, Munich, Germany) was used on the nearest slice from the short-axis cine 

stack corresponding to the tagged image slice position, representing the basal, mid 

and apical slices. Endocardial and epicardial contours were drawn on a single end-
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diastolic phase and propagated automatically by the software to all phases, 

generating endocardial and epicardial strain and strain rate curves. If the contours did 

not track the borders well, the contour on the original phase was manually adjusted 

and re-propagated. No further post-processing was required, as the software 

generated both strain and strain rate graphs directly (Figure 34). 

 

Figure 34. An example of feature tracking to generate typical strain and strain rate curves. 

a. SSFP cine image at end-diastole and b. end-systole, Epicardial and endocardial contours 

using FT software at c. end-diastole, and d. at end-systole, e. Circumferential strain curves 

and f. Circumferential strain rate curves generated by the FT software (segmental and 

average curves)  

The reproducibility of strain analysis using both tagging and feature tracking was 

compared in ten patients, by calculating the inter- and intra-observer variability and 

test-retest repeatability of the two techniques, using Bland-Altman tests, before 

deciding on the technique to be used for the rest of the patients. 

2.4.7.6 Perfusion Analysis 

Perfusion analysis was performed using QMass v7.1 (Medis Medical Imaging Systems, 

Netherlands) imaging software. LV epicardial and endocardial contours as well as an 

LV blood pool region of interest were manually drawn, and propagated to all the 

phases of the perfusion sequence. The contours were then checked and manually 

moved / altered to ensure there was no cavity or pericardium within the defined 
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myocardial region and no papillary muscle within the LV cavity region of interest. The 

software produced signal intensity against time curves (Figure 35).  

 

Figure 35. An example of epicardial (green), endocardial (red) and blood pool region of 

interest contours for perfusion analysis (left panel) and the associated graph of signal 

intensity against time in the blood pool (red) and myocardial segments (others) (right 

panel). 

The result outputs were saved as text files and sent to Professor Michael Jerosch-

Herold (Harvard Medical School, Boston, USA) for absolute myocardial blood flow 

(MBF) quantification. The measured arterial input, measured in arbitrary signal 

intensity units, was converted to a curve of percentage enhancement, by dividing by 

the baseline signal intensity in the blood pool before any contrast enhancement. A 

calibration curve of effective contrast enhancement versus the contrast enhancement 

extrapolated from the low R1 (contrast concentration) range was calculated by 

numerical simulation, using the sequence parameters, and a mean pre-contrast T1 

value for blood of 1,450 ms. This calibration curve was then inverted, and used for 

correction of the observed % contrast enhancement in the blood pool. Saturation 

correction resulted in a 20-30% increase of the of the peak contrast enhancement of 

the arterial input function on average. The arterial input function, corrected for signal 

saturation, was used for MBF quantification by model-independent 

deconvolution(110). Transmural myocardial perfusion reserve (MPR) was calculated 

by dividing hyperaemic MBF by resting MBF. 
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In ten patients, this was done using the raw perfusion images as well as the MOCO 

images produced by using the software on the scanner. This was done to compare the 

inter- and intra-observer variability and test-retest repeatability using both 

techniques. 

2.4.7.7 T1 mapping and ECV Calculation 

Analysis was performed using CMR 42.  LV epicardial and endocardial contours, as 

well as an LV blood pool region of interest (ROI), were manually drawn and 

propagated to all 11 images of the pre- and post-contrast MOCO MOLLI series (Figure 

36). This generated average myocardial and blood pool, pre- and post-contrast T1 

relaxation times. In addition, the parametric T1 map was also used to define the 

myocardial and blood pool ROIs to generate the T1 relaxation times, which was less 

time-consuming than propagating to the full MOLLI series. Both methods were used 

in ten patients by two observers, in order to compare the inter- and intra-observer 

variability and inter-technique agreement of the two methods. The test-retest 

repeatability was also calculated, in order to decide which method to utilise for the 

remainder of the patients. 

 

The calculation of myocardial ECV requires the definition of regions of interest (ROI) 

for the myocardium and the blood pool, from which R1 (=1/T1) values are derived, 

which are used to calculate the partition coefficient (λ) and the ECV taking account of 

the blood Hct level(95) (Equation 7). 
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Figure 36. An example of outlining of the myocardial and blood pool regions of interest on 

a.) Full motion-corrected (MOCO) MOLLI series, with corresponding graphs showing the 

fitted relaxation curves produced pre- and post- contrast injection; and b.) T1 maps pre- 

(left) and post (right) contrast injection.  

 

     [1] 

and 

,     [2] 

Equation 7. Calculation of ECV  

(λ = partition coefficient, R1 = reciprocal of T1, myo = myocardial, blood = blood pool, pre = pre-
contrast, post = post-contrast, hct = haematocrit) 
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2.4.7.8 Late Gadolinium Enhancement 

Two experienced observers visually assessed the LGE images for the presence or 

absence of focal fibrosis. This was qualitatively graded as infarct-pattern or non-

infarct-pattern LGE, which was further categorised using a visual assessment scale 

(Table 7). Only grades 2 or above were considered significant, as subtle insertion 

point enhancement is a common non-specific finding, especially in the elderly. 

Table 7. Visual assessment scale for non-infarct pattern LGE 

Scale Description 

0 No enhancement 

1 Subtle enhancement in 1 region within insertion point 

2 Subtle enhancement in 1 region outside insertion point 

3 Bright scar in 1 region 

4 Clear scarring in multiple regions 

 

Quantitative analysis was also performed using CMR 42 software. Epicardial and 

endocardial contours were traced on the short-axis LGE stack. A ROI was drawn in 

remote ‘normal’ looking myocardium on a single slice, and the percentage of LGE was 

automatically calculated as areas with signal intensity >5 standard deviation above 

the ‘normal’ ROI. 

2.4.7.9 Aortic Distensibility and Pulse Wave Velocity 

Ascending and descending maximum aortic cross-sectional areas were measured 

from the aortic cine at the pulmonary artery bifurcation level (Figure 37). Aortic 

distensibility was calculated using Equation 8. 

 

Distensibility = (Amax - Amin) / (Amin × PP) 

Equation 8. Calculation of Aortic Distensibility in 10-3mmHg-1  

(Amax = maximum aortic cross-sectional area in cm2; Amin = minimum aortic cross-sectional area 
in cm2; PP = pulse pressure (systolic BP- diastolic BP) in mmHg) 
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Figure 37. Single frame from an SSFP cine image of the ascending (red larger circle) and 

descending (green smaller circle) aorta, used for measurement of aortic dimensions and 

distensibility calculation 

The PWV was assessed in the segment including the ascending aorta, the aortic arch 

and the proximal descending aorta up to the level of the pulmonary artery bifurcation 

(Figure 38), and calculated using Equation 9, where Δx is the distance around the 

aortic arch between the two sections through the ascending and descending aorta, 

and Δt is the transit time delay of two volume flow rate curves for the descending and 

ascending aorta. The sagittal oblique view of the aorta was used to measure the 

distance between the ascending and descending aorta (Δx), taking an average of the 

two distance measures for the outer and inner borders of the aortic lumen. 

 

 

PWV = Δx/Δt 

Equation 9. Calculation of PWV  

(PWV = pulse wave velocity in m/sec, Δx = distance around the arch in m; Δt = transit time delay of 
the volume flow rate curves for descending and ascending aortas in sec) 
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Figure 38. Pulse wave velocity calculation: a Sagittal oblique cine of the aorta for 

measurement of Δx (average of outer distance in green and inner distance in red), b. Aortic 

flow sequence used for calculation of Δt, i.e., the delay time between the volume flow rate 

curves (shown) in the ascending (red) and descending (green) aorta 

An in-house software package was used to calculate Δt from the volume flow rate 

curves from the ascending and descending aorta. A maxium in the cross-correlation 

between these curves was used to find the transit time of the pressure wave around 

the arch. 

2.4.8 CT Calcium Scoring 

CT was performed on a multi-slice CT scanner with ECG gating, in a single breath-hold, 

for both AV and coronary artery calcium scoring.  Coronary artery calcification was 

reported as present/absent and scored according to standard criteria.  Results were 

not be fed back to clinicians given the lack of benefit of statins in patients with AS(76).  

We did consider CT coronary angiography but felt that the high radiation dose, 

administration of intravenous contrast and beta-blockers was not justified in patients 

who would not normally be investigated for coronary artery disease whilst 

asymptomatic.  

2.5 Repeatability 

Ten patients underwent a CMR twice within a week of their baseline visit, in order to 

calculate the test-retest repeatability of tagging, feature tracking, perfusion imaging 

and T1 mapping in patients with moderate to severe AS. All CMR analysis was done 

blinded to the patient and scan details.  
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2.6 Statistics 

The statistical analysis plan for the Ranolazine sub-study is described in Chapter-4 

(section 4.2.1). For the PRIMID-AS study and reproducibility, the statistical plan was as 

below. 

2.6.1 Statistical Analysis: PRIMID-AS study 

Baseline data was collected using electronic case-record forms under patients study 

ID’s. All imaging data was blinded by the research nurse using unique TTE and CMR 

ID’s generated by the CTU, and the images were placed in a folder for further analysis. 

All blinded CMR images were then analysed by myself, whilst the TTE images were 

analysed by a BSE-accredited Cardiac Physiologist (JM). The blinded imaging data 

were sent to the Robertson Centre for Biostatistics, University of Glasgow, for 

unblinding and statistical analysis for the main study. The interim statistical analysis 

for the Reproducibility Chapter was undertaken by myself using SPSS statistical 

package v20 (IBM, Chicago, USA), whilst the CTU performed the statistical analysis for 

the overall cohort for the Baseline, Determinants and Outcome chapters, after we 

developed a detailed statistical analysis plan together.  

 

Normality was assessed using Kolmogorov-Smirnoff tests, histograms and Q-Q plots.  

Normally distributed data are expressed as mean±standard deviation.  Non-

parametric data are expressed as median (25%-75% interquartile range). Continuous 

variables were compared between patients and controls, and between patients with 

and without an outcome, using independent t-tests or Mann-Whitney tests, 

depending on the distribution. The Chi-squared test or Fisher’s exact test, as 

appropriate were used to test for any differences for categorical variables.   

 

For the Reproducibility Chapter, the method proposed by Bland and Altman(145), 

coefficient of variation (CoV) and two-way mixed-effect intra-class correlation 

coefficient (ICC) for absolute agreement(146) were used to assess inter-

observer/intra-observer variability, test-retest repeatability and inter-technique 

agreement . In addition, paired t-tests were used to compare different analysis 
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techniques in patients, and independent t-tests were used to compare strain 

parameters between patient cohorts at 1.5T vs. 3T. Pearson’s correlation coefficient 

was also used for assessment of correlation between techniques or scans.  

 

Univariate determinants of MPR / MBF and exercise capacity (peak VO2 and peak 

workload) were determined using regression analysis, and stepwise multivariate 

analysis was used to identify independent associations, after entering clinically and/or 

statistically significant univariate variables into the models.  

 

Univariate and multivariate determinants of the primary and secondary outcomes 

were determined using Cox proportional hazards regression and stepwise selection. 

For multivariate analysis, sex was included in all models, in addition to: one measure 

of AS severity from echo, NT-proBNP, one CMR variable of LV remodeling, MPR and 

positive ETT. Kaplan-Meier curves were generated, using optimal cut-off for MPR, for 

event-free survival and compared using the log-rank test. The predictive accuracy of 

MPR and ETT for the primary outcome was assessed using logistic regressions and 

Receiver Operator Characteristic (ROC) analysis, with calculation of the area under 

the curves (AUC). The AUCs of MPR and ETT were compared using correlated ROC 

analysis. The MPR cut-point for predicting primary outcome was also selected to 

match the sensitivity of symptomatic CPET, and paired comparisons of the 

specificities of the two techniques were carried out using McNemar’s Test. Additional 

sensitivity analyses were performed in patients with severe AS only. 

2.6.2 Power Calculation 

The study, with 170 subjects would have 80% power (binomial test) to show that MPR 

had superior overall accuracy (assumed 85%) to symptom-limited CPET, compared to 

the results of previous studies (76%) assuming an annual event rate of 29%(42). 
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3.1 Introduction 

It is important to establish the reproducibility of novel CMR techniques, which 

encompasses both the precision and reliability of the technique, before they can be 

widely applied to research and clinical settings. However, there is some confusion in 

the literature about the exact definitions of the various measures of ‘variability’, 

‘repeatability’ and ‘reproducibility’.  

3.1.1 Definitions 

Intra-observer variability is ‘the amount one observer varies between observations 

when reporting more than once on the same material’(147). 

 

Inter-observer variability is ‘the amount observers vary from one another when 

reporting on the same material’(147). 

 

Repeatability and reproducibility are components of precision of a measurement or 

technique.   

Repeatability is defined as ‘the closeness of agreement between independent results 

obtained with the same method on identical test material, under the same conditions 

(same operator, same apparatus, same laboratory and after short intervals of 

time)’(148).  

 

Reproducibility is defined as ‘the closeness of agreement between independent 

results obtained with the same method on identical test material but under different 

conditions (different operators, different apparatus, different laboratories and/or 

after different intervals of time.’(148). 

 

3.1.2 Implications in cardiac imaging 

In the case of cardiac imaging techniques, sources of variability can be introduced at 

multiple stages, including image acquisition (radiographer, protocol variability), image 

analysis (inter-observer, intra-observer variability, differences in post-processing 

techniques and software) as well as biological conditions related to the subjects 
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(diurnal variation, haemodynamic status). Test-retest repeatability assesses the whole 

of the data acquisition and analysis procedure, and good test-retest repeatability is 

particularly important when monitoring treatment effect or disease progression in 

longitudinal studies. The reproducibility of novel imaging techniques is often assessed 

in healthy volunteers but rarely in patient groups. It is important to assess test-retest 

repeatability of novel imaging techniques in disease groups as well as healthy 

controls, as there can be small differences in values between normal and abnormal, 

and the robustness of the technique at identifying the abnormal, as well as for serial 

assessment of patients relies on good reproducibility. We therefore sought to assess 

the reproducibility of novel CMR techniques in asymptomatic patients with AS. 

3.2 Participants 

The demographics for the original 10 patients who formed the ‘repeatability cohort’ 

(completed 2 scans within a week) are shown in Table 8. Due to an error with pump 

set-up for the first repeatability patient, an inaccurate contrast injection protocol was 

used during stress perfusion, and this patient was therefore excluded from the MPR 

repeatability analysis. An additional repeatability patient was recruited at a later date 

to make up the ten patients for this purpose. 
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Table 8. Demographic data for the original repeatability cohort 

Parameter Value: mean (std dev) or n(%) 

Age (years) 67.3 ± 9.0 

Gender (M) 8 (80%) 

AV Vmax (m/s) 4.01 ± 0.70 

PPG (mmHg) 66.2 ± 24.3 

MPG (mmHg) 40.7 ± 17.1 

AVA (TTE) (cm2) 0.97 ± 0.29 

AVA (CMR) (cm2) 1.01 ± 0.14 

SBP (mmHg) 155.3 ± 22.6 

HR (bpm) 72.0 ± 8.6 

HTN 4 (40%) 

DM 1 (10%) 

Hyperlipidaemia 1 (10%) 

CAD 0 (0%) 

ACEI/ARB 1 (10%) 

Statin 6 (60%) 

Beta-blocker 4 (40%) 

Ca-channel blocker 1 (10%) 

Aspirin / Clopidogrel 2 (20%) 

Other anti-hypertensive 2 (20%) 

Other cardiac meds 2 (20%) 

 
Abbreviations: AVA = aortic valve area, AV Vmax = peak velocity across aortic valve, bpm = beats 
per minute, CAD = coronay artery disease, HR = heart rate, MPG = mean pressure gradient, PPG = 
peak pressure gradient, SBP = systolic blood pressure. 
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3.3 Reproducibility of myocardial deformation: a comparison between 

Tagging and FT at 1.5T and 3T 

Myocardial tissue tagging requires acquisition of additional tagged sequences and 

time-consuming post-processing during analysis(149, 150). FT utilises the standard 

SSFP cine images acquired for functional analysis, and is also less time-consuming to 

analyse. FT has been compared to tagging in a large population of patients with 

Duchenne Muscular Dystrophy and healthy controls, showing high correlations with 

tagging for circumferential strain without significant bias(151). FT has also been 

shown to have good inter- and intra-observer variability in healthy volunteers(152) 

and patient groups(151, 153), as well as reasonable test-retest repeatability 

(coefficient of variation (CoV) ~20%) in healthy volunteers, when studied on the same 

day(154). The test-retest repeatability of FT had not been reported in any patient 

groups, nor compared to that of tagging. 

 

In order to compare the repeatability of the two techniques available for myocardial 

deformation assessment at 3T and 1.5T field strengths, our cohort of 10 repeatability 

patients at 3T (median interval of 7 days) were compared to 8 previously recruited 

patients with AS, who had had two scans on a 1.5T scanner (median interval of 12 

days).  

3.3.1 Image acquisition and analysis 

The methodology of image acquisition and analysis is as outlined in the Methods 

chapter (section 2.4.6 onwards). Tagged images were acquired using spatial 

modulation of magnetization (SPAMM) at 3T and complementary SPAMM (CSPAMM) 

at 1.5T (slice thickness 6mm, grid tag spacing 7 mm, TR 4.7ms, TE 2.3ms, flip angle 

12°, temporal resolution 42ms, prospective gating). In addition to three short-axis 

slices (base, mid and apex), a 4-chamber tagged image was also acquired at 3T only. 

Identical parameters were used at scan-1 and 2. Analysis was performed offline, 

blinded to patient details and whether it was the first or second scan. 
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Circumferential peak systolic strain (PSS-C) and peak early diastolic strain rate (PEDSR-

C) were calculated for each short-axis slice and globally (average of base, mid, apex). 

Global longitudinal PSS (PSS-L) and PEDSR (PEDSR-L) were calculated using an average 

of 4-, 3- and 2-chamber cine images using FT, and compared to the 4-chamber tagged 

image at 3T. For inter-observer variability, two observers performed FT and tagging 

analysis on a sample of five patients from 1.5T and five from the 3T cohort, using a 

mixture of scans from visit one and visit two. For scan-1, FT results from the 

endocardial contour only, as well as an average of the epicardial and endocardial 

values, were examined. For test-retest repeatability, only the average of epicardial 

and endocardial values was used. 

3.3.2 Demographic data 

Table 9. Comparison of the repeatability cohort at 1.5T and 3T 

Variable 1.5 T group (n=8) 3T group (n=10) 

Age (years) 66.6 (8.3) 67.3 (9.0) 

Male (n, (%)) 6 (75%) 8 (80%) 

SBP (mmHg) 130.8 (5.9)* 155.2 (22.6) 

DBP (mmHg) 75.4 (10.6) 77.6 (11.0) 

Echo 

PPG (mmHg) 77.3 (11.8) 66.2 (24.3) 

MPG (mmHg) 47.0 (6.0) 40.7 (17.1) 

CMR 

AVA (cm2) 0.71 (0.19)* 1.01 (0.14) 

LVEDVI (ml/m2) 101.8 (20.8)* 82.9 (15.8) 

LVMI (g/m2) 73.4 (15.7)* 58.6 (7.8) 

LVEF (%) 54.4 (4.1)* 59.1 (4.2) 

 
Result are mean (standard deviation) values. Abbreviations: SBP: systolic blood pressure, DBP: 
diastolic blood pressure, PPG: peak pressure gradient, MPG: mean pressure gradient, AVA: aortic 
valve area, CMR: cardiac magnetic resonance imaging, LVEDVI: left ventricular end-diastolic 
volume indexed, LVMI: left ventricular mass indexed, LVEF: left ventricular ejection fraction.  
*Significant difference on independent t-test (p<0.05). 
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Demographics of the subjects are presented in Table 9. The patients studied at 1.5T 

had more severe AS, greater left ventricular volumes and mass, and slightly lower 

ejection fraction than those studied at 3T.  

3.3.3 Analysis duration 

The average time taken to analyse a patient’s full data set was 25 minutes using FT, 

and 30 minutes using tagging. However, an additional 20 minutes per patient was 

required for post-processing to extract average PSS and PEDSR values from the 

tagging dataset, so that the total time for tagging analysis was approximately double 

that required for FT. 

3.3.4 Reproducibility of Circumferential PSS and PEDSR 

3.3.4.1 Inter-technique agreement 

FT using the endocardial contours alone resulted in significantly higher global PSS-C 

and PEDSR-C values than both tagging and FT with average of endocardial and 

epicardial values, at both field strengths (Table 10). FT using an average of 

endocardial and epicardial values resulted in values much closer to those obtained 

from tagging, although they remained significantly higher for all measures except 

PEDSR-C at 1.5T (95% CI -0.63 to 0.07, p = 0.10). 

Table 10. Global circumferential strain and strain rate values for Tagging and Feature 

Tracking using endocardial only and average of endocardial and epicardial values 

Field 
Strength 

Parameter Tagging 
 

FT (Endo only) FT (Epi/Endo 
average) 

1.5T PSS-C -17.02 ± 3.42*† -28.68 ± 3.39† -20.95 ± 1.89 

 PEDSR-C 1.01 ± 0.31* 1.78 ± 0.54† 1.29 ± 0.34 

3T PSS-C -17.74 ± 3.02*† -30.18 ± 5.63† -21.35 ± 3.95 

 PEDSR-C 0.84 ± 0.28*† 1.93 ± 0.55† 1.33 ± 0.38 

 
Results for baseline scan displayed. Abbreviations: FT: Feature Tracking, PSS: peak systolic strain, 
PEDSR: peak early diastolic strain rate, Endo: Endocardial contour, Epi/Endo: Average of 
endocardial and epicardial contours. * Statistically significant difference compared to FT (endo 
only) (p<0.05), † Statistically significant difference compared to FT (epi+endo average) (p<0.05). 
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Agreement between FT and tagging for global circumferential values was poor at 

1.5T, with non-significant correlations, very wide limits of agreement using BA tests 

and significant bias for FT giving higher values (Table 11). At 3T the agreement tended 

to be better, with higher correlations, but the values remained significantly higher 

with FT and the limits of agreement remained wide. 

3.3.4.2 Inter-observer variability 

The inter-observer variability of PSS-C and PEDSR-C using both tagging and FT at both 

field strengths was good. CoV’s for PSS-C/PEDSR-C were 4.3%/6.1% for FT at 1.5T; 

4.1%/6.2% for FT at 3T; 4.4%/3.7% for tagging at 1.5T and 5.2%/5.8% for tagging at 

3T. (Intra-observer variability was not assessed separately, as test-retest repeatability 

was performed by the same observer, and therefore encompasses this in its 

assessment.) 

3.3.4.3 Test-retest repeatability 

The test-retest repeatability results are shown in Table 12 and the corresponding 

Bland-Altman plots in Figure 39. There were no significant differences in PSS-C or 

PEDSR-C between scan one and scan two, for either tagging or FT and at 1.5T or 3T. 

The test-retest repeatability of global PSS-C and PEDSR-C were better with FT 

compared to tagging at both 1.5T and 3T, with narrower limits of agreement on 

Bland-Altman plots and lower CoVs. When the apical slice was excluded, repeatability 

of PSS-C and PEDSR-C were similar for FT and tagging at 1.5T. However at 3T, 

although repeatability of PSS-C was good for both techniques, it was better for FT. 

repeatability of PEDSR-C at 3T was moderate to poor with both techniques, with no 

improvement after apical slice exclusion. 
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Table 11. Inter-technique agreement between Tagging and FT: Comparison of global and regional Circumferential strain and strain rates at 1.5T and 

3T 

Parameter Region Tagging average value 
(Mean ± SD) 

FT Average value 
(Mean ± SD) 

Paired Mean difference 
(SD) (Tagging-FT) 

BA Limits of 
agreement 

ICC CoV% 

1.5 Tesla Field Strength 

PSS-C Global -17.02 ± 3.42* -20.95 ± 1.89 3.93 (4.01) -3.92 to 11.78 -0.06 21.1 

 Basal -17.82 ± 3.83 -18.48 ± 1.29 0.66 (4.32) -7.80 to 9.12 -0.38 23.8 

 Mid -18.13 ± 3.39 -19.20 ± 3.47 1.08 (4.22) -7.20 to 9.35 0.40 22.6 

 Apical -15.11 ± 4.77* -25.16 ± 2.63 10.05 (6.53) -2.75 to 22.85 -0.23 32.4 

PEDSR-C Global 1.01 ± 0.31 1.29 ± 0.34 -0.28 (0.42) -1.10 to 0.54 0.23 36.5 

 Basal 0.92 ± 0.32 1.04 ± 0.23 -0.11 (0.35) -0.80 to 0.57 0.32 35.6 

 Mid 0.98 ± 0.32 1.14 ± 0.38 -0.15 (0.40) -0.93 to 0.63 0.53 37.5 

 Apical 1.12 ± 0.46* 1.69 ± 0.59 -0.57 (0.65) -1.84 to 0.70 0.30 45.9 

3 Tesla Field Strength 

PSS-C Global -17.74 ± 3.02*  -21.35 ± 3.95 3.61 (3.37) -2.99 to 10.22 0.54 17.2 

 Basal -18.19 ± 3.39 -20.00 ± 2.76 1.81 (2.90) -3.88 to 7.50 0.66 15.2 

 Mid -19.05 ± 4.71 -20.93 ± 5.43 1.88 (4.64) -7.22 to 10.97 0.73 23.2 

 Apical -15.96 ± 2.88* -23.12 ± 4.75 7.15 (4.68) -2.01 to 16.32 0.20 23.9 

PEDSR-C Global 0.84 ± 0.28* 1.33 ± 0.38 -0.49 (0.31) -1.09 to 0.11 0.44 28.4 

 Basal 0.84 ± 0.35* 1.16 ± 0.29 -0.32 (0.20) -0.70 to 0.07 0.71 19.7 

 Mid 0.81 ± 0.37* 1.21 ± 0.45 -0.40 (0.46) -1.29 to 0.50 0.43 45.3 

 Apical 0.87 ± 0.34* 1.63 ± 0.51 -0.76 (0.44) -1.63 to 0.11 0.32 35.6 
 
Abbreviations: as Table 10. BA=Bland-Altman. Average of epicardial and endocardial contours used for FT. *significant difference compared to FT value 
(p<0.05). Paired mean differences and limits of agreement are using Bland-Altman technique. 
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Table 12. Test-retest repeatability of Circumferential strain and strain rate using Tagging and FT on 1.5T and 3T 

 
Abbreviations: as Table 10, BA=Bland-Altman, R on Pearson’s correlation, CoV=Coefficient of variation. Average of epicardial and endocardial contours used for FT. 
No significant difference between scan-1 and scan-2 values on paired sample t-test; *Statistically significant correlation (p<0.05), †Average of all values from 
scan 1 and 2.  

Technique Parameter Region Average value† Paired Mean difference (SD) BA Limits of agreement R CoV 

1.5 Tesla Field Strength 

Tagging  PSS-C Global -16.86 ± 2.78 -0.33 (2.20) -4.64 to 3.98  0.78* 13.0 

 Basal/Mid -17.68 ± 2.82 -0.59 (1.75) -4.02 to 2.84  0.89* 9.9 

 PEDSR-C Global  1.00 ± 0.31  0.02 (0.19) -0.35 to 0.38  0.82* 18.8 

  Basal/Mid   0.94 ± 0.28  0.04 (0.12) -0.19 to 0.27  0.92* 12.5 

FT  PSS-C Global -20.88 ± 2.26 -0.14 (1.93) -3.93 to 3.64 0.70 9.2 

  Basal/Mid  -18.62 ± 2.23 -0.44 (1.82) -4.00 to 3.12 0.69 9.8 

 PEDSR-C Global  1.24 ± 0.31  0.11 (0.17) -0.23 to 0.45  0.86* 14.0 

  Basal/Mid   1.04 ± 0.22  0.10 (0.12) -0.14 to 0.34  0.88* 11.9 

3 Tesla Field Strength 

Tagging  PSS-C Global -17.59 ± 2.86 -0.30 (3.31) -6.79 to 6.20 0.36 18.9 

  Basal/Mid -18.51 ± 3.16 -0.23 (3.19) -6.49 to 6.03 0.54 17.3 

 PEDSR-C Global 0.82 ± 0.26 0.05 (0.28) -0.50 to 0.60 0.46 34.3 

  Basal/Mid  0.79 ± 0.24 0.07 (0.27) -0.47 to 0.61 0.49 34.6 

FT  

 

PSS-C Global -20.94 ± 3.43 -0.82 (2.07) -4.88 to 3.25 0.86* 9.9 

 Basal/Mid  -20.06 ± 3.37 -0.80 (2.49) -5.68 to 4.08 0.78* 12.4 

 PEDSR-C Global 1.23 ± 0.37 0.20 (0.32) -0.43 to 0.82 0.61 25.9 

  Basal/Mid  1.10 ± 0.34 0.17 (0.32) -0.46 to 0.80 0.54 29.3 
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Figure 39. Bland-Altman plots for test-retest repeatability of Global Circumferential 

PSS and PEDSR, using tagging and Feature Tracking at 1.5T and 3T 
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3.3.5 Reproducibility of longitudinal PSS and PEDSR 

3.3.5.1 Inter-technique agreement 

The inter-technique agreement of longitudinal strain and strain rates was only 

available at 3T, as longitudinal tagging was not acquired at 1.5T. Agreement was 

moderate at 3T, with CoV of 22.9% and 29.9% for PSS-L and PEDSR-L respectively, 

with significantly higher values with FT compared to tagging. Agreement was 

similar for PSS-L when only 4C was used for FT, but worse for PEDSR-L. 

3.3.5.2 Inter-observer variability 

The inter-observer variability of PSS-L and PEDSR-L was better with FT (CoV’s 

8.4%/10.5% at 1.5T and 5.8%/11.8% at 3T) than tagging at 3T (CoV 15.1% for PSS-

L, 24.1% for PEDSR-L).  

3.3.5.3 Test-retest repeatability 

Results are displayed in Table 13 and Figure 40. There was no significant 

difference in the longitudinal strain and strain rate values between scan one and 

scan two using either technique. Using Bland-Altman analysis, the test-retest 

repeatability of PSS-L was good with FT at 1.5T and 3T and moderate with tagging 

at 3T. Repeatability of PEDSR-L was moderate to poor, and similar for tagging and 

FT. It was similar for PSS-L when only 4C was used for FT, but worse for PEDSR-L. 
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Table 13. Test-retest repeatability of Longitudinal strain and strain rates on 1.5T and 3T scanner field strengths 

 

 

 

 

 

 

 

Abbreviations: as Table 10, L: longitudinal. Average of epicardial and endocardial contours used for FT. No significant difference between scan-1 and scan-2 
values on paired sample t-test (p>0.05); *Statistically significant correlation (p<0.05).  

Technique Parameter Average value Paired Mean difference 
(SD) 

Limits of 
agreement 

R (Pearson’s 
Correlation) 

CoV 

1.5 Tesla Field Strength 
FT  PSS-L -16.72 ± 2.25 -0.64 (1.73) -4.03 to 2.75 0.72* 10.4 

 PEDSR-L  1.03 ± 0.24  0.05 (0.35) -0.63 to 0.72 0.06 33.8 

3 Tesla Field Strength 

FT  PSS-L -16.47 ± 3.07 0.39 (2.69) -4.88 to 5.65 0.64* 16.3 

 PEDSR-L  0.94 ± 0.24  0.14 (0.28) -0.41 to 0.70 0.29 30.1 

Tagging PSS-L -11.05 ± 3.10 0.69 (2.49) -4.20 to 5.58 0.69* 22.6  

 PEDSR-L  0.66 ± 0.18  0.00 (0.19) -0.37 to 0.38 0.49 28.9 
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Figure 40. Bland-Altman plots for test-retest repeatability of Longitudinal PSS and 

PEDSR, using tagging and Feature Tracking at 1.5T and 3T. (Note- longitudinal tagging 

not done at 1.5T) 

3.3.6 Discussion 

FT derived strain values were higher in comparison to tagging. This was regardless 

of field strength and whether only endocardial, or both endocardial and epicardial 

contours were used for FT. This has been noted previously for longitudinal and 

radial strains in healthy volunteers(155), and for regional circumferential PSS in 

septal, anterolateral and inferior segments in patients with hypertrophic 

cardiomyopathy(156).  
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The higher strain values with FT compared to tagging in our patients are in 

contrast to those reported in patients with Duchene Muscular Dystrophy(151), 

which suggested good agreement for PSS between the techniques. However, 

strain was only measured on a single mid-ventricular slice, using harmonic phase 

(HARP), which is consistent with our regional results that showed no significant 

differences in the mid slice and worse agreement at the apex. It is unlikely that 

the different tagging quantitative software used in that study alone would explain 

the difference, since strain measurements using InTag and HARP have been 

shown to have good agreement(149). The poor agreement for apical slices is 

likely to be secondary to poor tracking associated with LVH in AS, leading to near 

cavity obliteration, loss of tags and partial volume effects, especially if the slice is 

planned too apically. 

 

Agreement of global and regional strain tended to be better at 3T than 1.5T, 

though a positive bias remained for FT. There have been no studies that have 

compared agreement between FT and tagging at different field strengths. The 

intra-observer variability of FT in healthy volunteers was found to be slightly 

better at 3T compared to 1.5T, for circumferential PSS (CoV 13.3% vs. 

17.2%)(157). The slightly better agreement at 3T may be related to increased 

signal to noise at the higher field strength. Although 3T imaging results in longer 

T1 values leading to intrinsically better tag persistence(158) it is unlikely to 

explain the better agreement in this study, since at 1.5T a CSPAMM sequence was 

used, which gives better tag persistence than SPAMM(159). 

 

Other work from our group has also shown that endocardial-only contouring for 

FT is quicker to analyse in patients with myocardial infarction, and correlated 

significantly with infarct size, segmental area at risk and myocardial salvage 

index(150). In addition, given that it is primarily subedocardial myocardial 

dysfunction that is affected in AS, we decided to use the endocardial contours for 

further assessment of myocardial deformation using FT. 
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Our results in AS patients show that FT and tagging strain measures are not 

interchangeable. This is irrespective of whether regional or global strain values 

are obtained and independent of field strength. Values obtained with the average 

of endocardial and epicardial contours on FT are considerably lower, and closer to 

those obtained by tagging, than with endocardial contouring only. 

 

The test-retest repeatability of FT PSS was excellent, particularly at 1.5T, and 

comparable to that of tagging. In a study of healthy volunteers, circumferential 

PSS using FT at mid-level was the most reproducible, with a CoV of 20.3%, with a 

CoV of 26.4% for longitudinal strain(154). This compares to CoV’s of 9-12% in our 

cohort of patients studied 7-12 days apart. AS patients are characterised by 

pressure overload leading to LVH(13) and the resultant increase in wall thickness 

could account for the better repeatability of FT due to reduced partial volume 

effects. Additionally, differences in the pulse sequences between scanner 

manufacturers, and in image quality, are likely to have an important bearing on 

analysis with FT.  

 

The test-retest repeatability of all circumferential parameters on both tagging and 

FT tended to be higher at 1.5T compared to 3T. Although the image quality was 

generally good at both field strengths the greater incidence of minor artefacts 

due to field inhomogeneity at 3T leading is likely to lead to poorer tracking. In 

addition, we choose a SPAMM sequence at 3T for tagging to minimise off-

resonance artefacts but this may not perform as well as the CSPAMM sequence 

used at 1.5T(159, 160). 

 

Prior to our study, there had only been one previous report assessing the test-

retest repeatability of tagging (CSPAMM), which demonstrated lower CoV’s of 

4.8-5.5% for PSS in 12 healthy volunteers at 1.5T(161) than our results in AS 

patients. These findings indicate the importance of using the appropriate 

standard deviation of the patient population under investigation for calculation of 

sample sizes for prospective trials, to avoid underestimation, or indeed 

overestimation of, the required sample size for FT(154).  
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Diastolic function is difficult to assess on MRI, and this is one of the major 

limitations compared to echocardiography. AS is characterised by LVH, myocardial 

fibrosis and abnormalities of diastolic function. PEDSR is a load independent 

measure of myocardial relaxation(162). The repeatability of global circumferential 

PEDSR was good at 1.5T, particularly when apical slices were excluded, for both 

FT and tagging (CoV~12%), but relatively poor at 3T and for longitudinal strain. 

3.3.7 Limitations 

The number of patients studied was small, but it is rare for true test-retest 

repeatability to be reported in patient groups. We have only assessed 

repeatability of the circumferential and longitudinal strain parameters since these 

appear to have the best observer variability. We have quantified tagging using 

open source software and the results may not apply to other available software 

packages. Since different patients were studied at 1.5T and 3T, and there was a 

difference in the pulse sequence used (CSPAMM at 1.5T and SPAMM at 3T), this 

was not a pure comparison between field strengths, and some of the variation in 

our results may be due to differences in the patient populations. Furthermore, 

longitudinal strain was not measured using tagging at 1.5T, which limits our inter-

technique comparison of longitudinal strain. The results may not be generalizable 

to other pulse sequences, scanner manufacturers or other patient groups. 

3.3.8 Conclusions 

In conclusion, PSS and PEDSR values derived using FT are higher than those using 

tagging, with the differences being most marked in apical slices. The test-retest 

repeatability of circumferential PSS is excellent using FT and good using tagging at 

1.5T and 3T. The repeatability of circumferential PEDSR assessed by FT and 

tagging at 1.5T is good when only basal and mid slices are used but moderate to 

poor at 3T. Tagging appears to offer no significant advantages over FT for the 

assessment of strain and diastolic strain rate in patients with AS. 
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3.3.9 Implications for this thesis 

Given that FT can be used to calculate strain and strain rate directly from 

standard cine images, without lengthy post-processing, and its reproducibility is 

at least as good as that of tagging, I decided to use FT for further assessment of 

myocardial deformation as part of this thesis. I also chose to use the endocardial-

only contours for further assessment in AS for reasons mentioned above. Based 

on these findings, in future studies where the primary outcome relates to the 

assessment of circumferential PEDSR, measurement at basal and mid slices at 

1.5T would be recommended. However, for the PRIMID-AS study, the primary 

measure of interest was MPR and therefore the study was conducted at 3T, as 

there is higher signal to noise at 3T and it is therefore thought to be better for 

MBF and MPR assessment. 
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3.4 Reproducibility of T1 mapping using MOLLI at 3T: parametric map 

vs. full MOLLI series of images 

3.4.1 Background 

The most widely-used technique for myocardial T1 quantification is the Modified 

Look-Locker Inversion Recovery (MOLLI) sequence(141). While the inter- and 

intra-observer variability of ECV measurement has consistently been shown to be 

excellent, there is scarce data assessing test-retest repeatability, especially in 

patient groups. True test-retest repeatability of ECV has mainly been assessed in 

healthy volunteers with no co-morbidities(100, 163, 164). Previous studies have 

employed various methods of defining the myocardial regions of interest (ROIs) to 

obtain average myocardial T1 values, including outlining the epicardial and 

endocardial borders on the full series of images with multiple inversion times 

produced by the scanner(94, 96), as well as outlining on a single T1 parametric 

maps(97, 100, 164) or R1(95) maps produced by the scanner or in-house 

software. Analysing a single T1 map generated inline on the scanner has the 

advantage of being less time-consuming and may be less prone to variation than 

analysing the full MOLLI series (typically 11 images). No previous study had 

directly compared these two techniques.  

 

I sought to assess the test-retest repeatability, inter-observer and intra-observer 

variability of T1 quantification and ECV measurement using MOLLI at 3T, by 

outlining the myocardium on the T1 maps generated inline after motion 

correction as well as each of the 11 images in the MOLLI series.  

3.4.2 Image acquisition and analysis 

As described in the Methods chapter (section 2.4.6.4), T1 data was acquired using 

the MOLLI sequence(141), at the mid short-axis level pre- and ~15 minutes post 

contrast. Blood was taken to determine the Hct level. Identical parameters were 

used on the scan-1 and 2. 
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Mean blood and myocardial T1 values were obtained from the parametric maps 

of mean T1 value produced by the scanner, as well as the raw data of T1 values at 

different inversion times or the ‘full MOCO MOLLI series’ in the repeatability 

cohort (n=10) for comparison of test-retest repeatability of the two analysis 

methods. Two observers (AS and SB) analysed scan-1 and one observer (SB) 

repeated the contours on scan-1, using both techniques, for the inter-observer 

and intra-observer variability. One observer (AS) also analysed scan-2 in order to 

assess the test-retest repeatability. We also compared the effect of heart rate 

(HR) correction in 10 patients, by generating T1 values with and without HR-

correction (built-in option in the analysis software) from the MOLLI series of 

images, as no HR-correction was applied when the T1 maps were calculated on 

the scanner console.  

3.4.3 Inter-observer and intra-observer variability  

Table 14 shows the inter-observer and intra-observer variability results for native 

(pre-contrast) myocardial T1 and ECV, using the T1 maps and full MOLLI series for 

analysis. Variability was excellent using the T1 maps for assessment and good 

using the full MOLLI series.  

3.4.4 Test-retest repeatability 

The test-retest repeatability results are shown in Table 14. Overall, repeatability 

using the T1 map was better than that of the full MOLLI series, with lower CoVs 

and narrower Bland-Altman limits of agreement (Figure 41). 
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Table 14. Inter-observer, intra-observer and test-retest repeatability of T1 map and 

full MOLLI series analysis techniques 

Parameter Mean ± SD value 

CoV 

(%) 

Mean ± SD 

difference 

BA limits of 

agreement 

INTER-OBSERVER VARIABILITY 

  T1 map 

Myocardial T1 (ms) 1081.38 ± 26.39 0.34 -2.31 ± 3.69 -9.54 to 4.92 

ECV  0.235 ± 0.016 2.31 0.000 ± 0.005 -0.011 to 0.011 

 MOLLI series 

Myocardial T1 (ms) 1130.12 ± 54.83 5.53 -10.65 ± 62.53 -133.21 to 111.91 

ECV 0.246 ± 0.020 10.35 0.003 ± 0.025 -0.047 to 0.053 

INTRA-OBSERVER VARIABILITY 

  T1 map 

Myocardial T1 (ms) 1080.13 ± 27.67 0.52 0.18 ± 5.63 -10.85 to 11.21 

ECV 0.235 ± 0.018 1.83 -0.001 ± 0.004 -0.010 to 0.007 

 MOLLI series 

Myocardial T1 (ms) 1130.54 ± 53.73 5.35 -11.49 ± 60.49 -130.05 to 107.07 

ECV 0.248 ± 0.020 9.72 0.000 ± 0.024 -0.047 to 0.047 

TEST-RETEST REPEATABILITY 

  T1 map 

Myocardial T1 (ms) 1086.61 ± 22.67 1.77 -8.16 ± 19.27 -45.94 to 29.62 

ECV 0.234 ± 0.018 6.52 0.002 ± 0.015 -0.027 to 0.032 

 MOLLI series 

Myocardial T1 (ms) 1118.42 ± 55.40 8.52 34.05 ± 95.33 -152.79 to 220.89 

ECV 0.239 ± 0.029 12.98 0.011 ± 0.031 -0.049 to 0.072 

 
Abbreviations: MOLLI = modified Look-Locker Inversion Recovery, ECV = extracellular space 
volume fraction, SD = standard deviation, CoV = coefficient of variation, BA = Bland Altman. 
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Figure 41.Scatter plots and Bland-Altman plots for test-retest repeatability of ECV in 

moderate-to-severe aortic stenosis.  
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3.4.5 Inter-technique agreement 

Looking at the inter-technique agreement (Table 15), the CoVs were good (<10%) 

for agreement between the two methods, but there was a small negative bias for 

the T1 map technique, which gave slightly lower raw T1 values compared to the 

full MOLLI series (mean native T1 = 1086.61 ± 22.67 vs. 1118.42 ± 55.40, p = 0.04 

and mean ECV = 0.234 ± 0.018 vs. 0.239 ± 0.029, p>0.05).  

Table 15. Inter-technique agreement between Parametric map and full MOCO series 

analysis for native T1 and ECV calculation 

INTER-TECHNIQUE VARIABILITY  

 

Mean value 
Parametric Map 

Mean ± SD value 
MOCO series CoV 

Mean ± SD 
difference 

BA Limits of 
Agreement r-value 

Native 
T1 

1086.61 ± 22.67° 1118.42 ± 55.40 5.97 -31.81 ± 65.77 -160.71 to 97.10 -0.295 

 
ECV 

0.234 ± 0.018 0.239 ± 0.029 8.25 -0.005 ± 0.019 -0.043 to 0.033 0.77* 

 
Abbreviations as in Table 14. °p = 0.044 on paired t-test between parametric map and MOCO 
value, R-value for Pearson’s correlation, *p<0.05 

3.4.6 Effect of HR correction 

There was no significant difference between T1 values or ECV on paired t-test (T1 

= 1101.39 ± 42 vs. 1086.19 ± 20, p=0.132; ECV = 0.233 ± 0.04 vs. 0.230 ± 0.04, 

p=0.134 with and without HR-correction respectively), and significant correlations 

were present on Pearson’s correlation.  

3.4.7 Discussion 

This is the first study to assess test-retest repeatability of ECV measurement in 

patients with AS. Additionally, we compared values obtained from different post-

processing methods. While test-retest repeatability of T1 mapping has previously 

been assessed in healthy volunteers and one small study of 7 patients with 

amyloidosis(164) using ShMOLLI and multi-breath-hold T1 mapping, this is the 

first study to assess it in patients with AS. Our values using T1 maps compare 

favourably with those previously demonstrated for healthy volunteers with MOLLI 

at 3T. For native myocardial T1, previous CoVs have varied been between 2.5% 

and 8.4%(163, 165), compared to 1.8% in this report. For ECV, the CoV was 6.4% 
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in Liu’s study(163), compared to ours of 6.5%. Therefore the high reproducibility 

of T1 and ECV does suggest that this technique could be used reliably for serial 

monitoring of AS patients. 

3.4.8 Limitations 

The numbers were relatively small, but similar to other studies assessing test-

retest repeatability of CMR measured parameters. The flip angle used in the 

earlier version of the MOLLI prototype used for this study was higher than the 

current recommendation (35°), which may have led to underestimation of the 

absolute T1 value(166), but as the same protocol was used in all subjects studied, 

we do not believe this affects the validity of the results. 

3.4.9 Conclusions 

In conclusion, the test-retest repeatability of T1 quantification using MOLLI is 

excellent in patients with AS, and is higher when outlining the myocardium on a 

single T1 map rather than on each individual MOLLI image.  

3.4.10 Implications for this thesis 

Based on these results, the T1 map was utilised for any further quantification of 

ECV as part of this thesis. 
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3.5 Reproducibility of MPR at 3T: a comparison of MOCO vs. raw 

image analysis 

3.5.1 Background 

There have not been many studies looking at test-retest repeatability of 

quantitative MBF and MPR analysis, especially at 3T. Most studies looking at 

reproducibility have looked at healthy volunteers at a younger age(167, 168), and 

amongst patient groups, this has mainly been assessed in patients with coronary 

artery disease (CAD)(169). Others have assessed the reproducibility of semi-

quantitative methods of MPRI calculation in both healthy controls and CAD(168-

170). 

3.5.2 Participants 

Out of the original 10 patients who had two MRI scans, one was unanalysable due 

to contrast arriving too early in the LV cavity for quantitative blood flow analysis. 

The remaining original 9 patients were therefore used for inter- and intra-

observer variability analysis. For the purposes of test-retest repeatability, an 

additional patient was recruited at a later date, due to an error with contrast 

injection during stress perfusion acquisition on scan-2 of one of the original 

cohort. All 10 were used for inter-technique assessment (MOCO vs. raw). 

3.5.3 Image acquisition and analysis 

Stress and rest first pass perfusion images were acquired at 3 short-axis slices 

(base, mid and apex), as described in the Section 2.4.6.3. As described, we used 

the bolus contrast technique rather than dual-bolus technique used by some 

centres, as this is the standard practice at our centre, and also because this is 

easier for the patients, with shorter scan times. Also, MPR reather than the 

absolute MBF was the primary measure of interest in our study, and therefore the 

signal saturation correction would affect both stress and rest MBF eually and not 

have a major impact on MPR values. The Siemens scanner automatically produces 

motion-corrected (MOCO) images in addition to the raw images, in order to 

account for the breathing movements. We therefore decided to look at the 
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reproducibility of contouring on both the raw set of images as well as the MOCO 

images.  

3.5.4 Time taken for analysis 

The average time taken to contour the raw images was 22 minutes, compared to 

10.6 minutes for the MOCO images, due to less manual adjustment required.  

3.5.5 Inter-technique agreement (MOCO vs. raw) 

The signal intensity curves produced using MOCO images were smoother 

compared to the raw images (Figure 42). The results of comparison between 

MOCO and raw images is summarised in Table 16. There was no significant 

difference in the mean values of MPR, stress MBF and rest MBF obtained using 

the raw and MOCO images on paired t-test, and the two techniques showed 

excellent correlation. The CoV’s were slightly higher for MPR compared to MBF. 

 

Figure 42. An example of the signal intensity curves obtained using raw images (left) 
and MOCO images (right) in the same patient, with MOCO images giving smoother 
curves 

3.5.6 Inter-observer and intra-observer variability 

The results for intra-observer and inter-observer variability for quantification of 

global MPR, stress MBF and rest MBF are summarised in Table 17. As can be seen, 

significant correlations were present for all parameters measured. Overall, intra-

observer variability was good (CoV of ≤15%) and similar for MOCO and raw image 

analysis. The inter-observer variability was similar for most measures except 

MOCO MPR and stress MBF, for which the COV’s were slightly higher, though still 

<20%. 
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Table 16. Inter-technique agreement between MOCO and raw perfusion image analysis for MPR and MBF 

 

Parameter MOCO average value 
(Mean ± SD) 

Raw Average value 
(Mean ± SD) 

p-value 
 (paired t-test) 

ICC r-value Paired Mean 
difference (SD)  
(MOCO-raw) 

BA Limits of 
agreement 

CoV% 

Global MPR 2.249 ± 0.823 2.290 ± 0.843 0.80 0.92* 0.83* -0.041 (0.486) -0.992 to 0.911 21.39 

Stress MBF 2.100 ± 0.946 2.124 ± 0.842 0.79 0.98* 0.96* -0.024 (0.282) -0.577 to 0.529 13.35 

Rest MBF 0.948 ± 0.255  0.959 ± 0.265 0.73 0.97* 0.93* -0.011 (0.095) -0.197 to 0.176 9.97 

 
Abbreviations: MPR=myocardial perfusion reserve, MBF=myocardial blood flow, MOCO=motion-corrected, SD=standard deviation, ICC=intra-class correlation 
coefficient, BA=Bland Altman, CoV=coefficient of variation. R-value on Pearson’s correlation. * p<0.05. 
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 Table 17. Intra-observer and inter-observer variability of quantification of MPR and MBF, using MOCO and raw perfusion images 

  

 
Abbreviations: as in Table 16. R-value on Pearson’s correlation. * p<0.05. 

 

Technique Parameter Mean ± SD  ICC r-value Paired Mean 
difference (SD) 

BA Limits of 
agreement  

CoV 

INTRA-OBSERVER VARIABILITY 

MOCO  MPR 2.144 ± 0.810  0.96* 0.97* 0.246 (0.225) -0.195 to 0.687 10.49 

Stress MBF 2.059 ± 0.923  0.98* 0.99* 0.131 (0.216) -0.292 to 0.554 10.48 

 Rest MBF  0.985 ± 0.268  0.95*  0.93* -0.063 (0.106) -0.270 to 0.144 10.72 

Raw MPR 2.248 ± 0.899 0.96* 0.93* 0.130 (0.345) -0.545 to 0.806 15.34 

 Stress MBF 2.147 ± 0.884 0.99* 0.98* 0.029 (0.172) -0.308 to 0.365 8.00 

 Rest MBF  0.998 ± 0.282  0.95*  0.91*  -0.057 (0.127) -0.306 to 0.191 12.72 

INTER-OBSERVER VARIABILITY 

MOCO  MPR 2.299 ± 0.805  0.94* 0.88*  -0.065 (0.418) -0.884 to 0.754 18.17 

 Stress MBF 2.158 ± 0.916  0.96*  0.93* -0.067 (0.367) -0.786 to 0.652 17.00 

 Rest MBF  0.953 ± 0.257  0.97*  0.94*  0.000 (0.091) -0.178 to 0.179 9.56 

Raw 

 

MPR 2.292 ± 0.871 0.97* 0.94* 0.042 (0.297) -0.541 to 0.624 12.96 

Stress MBF 2.197 ± 0.924 0.99* 0.99* -0.071 (0.158) -0.380 to 0.239 7.19 

 Rest MBF  0.986 ± 0.257  0.91*  0.83*  -0.034 (0.157) -0.341 to 0.273 15.88 
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3.5.7 Test-retest repeatability 

The results of the test-retest repeatability of MPR and MBF quantification using 

MOCO (Figure 43a) and raw perfusion images are summarised in Table 18. There 

was no significant difference in the mean MPR or MBF values between scan-1 and 

scan-2 on paired t-tests. However, no significant correlations were found 

between the measured values between the two scans, and the Bland-Altman 

limits of agreement were wide, with high CoV’s, especially for MPR and stress 

MBF. 

Table 18. Test-retest repeatability of quantification of MPR and MBF using MOCO and 

raw perfusion images 

 
Abbreviations: as in Table 16. R-value on Pearson’s correlation. No significant difference in 
MPR or MBF values between scan-1 and scan-2 on paired t-tests (p>0.05). 

 

On looking more closely at the MPR values for scan-1 and scan-2, there were two 

patients in which there was a marked discrepancy, both of whose perfusion scans 

already had contrast present in the RV in the first frame that was acquired, which 

was likely due to early contrast injection in relation to the breathing instructions 

and start of image acquisition by the radiographer. I therefore re-calculated the 

CoV’s after excluding these two patients, which brought down the CoV’s to 41.2% 

/ 40.3% / 36.6% for MPR / stress MBF / rest MBF respectively using MOCO images 

(Figure 43b), and 25.0% / 33.9% / 43.3% using the raw images. 

Parameter Average value 

(Mean ± SD)  
R-value ICC Paired Mean 

difference (SD) 
BA Limits of 

agreement  
CoV 

MOCO image analysis 

MPR 2.248 ± 0.616  -0.08 -0.19 -0.133 (1.332) -2.744 to 2.478 59.26 

Stress MBF 2.059 ± 0.660  0.07 0.14 -0.141 (1.235) -2.562 to 2.280 60.00 

Rest MBF  0.949 ± 0.265  0.56  0.73 -0.033 (0.289) -0.599 to 0.533 30.44 

Raw image analysis 

MPR 2.268 ± 0.537  -0.16 -0.37 -0.314 (1.243) -2.751 to 2.122 54.81 

Stress MBF 2.121 ± 0.537 -0.09  -0.22 -0.295 (1.179) -2.607 to 2.017 55.61 

Rest MBF  0.967 ± 0.221 0.24 0.42  -0.003 (0.345) -0.680 to 0.674 35.72 



Singh, A.                                                                 Myocardial Perfusion Reserve in Aortic Stenosis. 

 

 

126 

 

Figure 43. Bland-Altman plots for test-retest repeatability of MPR, stress MBF and rest 

MBF using MOCO images for a.) all patients (left column), b.) excluding two patients 

(right column) 

3.5.8 Discussion 

This is the first time that reproducibility (intra-observer, inter-observer variability 

and test-retest repeatability) has been assessed in patients with AS, using two 

sets of images for contouring. 

a. b. 
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3.5.8.1 MOCO vs. raw image analysis 

This is the first direct comparison of raw images vs. MOCO image analysis for 

quantification of MBF and MPR that we are aware of. We have shown excellent 

correlation between the values obtained by the two methods, with smoother 

signal intensity curved, and half the time taken to contour using MOCO images. 

3.5.8.2 Intra-observer and inter-observer variability 

The intra-observer and inter-observer variability were found to be good to 

moderate, and not much different between raw and MOCO images. Our CoV’s for 

intra-observer variability for MBF and MPR of around 10% for MOCO and 8-15% 

for raw images compares favourably to the only other study to have reported this 

for quantitative MBF analysis by Larghat et al(168) in 11 healthy controls (CoV of 

18.4%, 14.1% and 13.4% for MPR, stress MBF and rest MBF respectively). The 

inter-observer variability in that study was 13.3% / 13.6% / 15.2% for MPR, stress 

MBF and rest MBF respectively, compared to our values of 18% / 17% / 10% for 

MOCO and 13% / 7% / 16% using raw images. Another study that looked at the 

intra- and inter-observer variability of MBF quantification using Fermi-constrained 

deconvolution method reported ICC’s of 0.80-0.85 for intra-observer and 0.55-

0.73 for inter-observer variability(171), compared to which, our ICC’s were much 

higher (>0.90). 

3.5.8.3 Test-retest repeatability 

The test-retest repeatability was found to be poor in our cohort of patients. 

Previous studies reporting test-retest repeatability of quantitative MBF/MPR have 

mainly utilised Fermi-constrained deconvolution method, and have reported 

COV’s of 21-35% for global MPR, 27-41% for stress MBF and 16-26% for rest 

MBF(154, 168, 169). The only study looking at test-retest repeatability using the 

model-independent deconvolution method was on a subset of the MESA 

cohort(172). This study only reported stress and rest MBF and not MPR, and had a 

very long interval of 334±158 days between the two scans, which therefore is a 

major limitation. The calculated CoV from that paper was 20% for stress MBF and 

16% for rest MBF. 
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The re-calculated COV’s after exclusion of the two patients with contrast present 

in the RV in the first frame acquired, brought most of the CoV’s much closer to 

previously published values. Early contrast injection in relation to the breathing 

instructions and start of image acquisition can lead to inaccurate baseline 

correction, as even a small amount of contrast present in the LV cavity can lead to 

over-correction. Although every effort was made to standardise the scanning, 

with identical protocols used between scans, an element of variability is 

unavoidable in the exact timing of radiographers’ instructions / acquisition and 

contrast injection. The majority of the previous studies were also performed at 

1.5T(168, 169, 172) compared to ours at 3T, which may account for some 

difference in repeatability, though the intra- and inter-observer variability’s were 

similar. In order to account for the signal saturation effect due to the non-linear 

relationship between enhancement and contrast concentration in the blood pool, 

theses effects need to be either corrected (as in our study) or avoided.  Strategies 

that try and avoid this problem include(110): 1.) lower contrast doses (though at 

the price of lower contrast-to-noise in the myocardium, 2.) dual-contrast 

sequences (acquisition of low-resolution low-T1 blood pool and high-resolution 

high-T1 myocardial data with each RR-interval) and 3.) dual-bolus contrast 

injection (utilising a low-dose bolus to image blood-pool and overcoming the 

signal saturation effects in the LV, followed by a high-dose bolus to image the 

myocardial contrast enhancement, whilst still maintaining adequate myocardial 

signal)(167, 169). We used a relatively low contrast concentration but with the 

bolus-method in our study, which may partly explain the poorer repeatability. 

Further work comparing the reproducibility of bolus vs. dual-bolus technique in 

the same cohort of patients may be able to test this hypothesis. 

3.5.9 Conclusions 

Quantitative MBF and MPR assessment using both MOCO and raw images 

demonstrated good intra- and inter-observer variability. The test-retest 

repeatability was found to be moderate to poor for the overall cohort, and best 
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for rest MBF. This calls into question the utility of quantitative MBF / MPR as a 

reliable outcome measure in interventional clinical trials, using the current 

complex post-processing and quantification techniques. There is clearly a need for 

simplification and semi-automation of post-processing, as well as a more 

standardised approach to absolute MBF quantification, which would hopefully 

lead to better reproducibility of this important CMR technique. 

3.5.10 Implications for this thesis 

Given that the MOCO analysis correlated very well with the raw image analysis, 

but took half the time to contour, we decided to utilise the MOCO images (where 

available) for further MPR analysis for the rest of the thesis. 
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CHAPTER FOUR 

 

 

4 EFFECT OF RANOLAZINE ON CMR MEASURED DIASTOLIC 

FUNCTION AND MYOCARDIAL PERFUSION RESERVE IN 

ASYMPTOMATIC AS- A PROOF OF CONCEPT STUDY 
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4.1 Background 

As outlined in chapter-1, AS is characterised by pressure overload hyperterophy, 

diastolic dysfunction and myocardial fibrosis leading to systolic dysfunction as a 

late phenomenon. Microvascular dysfunction is common and with reduced 

myocardial perfusion reserve which may be associated with angina even with 

normal coronary arteries. There are currently no proven medical therapies in AS.  

 

Ranolazine is a newly licensed drug for the treatment of chronic stable 

angina(119, 120). The mechanisms of action of Ranolazine are not fully 

understood, but it is thought to inhibit late sodium channel activation, decreasing 

intracellular calcium concentration, shortening the action potential duration, but 

without significant effects on heart rate or blood pressure. In experimental 

models, Ranolazine has been shown to improve diastolic dysfunction in isolated 

myocytes(121-123) and reduce progressive remodelling in a dog model of heart 

failure(173). In small pilot studies of patients with angina, Ranolazine decreased 

reversible ischaemia on scintigraphy(124) and improved some echocardiographic 

parameters of diastolic and systolic function, but not others (174). However, a 

recently published randomised trial of Ranolazine in patients with heart failure 

with preserved EF (HFpEF) (n=20) failed to demonstrate improvement in 

echocardiographic measures of diastolic function(175). It may therefore improve 

diastolic function and/or myocardial perfusion in patients with AS and existing 

diastolic dysfunction/ LVH. The mechanism of action for the improved MBF is 

thought to be secondary to the lower intra-cellular calcium concentration leading 

to improved myocyte relaxation and improved diastolic wall stiffness, leading to 

reduced extravascular compression of the microvasculature. This leads to an 

increased trans-myocardial pressure gradient secondary to an increased diastolic 

perfusion time and decreased LVEDP, leading to less ischaemia. 
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4.2 Study methods 

The inclusion and exclusion criteria, study methods and follow-up information are 

described in the Methods chapter (sections 2.2.6 and 2.3.2). As mentioned 

previously, this pilot study was a sponsored study, and therefore the 

methodology had been already finalised before the assessment of reproducibility 

as part of my thesis. If we were to re-design such a study, we would recommend 

scanning at 1.5T instead, possibly using CSPAMM. 

4.2.1 Statistical analysis and power calculation 

In a previous group of 8 AS patients tested 2 weeks apart, diastolic strain rate was 

0.73±0.22 and 0.71±0.21 with paired mean difference of 0.04 and SD of 0.16. 

Sixteen patients with analysable images would allow us to detect a difference of 

0.12 in diastolic strain rate with 80% power, p<0.05 and 2-tailed.  To allow for 

drop-outs and unanalysable image quality, we planned to recruit 20 patients. 

Statistical tests were performed using SPSS 20.0 software (Statistical Package for 

the Social Sciences, Chicago, IL).  

 

Normality was assessed using the Shapiro-Wilk test, histograms and Q-Q plots. 

Continuous data are expressed as mean (standard deviation). Paired-samples t-

tests were used to compare parameters between different visits. In addition, 

repeated measure analysis of variance (ANOVA) was used to compare parameters 

across the three visits for the primary endpoint. The results were further analysed 

after splitting the patients according to the median peak pressure gradient (PPG) 

and MPR, into low and high-PPG/MPR subgroups, and patient characteristics 

between sub-groups were compared using independent t-test.   

4.3 Patient recruitment 

A total of 45 Patient Information Sheets were sent out after screening. Twenty 

patients were consented for the study (Figure 44). Of these, 1 was excluded after 

consenting due to the incidental finding of previously unknown atrial fibrillation. 
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Four patients withdrew from the study before visit-3, and therefore did not 

undertake follow-up investigations. One was because of the finding of a regional 

perfusion defect on MRI, suggesting significant coronary artery disease, 2 were 

due to drug intolerance and 1 for non-compliance with study medication. Another 

2 patients did not complete the last visit, although they took the drug for the 

prescribed period and had a baseline and visit-3 assessments. Therefore, 15 

patients completed visits 1 to 3, and 13 patients completed all four visits. There 

were 2 patients who continued on the lower dose of Ranolazine (500mg BD) due 

to experiencing side effects with the higher dose (insomnia and dizziness), but 

who were happy to complete the course at the lower dose. 

 

Figure 44.  Flowchart showing recruitment for Ranolazine study  

(1ry endpoint = primary endpoint, FAS = full analysis set) 
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4.4 Study population definitions 

The “safety population” includes all enrolled patients having taken at least one 

dose of study drug (n=19). The ‘primary endpoint’ population is defined as all 

enrolled patients who took the study drug for 6 weeks and had at least two 

measurements of diastolic strain rate (baseline and week-6) (n=15). The Full-

Analysis-Set (FAS) population is defined as all enrolled patients who took at least 

one dose of the drug and completed the study, with three measurement of 

diastolic strain rate (baseline, week-6 and week-10) (n=13). 

 

4.5 ‘Primary endpoint’ Population 

4.5.1 Demographic data 

The demographic data for the ‘primary endpoint population’ (n=15) is shown in 

Table 19. 

4.5.2 Primary endpoint- PEDSR 

The results for global circumferential PEDSR (average of basal, mid and apical) as 

well as individual slices, measured on MRI Tagging, are shown in Table 20. In 

order to calculate global values, analysable data on all three slices was available 

for 13 patients. There was a trend for the global PEDSR to increase from the 

baseline value to week-6, though this was not statistically significant.  
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Table 19. Demographic data for ‘primary endpoint’ population (n=15) 

Parameter Value 

Age (years) 65.9 ± 9.67 

Gender ratio (male/female, n (%)) 12 / 3 (80.0 / 20.0) 

BMI (kg/m2) 29.3 ± 3.36 

Smoking History (n, %) Current 0 (0.0) 

Former 6 (40.0) 

Never 9 (60.0) 

Heart Rate (bpm) 74.5 ± 11.8 

Systolic Blood Pressure (mmHg) 153.0 ± 23.6 

Diastolic Blood Pressure (mmHg) 81.7 ± 11.1 

Echocardiographic Data 
Peak pressure gradient (mmHg) 48.8 ± 12.4 

Mean Pressure Gradient (mmHg) 27.1 ± 7.5 

Aortic Valve Area (cm2) 1.26 ± 0.31 

E/A   0.77 ± 0.16 

Average Septal E/e’  12.94 ± 3.91 

Average Lateral E/e’  10.65 ± 3.49 

Resting LVRPP (mmHg.bpm) 14424.3 ± 3054.0 

Exercise LVRPP (mmHg.bpm) 36041.3± 5235.1 

Cardiac MRI Data 
LVMI (g/m2) 66.72 ± 15.35 

LVEDVI (ml/m2) 85.02 ± 15.92 

LVEF(%,) 58.29 ± 3.81 

 
BMI: body mass index, LVRPP: left ventricular rate pressure product, LVMI: left ventricular 
mass indexed to body surface area, LVEDVI: left ventricular end diastolic volume indexed to 
body surface area, LVEF: left ventricular ejection fraction 

Table 20. Tagging measured PEDSR for ‘Primary endpoint’ Population (n=15) 

Region Number analysable Baseline Week-6 p (paired t-test) 

Base 15 0.818 ± 0.231 0.893 ± 0.305 0.475 

Mid 14 0.829 ± 0.135 0.841 ± 0.153 0.791 

Apex 13 0.756 ± 0.232 0.790 ± 0.229 0.501 

Global 13 0.79 ± 0.151 0.86 ± 0.181 0.198 
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4.5.3 Secondary endpoints 

The results for the secondary endpoints are shown in Table 21. There was no 

significant change demonstrated in global MPR, NT-proBNP or echocardiographic 

measures of diastolic dysfunction between baseline and week-6. The apical PSS 

increased significantly from -15.30±3.12 to -17.67±4.00, though there was no 

significant change in the basal, mid or global values.  

 

The total exercise duration increased from 10.47±3.68 minutes to 11.60±3.25 

minutes, which was of borderline significance (p=0.06), with a trend for the 

maximal HR and SBP to be lower at week-6. Although there was no change in the 

resting LVRPP, the exercise LVRPP decreased from 36041 to 34517 mmHg.bpm at 

week-6, though this trend was not statistically significant. 
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Table 21. Secondary endpoint measures for ‘primary endpoint’ population (n=15) 

Parameter Number 
analysable 

Baseline Week-6 p (paired 
t-test) 

MRI Parameters 

PSS (%) Base 15 -17.65 ± 3.86 -17.60 ± 4.26 0.958 

Mid 14 -19.31 ± 3.04 -18.44 ± 4.09 0.352 

Apex 13 -15.30 ± 3.12 -17.67 ± 4.00 0.038* 

Global 15 -17.44 ± 2.57 -17.53 ± 3.98 0.907 

PSSR (1/s) Base 15 -0.965 ± 0.246 -0.991 ± 0.195 0.727 

Mid 14 -1.048 ± 0.195 -1.108 ± 0.215 0.376 

Apex 13 -0.944 ± 0.279 -1.043 ± 0.297 0.288 

Global 15 -0.99 ± 0.203 -1.04 ± 0.208 0.436 

Stress MBF 15 2.73 ± 0.695 2.51 ± 0.717 0.301 

Rest MBF 15 1.03 ± 0.185 1.00 ± 0.178 0.587 

MPR 15 2.68 ± 0.634 2.52 ± 0.614 0.452 

LVEDV (ml) 15 173.7 ± 47.64 170.1 ± 59.02 0.624 

LVESV (ml) 15 73.3 ± 25.26 74.3 ± 29.38 0.509 

EF (%) 15 58.3 ± 3.81 56.7 ± 4.81 0.080 

Exercise Parameters 

Resting HR (bpm) 15 74.5 ± 11.8 74.4 ± 13.7 0.963 

Resting SBP (mmHg) 15 153.0 ± 23.6 147.2 ± 17.3 0.208 

Exercise duration (min) 15 10.47 ± 3.68 11.60 ± 3.25 0.062 

Max HR (bpm) 15 143.5 ± 10.7 139.6 ± 15.5 0.273 

Max SBP  (mmHg) 15 182.9 ± 20.5 174.5 ± 25.8 0.133 

Resting LVRPP 
(mmHg.bpm) 

15 14424.3 ± 3054.0 14514.1 ± 3591.6 0.903 

Exercise LVRPP 
(mmHg.bpm) 

15 36041.3 ± 5235.1 34516.9 ± 6538.4 0.313 

Biomarker 

NT-proBNP (pmol/L) 15 48.54 ± 82.43 51.64 ± 73.28 0.715 

Echocardiographic Parameters 

E/A 15 0.773 ± 0.163 0.783 ± 0.169 0.765 

Septal E/e’ 15 12.94 ± 3.91 13.79 ± 2.86 0.258 

Lateral E/e’ 15 10.65 ± 3.49 10.62 ± 3.43 0.979 

Abbreviations as Table 19 & PSS: peak systolic strain, PSSR: peak systolic strain rate, MBF: 
myocardial blood flow, MPR: myocardial perfusion reserve, LVESV: left ventricular end 
systolic volume, HR: heart rate, SBP: systolic blood pressure. *p<0.05 
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4.6 FAS population 

4.6.1 Primary endpoint 

For the 13 patients who completed the final visit, 4 weeks after stopping 

Ranolazine, the results of global and regional PEDSR are shown in Table 22. There 

was a non-significant trend for the PEDSR to increase from the baseline value 

after administration of Ranolazine and then return towards the original value on 

stopping the drug (Figure 45). 

Table 22. Tagging measured global PEDSR for FAS Population (n=13) 

Region Number analysable Baseline Week-6 Week-10 

Base 12 0.860 ± 0.206 0.939 ± 0.281 0.899 ± 0.282 

Mid 12 0.839 ± 0.140 0.851 ± 0.155 0.760 ± 0.184 

Apex 11-12 0.793 ± 0.229 0.795 ± 0.251 0.751 ± 0.261 

Global 11 0.82 ± 0.130 0.87 ± 0.193 0.81 ± 0.211 

 
(All p-values >0.05 using both paired t-tests and repeated measures ANOVA analysis) 
 

 

Figure 45. Trend in PEDSR with study visit for the Basal slice (FAS Population) 
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4.6.2 Secondary endpoints 

The results for the secondary endpoints for the FAS population are shown in 

Table 23. The overall trend was for the global PSS and global PSSR to increase at 

week-6, which was largely driven by the increase in apical values. The PSSR 

tended to return close to the baseline value at week-10. There was no significant 

change in MPR, though the trend was for it to decrease slightly at week-6.  

 

For the exercise parameters, the total exercise time increased by nearly a minute 

between baseline and week-6 but this increase was sustained at week-10. There 

was a trend for the maximal HR and SBP to be lower at week-6 compared to 

baseline, despite longer exercise duration, with these values increasing slightly 

again at week-10 but still remaining lower than at baseline. There was also a 

trend for the exercise LVRPP to decrease from the baseline value at week-6, and 

increase slightly again at week-10. There was no change in the resting values of 

HR, SBP or LVRPP. The total exercise duration for all patients exercised at each 

visit showed a similar trend (Figure 46): 10.73 minutes at baseline (n=19), 12.03 

minutes at week-6 (n=15, p=0.071), and 11.99 minutes at week-10 (n=13, 

p=0.727). 

 

The mean NT-proBNP value tended to increase with each visit, with the difference 

being statistically significant between baseline and week-10. The 

echocardiographic parameters did not demonstrate any significant changes, 

except a significant increase noted in septal E/e’ between baseline and week-10 

(p=0.046). 
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Figure 46. Total Exercise Duration with study visit for all patients tested at each visit 
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Table 23. Secondary endpoint measures for FAS Population (n=13) 

Parameter Number 
analysable 

Baseline Week-6 Week-10 

MRI Parameters 

PSS (%) Base 12 -18.52 ± 3.48 -19.02 ± 2.90 -19.10 ± 5.03 

Mid 12 -19.79 ± 2.98 -19.39 ± 3.14 -19.30 ± 3.32 

Apex 11-12 -15.55 ± 3.30* -18.48 ± 3.74 -17.33 ± 4.64 

 Global 12 -18.05 ± 2.43 -18.93 ± 2.63 -18.57 ± 3.38 

PSSR 

(1/s) 

Base 12 -1.008 ± 0.256 -1.028 ± 0.189 -0.993 ± 0.219 

Mid 12 -1.066 ± 0.205 -1.150 ± 0.203 -1.030 ± 0.142 

Apex 11-12 -0.941 ± 0.285 -1.083 ± 0.307 -0.979 ± 0.258 

 Global 12 -1.01 ± 0.21 -1.08 ± 0.21 -1.00 ± 0.18 

Stress MBF 11 2.80 ± 0.786 2.40 ± 0.664 2.54 ± 0.454 

Rest MBF 11 1.05 ± 0.192 0.99 ± 0.208 1.04 ± 0.230 

MPR 11 2.69 ± 0.726 2.45 ± 0.559 2.52 ± 0.579 

LVEDV (ml) 13 174.31 ± 44.17 173.08 ± 60.22 172.00 ± 59.58 

LVESV (ml) 13 72.46 ± 22.47 74.69 ± 29.89 74.15 ± 26.14 

Exercise Parameters 

Resting HR (bpm) 13 74.1 ± 12.0 73.5 ± 13.2 72.0 ± 11.7 

Resting SBP (mmHg) 13 155.9 ± 24.0 148.5 ± 17.9 146.2 ±25.0 

Exercise duration 
(min) 

13 10.88 ± 3.94 11.85 ± 3.39 11.99 ± 3.59 

Max HR (bpm) 13 142.2 ± 11.0 136.5 ± 13.7 140.6 ± 12.7 

Max SBP  (mmHg) 13 183.9 ± 20.6 174.5 ± 24.2 179.3 ± 15.1 

Resting LVRPP 
(mmHg.bpm) 

13 14639.7 ± 

3228.3 

14735.9 ± 

3773.6 

14512.6 ± 

3131.8 

Exercise LVRPP 
(mmHg.bpm) 

13 36342.3 ± 

5351.4 

34285.9 ± 

6902.7 

35604.6 ± 

4787.5 

Biomarker 

NT-proBNP (pmol/L) 13 52.82 ± 87.88† 57.57 ± 77.22 70.94 ± 77.06 

Echocardiographic Parameters 

E/A 13 0.742 ± 0.143 0.765 ± 0.171 0.775 ± 0.159 

Septal E/e’ 13 12.57 ± 3.81† 13.50 ± 2.95 13.84 ± 3.85 

Lateral E/e’ 13 10.93 ± 3.48 10.90 ± 3.37 11.03 ± 2.75 

 
Abbreviations as Table 21. * p<0.05 compared to week-6, † p<0.05 compared to week-10 
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4.7 Sub-group analysis by Peak Pressure Gradient 

Sub-group analysis was carried out by dividing the patients into two groups 

according to the median PPG (51.4 mmHg) as follows:- 

Group A (Low PPG): PPG ≤ 51.4 (n = 8)  

Group B (High PPG): PPG > 51.4 (n = 7) 

The demographic and baseline data for the subgroups is shown in Table 24. The 

low-PPG subgroup was younger and had lower mean PPG and MPG, as well as 

higher E/A. 

4.7.1 PEDSR in low and high PPG subgroups 

The results for the primary endpoint for the FAS population according to the PPG-

subgroups are shown in Table 25. There was a tendency for the PEDSR to increase 

from baseline to week-6, with a return towards baseline at week-10 in the high-

PPG subgroup, at the basal and mid-level, and this increase at week-6 was 

statistically significant for the mid slice (p=0.002). When only an average of the 

basal and mid slice was taken, there was a statistically significant increase in 

PEDSR from 0.79±0.16 to 0.87±0.16 (p=0.020) at week-6, in the high-PPG 

subgroup, with a drop back to 0.79±0.20 (p=0.31) at week-10. These trends were 

not present for the low-PPG group.  
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Table 24. Baseline data for sub-groups according to PPG 

Parameter Low PPG (n = 8) High PPG (n = 7) 

Age (years) 61.0 ± 8.8* 71.4 ± 7.7 

Gender ratio (male/female, n (%)) 5 / 3 (62.6 / 37.5) 7 / 0 (100 / 0) 

BMI (kg/m2) 29.8 ± 2.8 28.7 ± 4.1 

Smoking History (n, %) Current 0 (0.0) 0 (0) 

Former 3 (37.5) 3 (42.9) 

Never 5 (63.5) 4 (57.1) 

Heart rate (bpm) 71.3 ± 12.6 78.3 ± 10.5 

Systolic blood pressure (mmHg) 148.3 ± 21.0 158.4 ± 26.8 

Diastolic blood pressure (mmHg) 80.9 ± 13.3 82.7 ± 8.8 

Echocardiographic Data 

Peak pressure gradient (mmHg) 40.7 ± 8.8* 60.2 ± 5.7 

Mean Pressure Gradient (mmHg) 21.7± 5.0* 33.4 ± 4.2 

Aortic Valve Area (Echocardiographic) (cm2) 1.33 ± 0.31 1.18 ± 0.31 

E/A  0.85 ± 0.18* 0.68 ± 0.09 

Average Septal E/e’  13.69 ± 4.32 12.09 ± 3.50 

Average Lateral E/e’  10.66 ± 2.43 10.64 ± 4.64 

Resting LVRPP (mmHg.bpm) 13424.5 ± 3112.4 15567.0 ± 2757.6 

Exercise LVRPP (mmHg.bpm) 36477.1 ± 5409.5 37919.9 ± 5387.2 

Cardiac MRI Data 

LVMI (g/m2) 62.4 ± 17.7  71.6 ± 11.5 

LVEDVI (ml/m2) 83.92 ± 15.30 86.29 ± 17.74 

LVEF (%) 58.9 ± 4.3 57.6 ± 3.3 

Global PEDSR (1/s) 0.83 ± 0.17 0.78 ± 0.15 

Global MPR  2.83 ± 0.70 2.51 ± 0.56 

Exercise Test 

Exercise time (min) 11.5 ± 3.5 10.4 ± 4.1 

Peak HR (bpm) 146.0 ± 7.2 141.1 ± 14.1 

Peak SBP (mmHg) 185.6 ± 15.4 181.3 ± 26.0 

 
Abbreviations as Table 21. * statistically significant difference between sub-groups (p<0.05) 

 

 



Singh, A.                                                                 Myocardial Perfusion Reserve in Aortic Stenosis. 

 

 

144 

Table 25. Sub-group analysis of PEDSR for FAS Population according to PPG 

Slice Number analysable Baseline Week-6 Week-10 

Group A (Low PPG) 
Base 5 0.95  ± 0.12 0.87 ± 0.14 0.97 ± 0.37 

Mid 5 0.92 ± 0.08 0.81 ± 0.15 0.77 ± 0.18 

Apex 3 0.86 ± 0.18 0.97 ± 0.04 0.91 ± 0.23 

Global 5 0.93  ± 0.87 0.85 ± 0.11 0.89  ± 0.23 

Group B (High PPG) 
Base 7 0.79 ± 0.24 0.99 ± 0.35 0.85 ± 0.22 

Mid 7 0.75 ± 0.13*  0.86 ± 0.16 0.75 ± 0.20 

Apex 6 0.73 ± 0.28 0.65 ± 0.21 0.66 ± 0.27 

Global 7 0.78  ± 0.15 0.92 ± 0 .34 0.75  ± 0.21 

 
* p<0.05 compared to week-6 

4.7.2 Secondary endpoint 

The results for the exercise parameters according to the PPG subgroups are 

shown in Table 26. For the low-PPG group there was no significant change in 

exercise capacity or LVRPP. Exercise LVRPP showed a non-significant decrease at 

week-6 and increase again at week-10 in the high-PPG subgroup, despite no 

change in total exercise duration. There was no significant change in MPR noted 

between visits for either sub-group. 

Table 26. Sub-group analysis of secondary endpoints for FAS Population according to 

PPG 

 Number 
analysable 

Baseline Week-6 Week-10 

Group A (Low-PPG) 
Exercise time 
(min) 

5 12.2 ± 2.9 13.0 ± 3.1 13.0 ± 3.5 

Exercise LVRPP 
(mmHg.bpm) 

5 36059.9 ± 6466.1 36494.4 ± 9458.1 36266.7 ± 7390.9 

Group B (High-PPG) 
Exercise time 
(min) 

7 10.0 ± 4.0 10.3 ± 3.7 10.7 ± 3.8 

Exercise LVRPP 
(mmHg.bpm) 

7 36611.9 ± 5404.8 32577.6 ± 5271.0 35158.0 ± 2969.7 

 
All p>0.05 
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4.8 Subgroup analysis by MPR 

The median MPR for the ‘primary endpoint’ population was 2.79. The patients 

were divided into two groups according to their MPR, as follows:- 

Group A (Low MPR): MPR < 2.79 (N = 7)  

Group B (High MPR): MPR ≥ 2.79 (N = 8) 

The demographic data for the subgroups is shown in Table 27. Other than the 

global MPR being significantly lower in group-A, the groups were well matched. 

4.8.1 PEDSR in low and high MPR subgroups 

There was a trend for global PEDSR to increase with Ranolazine treatment in the 

low-MPR group, and then return towards baseline at week-10 (Table 28). When 

all patients who had a baseline and 6-week scans were included (n=15), the 

increase in PEDSR was close to reaching statistical significance for the basal slice 

(0.78±0.29 to 1.10±0.25, p=0.09). This trend however, was absent in the high-

MPR sub-group. 

4.8.2 Secondary endpoints 

The results for the exercise parameters according to the MPR subgroups are 

shown in Table 29. There was a trend for the exercise LVRPP to reduce at week-6 

in the low-MPR group, despite not much change in total exercise duration. There 

was no change in either exercise duration or exercise LVRPP in the high-MPR 

subgroup. 
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Table 27. Baseline data for sub-groups according to MPR 

Parameter Low MPR (n = 7) High MPR (n = 8) 

Age (years) 63.6 ± 10.3 67.9 ± 9.3 

Gender ratio (male/female, n (%)) 6 / 1 (85.7 / 14.3) 6 / 2 (75.0 / 25.0) 

BMI (kg/m2) 29.3 ± 4.3 29.3 ± 2.6 

Smoking History (n, %) Current 0 (0.0) 0 (0) 

Former 4 (57.1) 2 (25.0) 

Never 3 (42.9) 6 (75.0) 

Heart Rate (bpm) 78.6 ± 9.4 71.0 ± 13.2 

Systolic Blood Pressure (mmHg) 153.0 ± 29.3 153.0 ± 19.6 

Diastolic Blood Pressure (mmHg) 83.7 ± 11.3 80.0 ± 11.4 

Echocardiographic Data 

Peak pressure gradient (mmHg) 50.5 ± 13.0 49.2 ± 12.7 

Mean Pressure Gradient (mmHg) 27.4 ± 7.5 27.0 ± 8.1 

Aortic Valve Area (cm2) 1.31 ± 0.40 1.20 ± 0.21 

E/A  0.79 ± 0.17 0.76 ± 0.17 

Average Septal E/e’ 11.19 ± 1.01 14.48 ± 4.89 

Average Lateral E/e’ 9.34 ± 2.90 11.80 ± 3.73 

Resting LVRPP (mmHg.bpm) 15400.5 ± 2627.3 13570.2 ± 3309.1 

Exercise LVRPP (mmHg.bpm) 38888.7 ± 4365.0 34449.0 ± 5656.8 

Cardiac MRI Data 

LVMI (g/m2) 68.2 ± 13.9 65.4 ± 17.3 

LVEDVI (ml/m2) 81.59 ± 17.33 88.03 ± 15.07 

LV Ejection Fraction (%) 58.3 ± 3.3 58.3 ± 4.4 

Global PEDSR (1/s) 0.82 ± 0.17 0.80 ± 0.16 

Global MPR  2.16 ± 0.44* 3.13 ± 0.38 

Exercise Test 

Exercise time (min) 10.7 ± 3.3 11.2 ± 4.2 

Peak HR (bpm) 146.6 ± 12.8 141.3 ± 8.9 

Peak SBP (mmHg) 189.6 ± 23.3 178.4 ± 17.2 

 
Abbreviations as for Table 21. * p<0.05 compared to High-LVMI subgroup. 
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Table 28. Sub-group analysis of PEDSR for FAS Population according to MPR 

Region Number analysable Baseline Week-6 Week-10 

Group A (Low-MPR) 
Base 6 0.86 ± 0.22 1.10 ± 0.27 0.93 ± 0.21 

Mid 5 0.83 ± 0.15 0.88 ± 0.12 0.81 ± 0.19 

Apex 5 0.89 ± 0.20 0.86 ± 0.15 0.89 ± 0.25 

Global 6 0.88  ± 0.80 1.03 ± 0 .30 0.86  ± 0.15 

Group B (High-MPR) 
Base 6 0.86 ± 0.22 0.78 ± 0.18 0.86 ± 0.36 

Mid 6 0.82 ± 0.14 0.80 ± 0.17 0.70 ± 0.19 

Apex 4 0.62 ± 0.23 0.62 ± 0.26 0.59 ± 0.25 

Global 6 0.80 ± 0.19 0.75 ± 0.12 0.76 ± 0.28 

 
All p>0.05. 
 

Table 29. Sub-group analysis of secondary endpoints for FAS Population according to 

MPR 

 Number analysable Baseline Week-6 Week-10 

Group A (Low-MPR) 
Exercise time 
(min) 

6 11.0 ± 3.6 11.2 ± 3.8 11.5 ± 3.6 

Exercise LVRPP 
(mmHg.bpm) 

6 39148.9 ± 3052.2 35417.1 ± 7042.9 36882.7 ± 5799.2 

Group B (High-MPR) 
Exercise time 
(min) 

6 11.8 ± 3.7 11.7 ± 3.7 11.8 ± 4.2 

Exercise LVRPP 
(mmHg.bpm) 

6 33615.0 ± 6402.4 33085.4 ± 7839.0 34357.3 ± 4188.5 

 
All p>0.05 
 

4.9 Results summary 

For the primary endpoint, there was a non-significant trend for PEDSR to increase 

from the baseline value to a higher value after 6 weeks of oral Ranolazine, and 

then reduce to a lower value at week-10, after stopping Ranolazine. On sub-group 

analysis, these trends were more apparent in the high-PPG (with a statistically 

significant increase in PEDSR at week-6 for the mid-slice and the average of basal 
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and mid slice values) and low-MPR sub-groups. The total exercise duration 

showed a trend towards increasing at week-6, with a lower exercise LVRPP. The 

trend for the exercise LVRPP to reduce at week-6 was mirrored in the same sub-

groups that demonstrated an increase in PEDSR (high-PPG and low-MPR). 

4.10 Discussion 

4.10.1 PEDSR 

This was a small prospective, open-label blinded end-point single-centre pilot 

study that aimed to assess the effects of Ranolazine on diastolic function and 

MPR in patients with moderate to severe AS and evidence of diastolic dysfunction 

at recruitment.  There was no conclusive evidence in these data that Ranolazine 

improved PEDSR, though some interesting trends were demonstrated. However, 

there was a statistically significant increase in circumferential PEDSR 

demonstrated for the mid slice, and the average of basal and mid slice values in 

the high-PPG subgroup. Patients in this subgroup tended to be older, male and 

with reduced E/A.   

 

The effect of Ranolazine in improving diastolic function has previously been 

demonstrated in both animal models(122, 176) and experimental in-vitro studies 

in human myocytes(121, 123). The exact mechanism for this effect is not entirely 

clear, but is thought to be related to the late Na+ current inhibition by Ranolazine, 

leading to a decrease in intra-cellular-Na+ dependent intracellular calcium 

concentration(121).  There have only been a few small clinical studies assessing 

the effect of Ranolazine on diastolic function. In a study of ischaemic heart 

disease patients with previous MI (n=15), Ranolazine infusion improved regional 

diastolic function, measured by 2-dimensional invasive LV angiograohy in non-

infarcted ischaemic segments(177). Another small study of patients with stable 

angina (n=22) demonstrated improvement in some echocardiographic 

parameters of diastolic function, but not others(174). A case report documented 

improvement in ischaemic burden and symptoms in a patient with patent grafts 
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but on-going ischaemia, most likely due to microvascular and diastolic 

dysfunction(178). Finally, a recently published randomised trial of Ranolazine in 

patients with heart failure with preserved EF (n=20) failed to demonstrate 

improvement in echocardiographic measures of diastolic function(175). A 

limitation in all the above-mentioned studies may be their small sample sizes.  

 

The lack of statistical significance in our study may not reflect a lack of efficacy. 

The sample size of the study was small, with only fifteen patients having 

analysable tagging images for the primary endpoint, compared to an anticipated 

16 at inception. Since the study commenced, we have also shown, as part of this 

thesis, that PEDSR may be less reproducible using tagging (SPAMM) at 3T, as used 

in this study, compared to CSPAMM tagging at 1.5T that was used to estimate the 

sample size(179). (Although we also showed FT to be more reproducible than 

tagging, the methodology had already been pre-set by the sponsor and the data 

acquisition and analysis for the Ranolazine sub-study had already been completed 

using Tagging prior to this.) Additionally, on discontinuation, mean PEDSR tended 

to return towards the baseline value, suggesting a possible genuine effect of 

Ranolazine. Sub-group analysis also demonstrated interesting differences, with 

mean PEDSR showing some improvement in the low-MPR and high-PPG 

subgroups. The suggestion that Ranolazine may have greater efficacy in improving 

diastolic function in those with more advanced disease (reduced perfusion 

reserve(108)) and ischaemia is purely a hypothesis at this stage. Finally, the 

maximum dose of Ranolazine used in our study was 750 mg bd (with two patients 

continuing on 500 mg bd), which is lower than the dose of 1000 mg bd used in 

most other studies mentioned above, which may partially account for the lack of 

efficacy. 

4.10.2 MPR 

Our study did not demonstrate improvement in global MPR in the overall 

population following 6 weeks of Ranolazine therapy. In a previous open-label pilot 

study of patients with coronary artery disease and perfusion defects on exercise 



Singh, A.                                                                 Myocardial Perfusion Reserve in Aortic Stenosis. 

 

 

150 

SPECT myocardial perfusion imaging (n=20), 4 weeks of treatment with 

Ranolazine led to an improvement in myocardial perfusion pattern and 

severity(124). This is thought to occur due to reduced diastolic wall stiffness 

caused by the late Na+ current inhibition by Ranolazine, leading to reduced extra-

vascular compression of the coronary microcirculation, and improved myocardial 

blood flow. However, another study by the same group using vasodilator stress 

(n=18), failed to show an improvement in myocardial perfusion(180). Exercise 

testing induces true ischaemia by a supply/demand mismatch, whereas 

vasodilator-stress induced perfusion defects result from regional heterogeneity in 

blood flow, which may not activate the late Na+ current. In a more recent pilot 

study of patients with microvascular angina, Ranolazine did not lead to an 

improvement in coronary flow reserve, measured by Doppler echocardiography, 

in response to adenosine or cold pressor test(181). 

4.10.3 Exercise testing 

The total exercise time did show an increase at week-6, which was close to 

reaching statistical significance. This observation lends weight to the hypothesis 

that the small increase in PEDSR seen may be significant.   We cannot discount 

that the increase in exercise capacity was related to improved technique on the 

treadmill, as there was no reduction in duration at week-10.  However, the 

increase in exercise duration at week-6 was associated with a slightly reduced 

peak heart and blood pressure compared to baseline, and therefore a slightly 

lower exercise LVRPP (a measure of myocardial work), that were not sustained at 

week 10.  There was also a trend for the exercise LVRPP to decrease from baseline 

to week-6, and then increase again at week-10, in the same subgroups that 

demonstrated an improved PEDSR at week-6 (high-PPG and low-MPR).  No such 

changes were noted for resting LVRPP or resting HR / SBP. 

 

Ranolazine may therefore increase myocardial efficiency during exercise, and the 

mechanism for this may be related to an improvement in PEDSR.  Ranolazine has 

previously been shown to increase exercise duration in multiple studies of 
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patients with chronic stable angina(119, 120, 182). In the study of patients with 

heart failure with preserved ejection fraction (HFpEF), Ranolazine improved the 

VE/VCO2 slope, an index of ventilatory response to exercise, as well as the exercise 

duration(175). As mentioned in the Methods chapter, due to a fault in the gas 

analyser equipment, we were unfortunately unable to accurately quantify such 

measures of exercise capacity for this pilot study. 

4.10.4 Limitations 

The major limitation of this study is its small sample size, with a risk of a type II 

statistical error. However the study was always planned as a pilot and the primary 

purpose was to assess the effect size. Although this was also an open-label study, 

without placebo control, we did have the blinded endpoint analysis, which 

mitigates bias in measurement of the imaging endpoints. 

4.10.5 Conclusions 

In this small, proof-of-concept, pilot study, Ranolazine did not show a significant 

improvement in diastolic dysfunction or MPR, in patients with moderate to severe 

AS.  However, some interesting signals were seen, with a trend towards an 

improved exercise capacity, despite lower exercise LVRPP with Ranolazine, 

suggesting improved myocardial efficiency, possibly due to subtle changes in 

diastolic function. Given the low power of the current study, a larger study in 

patients with severe AS and diastolic dysfunction is warranted and preferably 

conducted at 1.5T, with consideration of feature tracking to avoid data loss with 

tagging.  
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CHAPTER FIVE 

 

 

 

 

 

 

5 BASELINE DATA: COMPARISON OF ASYMPTOMATIC 

PATIENTS WITH MODERATE TO SEVERE AS AND HEALTHY 

CONTROLS 
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5.1 Introduction 

Patients with AS were compared to age and gender matched controls without 

valve disease. We aimed to establish normal values of MPR and other CMR 

parameters in matched controls, as most data on healthy controls are on younger 

controls with no co-morbidities. However, we wanted to see the incremental 

effect of AS on these parameters, and so deliberately chose not to exclude 

common co-morbidities such as treated hypertension and diabetes from our 

control cohort. We also wanted to confirm that LV remodeling occurs at this early 

asymptomatic stage of AS. 

5.2 Patient Recruitment 

Patients were recruited between April 2012 and October 2013. Initial recruitment 

was slower than anticipated, and therefore various measures were put in place to 

increase recruitment. This included relaxation of the exclusion criteria (from 

history of coronary disease to myocardial infarction within six months), addition 

of a Trial Manager, regular newsletter for the sites and the addition of new sites 

(Aberdeen, Dundee and Coventry), which dramatically improved recruitment 

from April 2013 (Figure 47). 

 

Figure 47. Recruitment graph 
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A total of 183 patients were consented to participate in the study. Nine of these 

were withdrawn for various reasons, as listed in Table 30. The final number of 

patients included in analysis was 174 (Figure 48). All the baseline visits for the 

regional sites (Kettering, Northampton, Grantham, Derby and Coventry) were 

performed in Leicester (n=126).  

 

Table 30. Reasons for withdrawal from study 

Type of withdrawal Reason 

Clinician (n=2) Didn't meet inclusion criteria on echo after consent 

Clinician (n=2) Thought to be symptomatic on assessment after consent 

Clinician (n=1) Atrial fibrillation discovered after consent 

Clinician (n=1) Unable to cycle 

Clinician (n=1) MRI not performed 

Patient (n=2) Claustrophobic 

 

 

Figure 48. Recruitment numbers according to site 
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5.3 Healthy control recruitment 

Healthy controls were recruited at a single centre (Leicester) through 

advertisement with posters and word of mouth. The initial aim had been to 

recruit twenty asymptomatic, age-matched controls without significant valve 

disease. Patients with common co-morbidities such as treated hypertension and 

diabetes were not excluded, so as to allow the assessment of the incremental 

effect of AS. However, four out of the first twenty controls had to be excluded 

due to unexpected findings on the tests (Table 31). In addition, due to the fault 

with the gas-analyser mentioned in Methods, some of the gas-exchange CPET 

data had to be excluded, as not all controls were able to return for a repeat CPET. 

A further seven controls were also recruited. The final numbers of usable healthy 

control data were: 23 controls in total and 19 with usable CPET data. 

Table 31. Reasons for exclusion of Controls 

Type of withdrawal Reason 

Clinician LBBB on resting ECG 

Clinician Frequent atrial ectopics / runs of atrial tachycardia 

Clinician Broad complex tachycardia during CPET (asymptomatic) 

Clinician LVH with strain pattern on ECG, moderate LVH on CMR 

 

5.4 Demographic data 

The demographic data for the AS patients and healthy controls are displayed in 

Table 32. There was no significant difference in the age, gender distribution and 

resting haemodynamics between patients and controls. There was a greater 

incidence of hypertension and hyperlipidaemia in the patient group, though the 

resting SBP and proportion of statin use was similar. The incidence of diabetes 

was similar. NT-proBNP level was significantly higher in patients with AS. There 

was no significant difference in levels of haemoglobin, haematocrit, HbA1c or 

eGFR.  
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Table 32. Demographic data for patients and controls 

 AS Patients  
(n=174) 

Healthy Controls 
(n=23) 

p-value 

Age (years) 66.2 ± 13.3 68.3 ± 8.8 0.331 

Male (n (%)) 133 (76.4) 16 (69.6) 0.471 

BSA (m2) 2.0 ± 0.21 1.9 ± 0.18 0.615 

BMI (kg/m2) 28.0 ± 4.2 26.6 ± 3.5 0.129 

Resting HR (bpm) 70.3 ± 11.4 72.6 ± 8.2 0.358 

Resting SBP (mmHg) 146.9 ± 21.1 154.1 ± 25.0 0.136 

Diabetes (n (%)) 25 (14.4) 2 (8.7) 0.747 

Hypertension (n (%)) 93 (53.4) 6 (26.1) 0.014* 

Hyperlipidaemia (n (%)) 92 (52.9) 5 (21.7) <0.001* 

ACE-I/ARB (n (%)) 77 (44.3) 5 (21.7) 0.044* 

Beta-blocker (n (%)) 54 (31.0) 1 (4.3) 0.006* 

Statin 105 (60.3) 10 (43.5) 0.123 

NT-proBNP (pmol/L) 56.5 (19.2, 152.5) 16.5 (0.30, 43.0) <0.001* 

Hb (g/dL) 14.2 ± 1.2 14.2 ± 1.2 0.835 

Hct 0.425 ± 0.035 0.430 ± 0.036 0.544 

HbA1c (%) 5.9 ± 0.81 6.1 ± 0.67 0.289 

eGFR (ml/min) 88 ± 28.6 81 ± 20.4 0.286 

 

Abbreviations: BSA=body surface area, HR=heart rate, SBP/DBP=systolic/diastolic blood 
pressure, ACE-I=angiotensin converting enzyme inhibitor, ARB=angiotensin II receptor 
blocker, NT-proBNP=N terminal brain natriuretic peptide, Hb=haemoglobin, 
Hct=haematocrit, eGFR=estimated glomerular filtration rate.  

 

5.5 Echocardiographic and electrocardiographic data 

The echocardiographic data for patients and controls is displayed in Table 33. All 

measures of AS severity were higher in patients compared to controls. Although 

there was no significant difference in E/A, the septal and lateral E/e’ were 

significantly lower in controls. The longitudinal systolic strain and strain rate 

measured by speckle tracking were significantly reduced in patients with AS, but 

there was no significant difference in longitudinal diastolic strain rate. The resting 

LVRPP, was significantly higher in patients, though the difference in VAI did not 
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reach statistical significance. Only 10-18% of the patients with AS met the ECG 

criteria for LVH, using Sokolow / Cornell criteria, compared to none of the 

controls. 

Table 33. Echocardiographic and electrocardiographic data for patients and controls 

 AS patients 
(n=174) 

Healthy Controls 
(n=23) 

p-value 

AV Vmax (m/s) 3.86 ± 0.56 1.35 ± 0.27 <0.001* 

MPG (mmHg) 35.4 ± 12.5 4.2 ± 1.7 <0.001* 

AVAI (cm2/m2) 0.57 ± 0.14 1.71 ± 0.36 <0.001* 

E/A 0.88 ± 0.29 0.84 ± 0.23 0.499 

Septal E/e’ 12.28 ± 4.86 10.67 ± 3.34 0.049* 

Lateral E/e’ 9.88 ± 3.72 8.07 ± 2.97 0.026* 

DPT (ms) 615.6 ± 157.5 599.7 ± 101.6 0.517 

Longitudinal PSS (%) -18.18 ± 2.76 -19.61 ± 2.25 0.020* 

Longitudinal PSSR (1/s) -1.00 ± 0.20 -1.16 ± 0.19 <0.001* 

Longitudinal PEDSR (1/s) 0.79 ± 0.21 0.85 ± 0.21 0.174 

Resting LVRPP 
(mmHg.bpm.10-4) 

1.37 ± 0.29 1.09 ± 0.23 <0.001* 

VAI (Echo) (mmHg/ml/m2) 3.96 ± 1.06 3.67 ± 0.76 0.220 

Sokolow criteria (n(%)) 18 (10.3) 0 (0) 0.138 

Cornell criteria (n(%)) 31 (17.8) 0 (0) 0.029* 

 
Abbreviations: AV Vmax=peak aortic jet velocity, MPG=mean pressure gradient, AVAI=aortic 
valve area indexed to BSA, DPT=diastolic perfusion time, PSS=peak systolic strain, PSSR=peak 
systolic strain rate, PEDSR=peak early diastolic strain rate, LVRPP=left ventricular rate 
pressure product, VAI=valvulo-arterial impedance 
 

5.6 CPET data 

All patients with the exception of two completed the CPET (1 due to previous 

knee replacement, 1 due to equipment unavailability at the start). Gas-exchange 

data of the first 30 patients had to be excluded from analysis due to the faulty gas 

analyser. This left 142 patients with full CPET data, and 172 with exercise 

parameters without the gas-exchange data. 
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Table 34. CPET data for patients and controls 

 
Abbreviations: HR=heart rate, SBP=systolic blood pressure, LVRPP=left ventricular rate 
pressure product, VO2=oxygen uptake, RER=respiratory exchange ratio. 

 

Table 34 demonstrates the exercise data for patients and controls. The controls 

achieved a higher percentage predicted heart rate, a greater rise in systolic blood 

pressure on exercise, but with a lower exercise LVRPP. Controls also achieved a 

greater workload and percentage predicted workload, though this did not reach 

statistical significance (p = 0.11 and 0.05 respectively). However, there was no 

significant difference seen in the total exercise duration, peak VO2 and percentage 

predicted VO2 between patients and controls. The proportion of AS patients with 

a positive test using the strict definition was 11%, compared to 32% using the 

conventional definition. Only 2 of the controls were classified as ‘symptom-

 AS patients 
 (n=172) 

Healthy 
Controls (n=23) 

p-value 

Exercise duration (min) 8.50 ± 2.01 9.10 ± 1.70 0.182 

% predicted HR (%) 86.8 ± 11.8 93.2 ± 7.3 0.001* 

Rise in SBP (mmHg) 41.0 ± 22.3 54.0 ± 19.4 0.016* 

Exercise LVRPP 
(mmHg.bpm.10-4) 

3.52 ± 0.73 3.17 ± 0.42 0.002* 

Peak VO2 (ml/kg/min) 17.6 ± 5.6 18.9 ± 4.1 0.327 

% Predicted VO2 (%) 72.8 ± 17.3 76.3 ± 15.2 0.403 

Peak workload achieved (W) 110 ± 40.1 125 ± 38.2 0.110 

% Predicted workload (%) 86.4 ± 27.4 98.5 ± 23.7 0.050 

Peak RER 1.12 ± 0.14 1.12 ± 0.08 0.999 

Positive test (strict) (n(%)) 19 (11.0) 1 (4.5) 0.040* 

Positive test (conventional) 
(n(%)) 

55 (32.0) 2 (9.1) <0.001* 

Reason for stopping (n(%)): 

Chest pain 

Dyspnoea 

General fatigue 

Leg fatigue 

Arrhythmia 

Hypertension 

Other 

 

4 (2.3) 

43 (25.0) 

22 (12.8) 

73 (42.4) 

1 (0.6) 

1 (0.6) 

28 (16.3) 

 

0 (0.0) 

2 (9.1) 

5 (22.7) 

12 (54.5) 

0 (0.0) 

0 (0.0) 

3 (13.6) 

0.468 
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limited’, both stopping due to dyspnoea. The commonest reason for stopping for 

both patients and controls was fatigue, and the commonest symptom was 

dyspnoea. 

5.7 CMR data 

CMR was successfully acquired in all included patients and controls without 

complication. 

5.7.1 Volumetric, myocardial deformation and distensibility data 

Left and right ventricular volumetric analysis was possible in all patients. Left 

atrial short-axis stack was acquired in only 168 patients due to time constraints 

secondary to artefacts necessitating repeated imaging of certain slices, or in order 

to quicken the scan for patients poorly tolerating it. Assessment of distensibility 

was possible in 167 patients, while PWV was calculated in 165, due to artefacts. 

Myocardial deformation analysis was not possible in one patient due to 

prospectively acquired poor quality images. 

 

Patients with AS had greater LV, RV and LA volumes and LV mass, as well as 

greater mass/volume (Table 35). The stroke volumes were also higher, with 

significantly lower EF (though still within the normal range). Longitudinal strain 

and strain rate (systolic and diastolic) were significantly lower in patients than 

controls. However, there were no significant differences in circumferential strain 

and strain rate values (systolic or diastolic). Aortic distensibilty was lower in 

controls than AS patients, reaching statistical significance for the ascending aorta. 

There was no significant difference in PWV. 
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Table 35. CMR volumetric, myocardial deformation and distensibility data for patients 

and controls 

 AS patients 
 (n=174) 

Healthy Controls 
(n=23) 

p-value 

LVEDVI (ml/m2) 87.58 ± 18.27 78.16 ± 9.40 <0.001* 

LVESVI (ml/m2) 38.28 ± 10.65 32.11 ± 5.03 <0.001* 

LVSV (ml) 97.0 ± 23.2 89.0 ± 12.0 0.011* 

LVSVI (ml/m2) 49.31 ± 9.31 46.02 ± 5.97 0.027* 

LVEF (%) 56.7 ± 4.95 58.9 ± 3.67 0.044* 

LVMI (g/m2) 57.69 ± 13.85 44.31 ± 7.20 <0.001* 

LV mass/volume (g/ml) 0.66 ± 0.11 0.57 ± 0.08 <0.001* 

LAVI (ml/m2) 54.96 ± 14.76 46.83 ± 8.57 <0.001* 

RVEDI (ml/m2) 88.23 ± 15.15 82.31 ± 9.12 0.011* 

VAI (MRI) (mmHg/ml/m2) 3.81 ± 0.82 3.50 ± 0.74 0.078 

Longitudinal PSS (%) -18.48 ± 3.02 -20.43 ± 3.16 0.004* 

Longitudinal PSSR (1/s) -1.09 ± 0.24 -1.21 ± 0.25 0.034* 

Longitudinal PEDSR (1/s) 1.09 ± 0.28 1.22 ± 0.31 0.038* 

Circumferential PSS (%) -28.10 ± 4.66 -29.45 ± 3.78 0.183 

Circumferential PSSR (1/s) -1.73 ± 0.39 -1.81 ± 0.32 0.396 

Circumferential PEDSR (1/s) 1.67 ± 0.41 1.69 ± 0.41 0.867 

AA distensibility  

(10-3mmHg-1) 

1.92 ± 1.19 1.34 ± 0.73 0.002* 

DA distensibility  

(10-3mmHg-1) 

2.11 ± 1.48 1.67 ± 1.07 0.168 

PWV (m/s) 8.40 ± 3.56 8.31 ± 2.35 0.881 

 
Abbreviations: LVEDVI=left ventricular end-diastolic volume indexed to BSA, LVESVI=left 
ventricular end systolic volume indexed to BSA, LVSV=left ventricular stroke volume, 
LVSVI=LVSV indexed to BSA, LVEF=left ventricular ejection fraction, LVMI=left ventricular 
mass indexed to BSA, LAVI=left atrial volume indexed to BSA, RVESVI=right ventricular end 
diastolic volume indexed to BSA, VAI=valvulo-arterial impedance, PSS=peak systolic strain, 
PSSR=peak systolic strain rate, PEDSR=peak early diastolic strain rate, AA=ascending aorta, 
DA=descending aorta, PWV=pulse wave velocity 
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5.7.2 Contrast enhanced CMR 

5.7.2.1 Myocardial blood flow and perfusion reserve 

MPR calculation was not possible in nine patients as a result of problems with 

blood flow quantification due to artefacts or contrast being present in the first 

frame, in either or both the stress (n=8) and rest (n=5) perfusion images. Both 

global MPR and stress MBF were significantly lower in patients than controls, 

while there was no significant difference in resting MBF (Table 36). Total MBF, 

which is derived by multiplying MBF by the LVMI, was higher in patients at rest, 

given their higher LV mass, whereas it remained lower at stress (though not 

reaching statistical significance). 

Table 36. CMR perfusion and fibrosis data for patients and controls 

 AS patients 
(n=174) 

Healthy Controls 
(n=23) 

p-value 

CMR Perfusion data 
Global MPR 2.27 ± 0.70 3.16 ± 0.65 <0.001* 

Global stress MBF (ml/min/g) 2.16 ± 0.70 3.17 ± 0.54 <0.001* 

Global rest MBF (ml/min/g) 0.98 ± 0.27 1.03 ± 0.25 0.421 

Total stress MBF (ml/min/m2) 122.36 ± 44.66 140.88 ± 32.57 0.068 

Total rest MBF (ml/min/m2) 55.54 ± 16.54 45.43 ± 10.73 <0.001* 

CMR Fibrosis data 
LGE present (n,%) 82 (47.1) 5 (21.7) 0.025* 

% LGE (%) 4.20 ± 3.76 2.00 ± 2.21 <0.001* 

Native myocardial T1 (ms) 1131.9 ± 69.54 1092.3 ± 34.29 <0.001* 

ECV (%) 24.82 ± 2.43 25.05 ± 2.57 0.680 

 
Abbreviations: MPR=myocardial perfusion reserve, MBF=myocardial blood flow, LGE=late 
gadolinium enhancement, ECV=extracellular volume fraction 

 

5.7.2.2 Late gadolinium enhancement 

LGE images were acquired in all patients, but were non-analysable due to 

artefacts or incomplete LV coverage in 4 patients. There was a greater frequency 

and amount of focal fibrosis (measured on LGE) in patients than controls (Table 

36). Amongst patients, significant non-ischaemic pattern LGE (grade 2-4: see 
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Table 7) was present in 60 patients. Infarct-pattern LGE was present in 26 

patients, out of which 4 also had additional non-ischaemic pattern LGE. All LGE in 

healthy controls were grade-2 non-ischaemic pattern. Subtle insertion point only 

enhancement (grade-1) was found in an additional 33 patients and 4 controls, but 

was not considered a significant finding. 

5.7.2.3 T1 mapping and extracellular volume 

Assessment of diffuse interstitial fibrosis was possible in 121 patients, as T1 

mapping was unavailable for 53 scans. ECV calculation was possible for a total of 

117 patients, due to post-contrast T1 mapping being absent (n=2) or haematocrit 

being unavailable (n=2). Although native myocardial T1 was significantly higher in 

patients, there was no significant difference in ECV between patients and controls 

in our study. 

 

5.8 Summary and Discussion 

In summary, patients and controls were well matched for age, gender and resting 

haemodynamics, despite there being a higher incidence of co-morbidities and 

cardiovascular medication use amongst patients.  

5.8.1 Echocardiographic and exercise parameters 

The echocardiographic data confirmed AS amongst patients, who also 

demonstrated evidence of diastolic dysfunction (higher septal and lateral E/e’), 

compared to controls. There have not been many studies directly comparing 

exercise capacity between AS patients and matched controls. In combination with 

the exercise data, our AS cohort demonstrated higher LVRPP (myocardial work) at 

rest and during exercise, as expected, despite achieving significantly lower % 

predicted HR and rise in SBP on exercise than controls, which has been shown 

before(183, 184).  

 

The peak workload was non-significantly lower in the AS group due to a wide 

range of values and high standard deviations in both patients and controls, 
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though the %predicted workload was close to reaching statistical significance 

(p=0.05). This is similar to the results in Donal et al’s study of 207 AS patients, 

where no difference in peak workload or total exercise duration was found 

between age- and gender-matched controls and the overall patient group(184). 

On the contrary, in Clynes’s study, peak workload was significantly lower in the 14 

asymptomatic patients with AS (majority severe) who completed a bicycle ETT 

compared to matched controls, as was their total exercise duration(183). 

However, the majority of their patients had severe AS and controls had no known 

co-morbidities, which may explain the differences. Somewhat surprisingly, no 

significant difference was seen in the peak VO2 or % predicted VO2 between our 

patients and controls, which is contrary to the findings in Clyne’s study in the 

cohort who performed a treadmill CPET. Some of these differences may partly be 

due to an older cohort of controls being used in our study, as VO2max is thought to 

decline by 10% per decade with age(185). In fact, the peak VO2 achieved by the 

patients (26.7) and controls (36.3) in Clyne’s study (mean age in their 40’s) was 

much higher than our cohort (mean age in 60’s), though this was using treadmill 

rather than bicycle test. In Donal’s study on older subjects (mean age around 67 

years), there was also no difference in total exercise duration between patients 

and matched controls using bicycle ETT. An alternative explanation for the 

similarities between our patients and controls may be that these asymptomatic 

patients are still in a state of compensated hypertrophy, despite moderate to 

severe AS. 

 

Two of the healthy controls also stopped exercise due to symptoms of ‘dyspnoea’, 

which highlights one of the limitations of exercise testing in the real-world elderly 

population, with the subjective nature of describing the reasons for terminating 

exercise.  This, in combination with the wide range of peak workloads achieved, 

may partly explain previously observed the low specificity of a positive exercise 

test in predicting outcome in this group of relatively elderly patients(32, 42, 43). 

The determinants and mechanisms relating to exercise limitation are further 

explored in Chapter-6. 
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5.8.2 LV remodeling 

The chronic pressure overload caused by AS is known to cause initially adaptive 

and then maladaptive LVH, as well as changes within the myocardial extracellular 

matrix(129). The CMR data demonstrated evidence of clear LV remodeling 

amongst the patient group compared to controls (12-19% higher LV volumes and 

30% higher mass). This was despite all patients being asymptomatic, and many 

with only moderate AS, confirming the presence of LV remodeling even at this 

early stage of the disease process, as demonstrated in the schematic in Figure 49.  

 

Figure 49. Schematic demonstrating the changes of LV remodeling with chronic 

pressure overload in AS (reproduced from (129)) 

5.8.3 Aortic stiffness parameters 

There was no difference in PWV or DA distensibility between AS patients and 

controls, whilst the AA distensibility was higher in patients than controls. A 

possible reason for the lower AA distensibility in our control group could be 

higher pulse pressures in this group of older controls with hypertension. There 

have not been many studies comparing measures of aortic elasticity / stiffness 

between AS patients and controls. Most studies have compared younger patients 

with bicuspid AV (BAV) without significant disease to controls, and found lower 

distensibility and higher PWV in these patients, using both TTE and CMR(10, 186). 

In one TTE study comparing patients with BAV stenosis (n=32, mean AVA 
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1.34±0.59cm2) to controls, although aortic stiffness index was significantly higher 

in patients, there was no difference found in aortic root distensibility(187). Other 

studies comparing degenerative AV disease to controls have shown mixed 

reports. No difference in PWV was shown when comparing controls to patients 

with aortic sclerosis (n=62) in a TTE study(188), as well as to elderly patients with 

severe AS (n=40) in an invasively measured cardiac catheterisation study(189). 

Markers of AS severity did not predict PWV in this study either. On the other 

hand, increased aortic stiffness index (measured on TTE) was demonstrated in 12 

patients with severe AS undergoing AVR(190), whilst Liu et al also showed higher 

PWV in 30 patients with degenerative AS compared to matched controls(118). A 

limitation of most of these studies have been their small sample size, and not 

many studies have employed CMR to compare parameters between AS and 

controls. 

5.8.4 Myocardial perfusion 

To our knowledge, this is the first study directly comparing CMR measured 

MBF/MPR in asymptomatic AS patients to controls. MPR and stress MBF were 

significantly lower in patients with AS than controls, with no significant difference 

in the rest MBF. This finding is consistent with the only other study comparing 

MBF in AS to controls, which was done using PET(24). TTE studies assessing 

coronary flow reserve (CFR) have also shown similar findings of lower CFR in AS 

than controls(21, 191). A previous study at our centre measuring MPR by CMR in 

severe (mostly symptomatic) AS demonstrated slightly lower values of MPR 

(2.03±0.55) and markedly reduced stress MBF (1.77±0.47), though there were no 

controls in that study. These data would suggest a linear progression of pathology 

with increasing severity of AS, and support the hypothesis of a relatively greater 

degree of capillary dilatation at rest to compensate for the increased LV mass 

with increasing severity of AS, leading to normal resting MBF. This is thought to 

be due to a relative reduction in capillary density due to increased rate of cellular 

hypertrophy in comparison to capillary angiogenesis(23, 192). As a result, there is 

an inability to increase MBF adequately on stress, resulting in the lower MPR in 
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patients. This hypothesis is further supported by our finding of a significantly 

higher ‘total rest MBF’ in patients than controls, which was not different when 

normalised to per unit of muscle mass. The determinants and mechanisms of 

MPR are further explored in Chapter-6. 

5.8.5 Myocardial deformation 

The myocardial deformation data demonstrated impaired longitudinal strain and 

strain rates in AS compared to controls, but no difference in circumferential 

values. This has been well described in the literature, with many studies showing 

impaired long-axis function or global longitudinal strain (GLS) in patients with AS 

and preserved EF, compared to controls(27, 193, 194). GLS has also been shown 

to be associated with LVMI(193, 194), AS severity(193), reduced exercise 

capacity(27) and a predictor of outcome(27, 39, 64, 111) in AS.  

 

There have not been many studies comparing multi-directional strain and strain 

rates between AS and controls. In one TTE study by Lafitte et al, GLS was 

significantly reduced in asymptomatic severe AS patients compared to controls, 

with no difference in circumferential or radial strain(27). On the contrary, another 

TTE study comparing myocardial deformation in different grades of AS to aortic 

sclerosis showed an incremental fall in longitudinal as well as circumferential and 

radial parameters with increasing AS severity, though they included symptomatic 

patients as well. There was a suggestion in that study of longitudinal function 

being affected before circumferential, with no difference in circumferential values 

between aortic sclerosis and mild AS on post-hoc analysis, as well as symptomatic 

patients demonstrating more impaired multidirectional function than 

asymptomatic. A study by Delgado et al comparing severe AS (mostly 

symptomatic) to controls also found significantly lower longitudinal and 

circumferential parameters in patients than controls, though interestingly, the 

difference was not significant for circumferential strain between hypertensive 

controls and AS patients, nor for radial strain between any groups(61). 
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One explanation for these findings might be that the subendocardial myocardial 

fibres are known to be orientated longitudinally, whilst the circumferential fibres 

are located in the mid-wall of the myocardium. As a result, any impairment of 

myocardial perfusion via microvascular ischaemia, which tends to affect the sub-

endocardium first leads to selective impairment in the longitudinal function. An 

animal model study using aortic banding to create pressure-overload 

demonstrated impaired sub-endocardial blood flow in dogs with LVH, compared 

to the sub-epicardium and controls, which was associated with abnormal sub-

endocardial contractile function(195). Another study using a pig model of acute 

pressure overload demonstrated earlier impairment in longitudinal strain, with 

preserved radial strain, at lower increase in LV afterload(196). 

5.8.6 LGE and T1 mapping 

Focal fibrosis (LGE) was significantly more prevalent in patients with AS, though 

ECV was not significantly different. As described in the Introduction, LGE has been 

found to be present in 27-65%(25, 89, 91, 93, 101) of patients with AS, with the 

amount of LGE being reported between 3.0-7.3% of the LV mass, compared to the 

prevalence being 47% in out cohort. The amount of LGE in our cohort was 4.2%, 

compared to 7.3% in Flett’s study(101), though their cohort consisted of severe 

and mostly symptomatic patients with AS. Also of note, some LGE was also found 

in our control group (all grade-2 or below), compared to none in the controls 

studied by Flett. This is again likely to be due to the presence of co-morbidities 

including hypertension and diabetes being excluded in their cohort. 

 

We have already published data from this work showing that ECV was not 

significantly increased in asymptomatic patients with AS, compared to age and 

sex-matched controls(197). This finding is contrary to others who have 

demonstrated significantly higher T1 and ECV in patients with AS than healthy 

controls(98-100). However, the healthy control groups in most studies were not 

age-matched to the patient group(100, 163, 164), and controls with any history of 

hypertension, diabetes or other cardiovascular risk factors were excluded(98, 
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101). A correlation between age and ECV has been demonstrated in one 

study(95), but not in others(99, 101). We age-matched and deliberately included 

controls with common co-morbidities, since we wanted to see the true 

incremental effect of AS. One recent study also did not demonstrate any 

significant difference in the native T1 value between AS and controls (1191 ± 34 

vs. 1180 ± 28 ms respectively, p=0.29), and although the ECVs were higher in the 

AS group, their controls were significantly younger(100). In Bull’s study, where the 

controls were age-matched to the patient population, there was no difference in 

native T1 values between controls and patients with moderate AS. There was also 

a large overlap between moderate and asymptomatic severe AS, as well as a 

significant difference between asymptomatic severe AS and symptomatic severe 

AS(98). More recently it has been shown that native T1 is also influenced by 

changes in the intravascular compartment, and doesn’t just reflect interstitial 

fibrosis. Mahmod’s et al(169) performed T1 mapping at rest and during adenosine 

vasodilator stress in patients with severe AS and demonstrated that although 

resting T1 values were significantly higher in AS than controls, this difference was 

no longer significant on hyperaemic stress. Even though T1 increased in both, the 

ΔT1 was significantly blunted in AS. This would also further support the above-

mentioned hypothesis of near maximal vasodilation in AS at rest, leading to a 

more blunted response at stress. 

5.9 Conclusions 

In conclusion, patients with AS demonstrated evidence of higher myocardial 

workload (LVRPP), LV remodeling, impaired longitudinal function, reduced stress 

MBF / MPR, and a greater degree of focal myocardial fibrosis than matched 

controls, despite being asymptomatic. However, there was no significant 

difference in exercise capacity (VO2), circumferential strain / strain rates, rest MBF 

and ECV. 
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CHAPTER 6 

 

 

 

 

 

 

6 DETERMINANTS OF EXERCISE CAPACITY AND MYOCARDIAL 

PERFUSION IN AS 
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6.1 Introduction 

The mechanisms leading to reduced exercise capacity in AS are likely to be the 

similar to those that lead to symptom development; reduced exercise capacity 

has also been shown to be a poor prognostic marker in AS(32, 33, 42). 

Understanding the determinants of exercise limitation is therefore vital to 

increasing our understanding of the pathophysiology of disease progression and 

symptom development in AS. Reduced MPR is likely to play an important role in 

limiting exercise capacity in these patients. In fact, it was shown to be the only 

independent predictor of peak VO2 in patients with severe AS undergoing AVR, 

and was inversely proportional to NYHA class symptoms(108). However, there is 

scarce data on the determinants of MBF and MPR in asymptomatic patients with 

moderate to severe AS.  

6.2 Determinants of exercise capacity 

6.2.1 Associations with age and sex corrected peak VO2 

As mentioned in Chapter-5, VO2 data was available for 142 of the patients. The 

univariate associations of age and sex-corrected peak VO2 in these patients is 

shown in Table 38 and Table 39.  

 

Peak VO2 was directly correlated with AVAI, longitudinal and circumferential 

strain, MPR and PWV, while inversely correlated with NT-proBNP, VAI, LV 

mass/volume, rest MBF, coronary calcium score and Cornell LVH criteria on ECG. 
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Table 38. Univariate associations of age and sex-corrected peak VO2: anthropometric, 

echocardiographic and CT variables 

Variable Estimate (95% CI) p-value 

Log (NT-proBNP) (log pmol/L) -0.52 (-0.96, -0.07) 0.023* 

AVAI (cm2/m2) 7.42 (1.96, 12.88) 0.008* 

MPG (mmHg) -0.02 (-0.08, 0.04) 0.477 

AV Vmax (m/s) -0.65 (-1.98, 0.69) 0.340 

Septal E/e’ (cm/s) 0.05 (-0.13, 0.24) 0.566 

Lateral E/e’ (cm/s) 0.09 (-0.17, 0.34) 0.507 

PSS-L (TTE) (%) -0.66 (-0.97, -0.34) <0.001* 

PSSR-L (TTE) (1/s) -4.00 (-8.59, 0.58) 0.086 

PEDSR-L (TTE) (1/s) 2.56 (-2.44, 7.55) 0.312 

VAI (TTE) (mmHg/ml/m2) -1.28 (-2.00, -0.57) 0.001* 

AV Ca2+ score (500 Agatston) 0.08 (-0.16, 0.32) 0.529 

Coronary Ca2+ score (500 Agatston) -0.42 (-0.76, -0.07) 0.019* 

Cornell criteria LVH (mm) -0.10 (-0.19, -0.00) 0.042* 

Sokolow criteria LVH (mm) -0.01 (-0.09, 0.08) 0.867 

 

Abbreviations: AV Vmax=peak aortic jet velocity, MPG=mean pressure gradient, AVAI=aortic 
valve aread indexed, PSS=peak systolic strain, PSSR=peak systolic strain rate, PSEDSR=peak 
early diastolic strain rate, L=longitudinal, VAI=valvulo-arterial impedance, AoV Ca2+ 
score=aortic valve calcium score, LVH=left ventricular hypertrophy, TTE=trans-thoracic 
echocardiogram. (*p<0.05).  
All tables: Estimates correspond to change in the mean of the variable being tabulated per 

unit change in the variable of interest unless otherwise indicated.  

 

 

For stepwise multivariate analysis, the following variables were entered into the 

model (p<0.10 on univariate analysis and/or clinically significant): age, gender, 

log(NT-proBNP), AVAI, PSS-L(TTE), PSSR-L(TTE), VAI(TTE/CMR), LVMI, LV 

mass/volume, PSS-C(CMR), LVEF, MPR, rest MBF, stress MBF, native T1, ECV, 

LGE%, PWV and Cornell criteria.  

 

The independent associates of age and sex-corrected peak VO2 were gender, PSS-

L(TTE) and MPR (Table 40).  
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Table 39. Univariate associations of age and sex-corrected peak VO2: CMR variables 

Variable Estimate (95% CI) p-value 

VAI (CMR) (mmHg/ml/m2) -1.02 (-2.04, -0.01) 0.049* 

LVEDVI (mL/m2) -0.00 (-0.05, 0.04) 0.838 

LVESVI (mL/m2) -0.04 (-0.12, 0.04) 0.329 

LAVI (mL/m2) 0.02 (-0.04, 0.07) 0.530 

LVEF (%) 0.16 (-0.00, 0.33) 0.056 

LVMI (g/m2) -0.06 (-0.12, 0.00) 0.054 

LV mass/volume (g/mL) -8.3 (-15.5, -1.04) 0.025* 

MPR (ratio) 1.64 (0.51, 2.77) 0.005* 

Rest MBF (mL/min/g) -5.04 (-7.86, -2.22) 0.001* 

Stress MBF (mL/min/g) 0.17 (-0.99, 1.34) 0.769 

LGE presence (Y vs N) 0.83 (-0.74, 2.40) 0.298 

% LGE (%) -0.18 (-0.39, 0.03) 0.094 

Native T1 (ms) -0.01 (-0.02, 0.01) 0.278 

ECV (%) 0.06 (-0.31, 0.42) 0.756 

PSS-C (CMR) (%) -0.17 (-0.33, -0.00) 0.045* 

PSSR-C (CMR) (1/s) -0.46 (-2.42, 1.49) 0.641 

PEDSR-C (CMR) (1/s) 1.57 (-0.47, 3.61) 0.130 

PSS-L (CMR) (%) -0.18 (-0.45, 0.09) 0.196 

PSSR-L (CMR) (1/s) 0.65 (-2.53, 3.84) 0.685 

PEDSR-L (CMR) (1/s) -1.20 (-4.05, 1.66) 0.409 

PWV (m/s) 0.30 (0.08, 0.52) 0.009* 

 
Abbreviations: VAI=valvulo-arterial impedance, LVED/SVI=left ventricular end-
diastolic/systolic volume indexed to BSA, LAVI=left atrial volume indexed to BSA, LVEF=LV 
ejection fraction, LVMI=LV mass indexed to BSA, MBF=myocardial blood flow, 
MPR=myocardial perfusion reserve, LGE=late gadolinium enhancement, ECV=extracellular 
volume fraction, PSS=peak systolic strain, PSSR=peak systolic strain rate, PSEDSR=peak early 
diastolic strain rate, C=circumferential, L=longitudinal, PWV=pulse wave velocity. (*p<0.05) 

Table 40. Multivariate associations of age and sex-corrected peak VO2 

Variable HR (95% CI) p-value 

Gender (M) 5.27 (2.62, 7.92) <0.001 

PSS-L (TTE) -0.39 (-0.75, -0.03) 0.039 

MPR 2.00 (0.69, 3.31) 0.004 

 
Abbreviations: as above. 
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6.2.2 Associations with age and sex corrected peak workload 

The univariate associations of age and sex-corrected peak workload are shown in 

Table 41 and Table 42. This was positively associated with MPR and negatively 

with NT-proBNP, lateral E/e’ and rest MBF. 

Table 41. Univariate associations of age and sex corrected peak workload: 

anthropometric and echocardiographic variables 

Variable Estimate (95% CI) p-value 

Log (NT-proBNP) -3.32 (-5.97, -0.67) 0.014* 

AVAI 0.87 (-32.2, 30.49 0.957 

MPG -0.15 (-0.49, 0.20) 0.404 

AV Vmax -3.77 (-11.5, 3.95) 0.336 

VAI Echo -0.48 (-4.67, 3.70) 0.820 

Septal E/e’ -0.83 (-1.94, 0.27) 0.138 

Lateral E/e’ -1.77 (-3.26, -0.29) 0.020* 

PSS-L (TTE) -1.29 (-3.03, 0.44) 0.143 

PSSR-L (TTE) -12.4 (-35.7, 11.0) 0.296 

PEDSR-L (TTE) -2.71 (-27.7, 22.3) 0.831 

Change in MPG on exercise 0.38 (-0.03, 0.79) 0.068 

 
Abbreviations: AV Vmax=peak aortic jet velocity, MPG=mean pressure gradient, AVAI=aortic 
valve aread indexed, PSS=peak systolic strain, PSSR=peak systolic strain rate, PSEDSR=peak 
early diastolic strain rate, L=longitudinal, VAI=valvulo-arterial impedance, TTE=trans-
thoracic echocardiogram. (*p<0.05) Units as above. 
 

For stepwise multivariate analysis, the following variables were entered into the 

model (p<0.10 on univariate analysis and/or clinically significant): age, gender, 

log(NT-proBNP), lateral E/e’, LVMI, LV mass/volume, VAI(CMR), PSS-C(CMR), MPR, 

rest/ stress MBF, native T1, ECV, LGE% and change in MPG on exercise.  

 

The independent associations of peak workload were log(NT-proBNP) and 

VAI(CMR), in addition to age and gender (Table 43). 
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Table 42. Univariate associations of age and sex corrected peak workload: CMR 

variables 

Variable Estimate (95% CI) p-value 

VAI (CMR) -3.25 (-8.97, 2.47) 0.263 

LVEDVI 0.03 (-0.22, 0.28) 0.797 

LVESVI -0.08 (-0.51, 0.36) 0.724 

LAVI -0.00 (-0.31, 0.31) 0.999 

LVEF 0.64 (-0.26, 1.55) 0.163 

LVMI 0.03 (-0.31, 0.37) 0.872 

LV mass/volume -4.38 (-44.2, 35.39) 0.828 

MPR 6.92 (0.25, 13.59) 0.042* 

Rest MBF -23.0 (-39.8, -6.12) 0.008* 

Stress MBF 0.24 (-6.50, 6.99) 0.943 

LGE presence -3.29 (-12.1, 5.48) 0.460 

LGE % -0.80 (-1.99, 0.39) 0.186 

ECV -0.71 (-2.96, 1.53) 0.529 

PSS-C (CMR) -0.83 (-1.77, 0.12) 0.085 

PSSR-C (CMR) -3.96 (-15.2, 7.27) 0.487 

PEDSR-C (CMR) 0.53 (-11.1, 12.1) 0.928 

PSS-L (CMR) 0.05 (-1.49, 1.59) 0.948 

PSSR-L (CMR) 9.51 (-8.54, 27.6) 0.300 

PEDSR-L (CMR) -13.4 (-29.9, 3.19) 0.113 

Abbreviations: VAI=valvulo-arterial impedance, LVED/SVI=left ventricular end-
diastolic/systolic volume indexed to BSA, LAVI=left atrial volume indexed to BSA, LVEF=LV 
ejection fraction, LVMI=LV mass indexed to BSA, MBF=myocardial blood flow, 
MPR=myocardial perfusion reserve, LGE=late gadolinium enhancement, ECV=extracellular 
volume fraction, PSS=peak systolic strain, PSSR=peak systolic strain rate, PSEDSR=peak early 
diastolic strain rate, C=circumferential, L=longitudinal,  PWV=pulse wave velocity. (*p<0.05). 
Units as above. 

Table 43. Multivariate associations of age and sex corrected peak workload 

Variable HR (95% CI) p-value 

Age -1.27 (-1.70, -0.85) <0.001 

Gender (M) 38.84 (27.59, 50.10) <0.001 

Log(NT-proBNP) -4.36 (-6.80, -1.91) 0.001 

VAI (CMR) -7.00 (-13.1, -0.86) 0.027 

 
Abbreviations: as above. 
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6.3 Determinants of myocardial perfusion 

6.3.1 Associations with MPR 

As outlined in chapter-5, MPR was quantifiable in 165 patients. The univariate 

associations of global MPR are listed in Table 44 and Table 45. MPR was inversely 

related to age, NT-proBNP, AS severity, LV mass/volume, ECV, AoV and coronary 

calcium scores, VAI (CMR) and resting LVRPP. It was directly related to 

longitudinal strain and diastolic strain rate on echo and exercise LVRPP. We 

deliberately excluded other exercise parameters, as a low MPR is likely to impair 

exercise tolerance, rather than the other way round. 

Table 44. Univariate associations of MPR: anthropometric, echocardiographic and CT 

variables 

 

 
Abbreviations: AV Vmax=peak aortic jet velocity, MPG=mean pressure gradient, AVAI=aortic 
valve aread indexed, PSS=peak systolic strain, PSSR=peak systolic strain rate, PSEDSR=peak 
early diastolic strain rate, L=longitudinal, VAI=valvulo-arterial impedance, AoV Ca2+ 
score=aortic valve calcium score, TTE=trans-thoracic echocardiogram. (*p<0.05). Units as 
above. 
 

Variable Estimate (95% CI) p-value 

Age (per year) -0.02 (-0.03, -0.01) <0.001* 

Gender (M) 0.11 (-0.14, 0.37) 0.380 

NT-proBNP -0.11 (-0.16, -0.05) <0.001* 

AV Vmax -0.37 (-0.55, -0.18) <0.001* 

MPG -0.01 (-0.02, -0.01) 0.001* 

AVAI 0.89 (0.13, 1.66) 0.022* 

Septal E/e’ -0.02 (-0.05, 0.01) 0.128 

Lateral E/e’ 0.03 (-0.01, 0.07) 0.110 

PSS-L (TTE) -0.07 (-0.11, -0.02) 0.005* 

PSSR-L (TTE) -0.22 (-0.84, 0.40) 0.477 

PEDSR-L (TTE) 0.80 (0.20, 1.40) 0.009* 

VAI (TTE) -0.08 (-0.18, 0.02) 0.123 

AoV Ca2+ score -0.05 (-0.08, -0.02) 0.002* 

Log (AoV Ca2+ score) -0.17 (-0.30, -0.05) 0.007* 

Log (Coronary Ca2+ score) -0.09 (-0.15, -0.03) 0.002* 
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Table 45. Univariate associations of MPR: CMR variables 

 

 

 

 
 
 
 
 
 
 
 
 
  
 
 

Abbreviations: VAI=valvulo-arterial impedance, LVEDVI=left ventricular end-diastolic volume 
indexed to BSA, LVEF=LV ejection fraction, LVMI=LV mass indexed to BSA, MBF=myocardial 
blood flow, LGE=late gadolinium enhancement, ECV=extracellular volume fraction, 
AA=ascending aorta, PWV=pulse wave velocity, PSS=peak systolic strain, PSSR=peak systolic 
strain rate, PSEDSR=peak early diastolic strain rate, C=circumferential, L=longitudinal. 
(*p<0.05). Units as above. 
 

Table 46. Multivariate associations of MPR 

Variable HR (95% CI) p-value 

AV Vmax -0.40 (-0.52, -0.27) <0.001 

ECV -0.09 (-0.17, -0.02) 0.018 

 
Abbreviations: as above. 
 

Variable Estimate (95% CI) p-value 

VAI (CMR) -0.22 (-0.35, -0.09) 0.001* 

LVEDVI  0.00 (-0.00, 0.01) 0.480 

LVEF  0.01 (-0.01, 0.03) 0.402 

LV mass/volume  -1.55 (-2.48, -0.63) 0.001* 

LVMI -0.00 (-0.01, 0.00) 0.259 

Stress MBF 0.69 (0.58, 0.80) <0.001* 

Rest MBF -0.94 (-1.31, -0.56) <0.001* 

LGE presence 0.04 (-0.17, -0.26) 0.694 

LGE % -0.02 (-0.05, 0.01) 0.237 

Native T1 (ms) 0.00(-0.00, 0.00) 0.432 

ECV -0.08 (-0.13, -0.03) 0.002* 

AA distensibility 0.09 (-0.01, 0.18) 0.066 

PWV -0.02 (-0.05, 0.01) 0.190 

PSS-C (CMR) -0.01 (-0.03, 0.02) 0.545 

PSSR-C (CMR) 0.15 (-0.13, 0.43) 0.281 

PEDSR-C (CMR) 0.13 (-0.14, 0.40) 0.349 

PSS-L (CMR) -0.00 (-0.04, 0.03) 0.863 

PSSR-L (CMR) 0.20 (-0.25, 0.65) 0.374 

PEDSR-L (CMR) 0.23 (-0.16, 0.62) 0.240 
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For stepwise multivariate analysis, clinically and/or statistically significant 

univariate variables (p<0.10) were entered into the model, after removing any co-

linear variables (e.g., including the most significant of AV Vmax, MPG and AVAI): 

age, gender, log(NT-proBNP), AV Vmax, septal/lateral E/e’, VAI(CMR), LV 

Mass/Volume, LVMI, LGE presence/%, native T1, ECV, AA distensibility, AV Ca2+ 

score and log (coronary Ca2+ score). Myocardial deformation parameters were 

excluded from multivariate analysis, as again, a low MPR is likely to cause 

impaired strain, rather than the other way round.  

 

AV Vmax and ECV remained independently associated with MPR (Table 46). 

6.3.2 Associations with rest MBF 

The univariate associations of rest MBF are shown in Table 47 and Table 48. Rest 

MBF was directly correlated with markers of myocardial deformation and LVEF, 

and it was negatively correlated with LA/LV volumes, LVMI and %LGE. There was 

no correlation with measures of AS severity, except CMR-derived VAI. 

 

For stepwise multivariate analysis, the following variables were entered into the 

model: age, gender, log(NT-proBNP), AV Vmax, septal E/e’, VAI (CMR), LVEDVI, 

LAVI, LVEF, LVMI, LGE %, native T1, ECV, AV Ca2+ score and log (coronary Ca2+ 

score).  

 

The independent associations of rest MBF were female gender, septal E/e’, LAVI 

and log (coronary Ca2+ score) (Table 49). 
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Table 47. Univariate associations of rest MBF: anthropometric, echocardiographic and 

CT variables 

Variable Estimate (95% CI) p-value 

Age -0.00 (-0.00, 0.00) 0.801 

Gender (M) -0.21 (-0.30, -0.11) <0.001* 

Log (NT-proBNP) -0.00 (-0.02, -0.02) 0.964 

AV Vmax 0.03 (-0.04, 0.10) 0.433 

MPG 0.00 (-0.00, 0.00) 0.538 

AVAI -0.20 (-0.49, 0.09) 0.185 

Septal E/e’ 0.00 (-0.01, 0.01) 0.422 

Lateral E/e’ 0.00 (-0.01, 0.02) 0.787 

PSS-L (TTE) -0.00 (-0.02, 0.01) 0.727 

PSSR-L (TTE) -0.33 (-0.56, -0.10) 0.006* 

PEDSR-L (TTE) 0.12 (-0.11, 0.36) 0.307 

VAI (TTE) 0.03 (-0.01, 0.07) 0.111 

AoV Ca2+ score -0.00 (-0.02, 0.01) 0.504 

Log (AoV Ca2+ score) -0.02 (-0.07, 0.03) 0.494 

Log (Coronary Ca2+ score) 0.02 (-0.01, 0.04) 0.158 

 

Abbreviations: AV Vmax=peak aortic jet velocity, MPG=mean pressure gradient, AVAI=aortic 
valve aread indexed, PSS=peak systolic strain, PSSR=peak systolic strain rate, PSEDSR=peak 
early diastolic strain rate, L=longitudinal, VAI=valvulo-arterial impedance, AoV Ca2+ 
score=aortic valve calcium score, TTE=trans-thoracic echocardiogram. (*p<0.05). Units as 
above. 
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Table 48. Univariate associations of rest MBF: CMR variables 

Variable Estimate (95% CI) p-value 

VAI (CMR) 0.07 (0.02, 0.12) 0.008* 

LVEDVI -0.00 (-0.01, -0.00) 0.004* 

LAVI  -0.00 (-0.01, -0.00) 0.006* 

LVEF  0.01 (0.00, 0.02) 0.013* 

LV mass/volume  -0.11 (-0.48, 0.25) 0.534 

LVMI -0.00 (-0.01, 0.00) 0.004* 

LVMI group (high vs. low) -0.05 (-0.13, 0.03) 0.228 

Stress MBF 0.14 (0.09, 0.20) <0.001* 

MPR -0.14 (-0.19, -0.08) <0.001* 

LGE presence 0.07 (-0.01, 0.15) 0.081 

LGE % -0.01 (-0.02, -0.00) 0.016* 

Native T1 (ms) -0.00(-0.00, 0.00) 0.060 

ECV 0.01 (-0.02, 0.03) 0.638 

AA distensibility 0.00 (-0.04, 0.04) 0.976 

PWV -0.01 (-0.02, 0.00) 0.183 

PSS-C (CMR) -0.00 (-0.01, 0.01) 0.555 

PSSR-C (CMR) -0.13 (-0.23, -0.03) 0.014* 

PEDSR-C (CMR) 0.17 (0.07, 0.27) <0.001* 

PSS-L (CMR) -0.02 (-0.03, -0.00) 0.010* 

PSSR-L (CMR) -0.28 (-0.44, -0.11) 0.001* 

PEDSR-L (CMR) 0.31 (0.17, 0.45) <0.001* 

 
Abbreviations: VAI=valvulo-arterial impedance, LVEDVI=left ventricular end-diastolic volume 
indexed to BSA, LAVI=left atrial volume indexed to BSA, LVEF=LV ejection fraction, LVMI=LV 
mass indexed to BSA, MBF=myocardial blood flow, MPR=myocardial perfusion reserve, 
LGE=late gadolinium enhancement, ECV=extracellular volume fraction, AA=ascending aorta, 
PWV=pulse wave velocity, PSS=peak systolic strain, PSSR=peak systolic strain rate, 
PSEDSR=peak early diastolic strain rate, C=circumferential, L=longitudinal. (*p<0.05). Units 
as above.  
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Table 49. Multivariate associations of rest MBF 

Variable HR (95% CI) p-value 

Gender (M) -0.37 (-0.50, -0.23) <0.001 

Septal E/e’ 0.01 (0.00, 0.03) 0.026 

LAVI (CMR) -0.01 (-0.01, -0.00) <0.001 

Log (coronary Ca2+ score) 0.03 (0.01, 0.05) 0.007 

 
Abbreviations: as above. 

6.3.3 Associations with stress MBF 

Table 50. Univariate associations of stress MBF: anthropometric, echocardiographic 

and CT variables 

Variable Estimate (95% CI) p-value 

Age -0.02 (-0.03, -0.01) <0.001* 

Gender (M) -0.30 (-0.55, -0.05) 0.020* 

Log (NT-proBNP) -0.12 (-0.17, -0.06) <0.001* 

AV Vmax -0.31 (-0.50, -0.12) 0.002* 

MPG -0.01 (-0.02, -0.00) 0.005* 

AVAI 0.37 (-0.41, 1.14) 0.351 

Septal E/e’ -0.01 (-0.04, 0.02) 0.479 

Lateral E/e’ 0.04 (-0.00, 0.07) 0.051 

PSS-L (TTE) -0.07 (-0.11, -0.02) 0.003* 

PSSR-L (TTE) -0.79 (-1.41, -0.18) 0.012* 

PEDSR-L (TTE) 1.07 (0.48, 1.66) <0.001* 

VAI (TTE) -0.01 (-0.11, 0.09) 0.878 

AoV Ca2+ score -0.05 (-0.08, -0.02) 0.002* 

Log (AoV Ca2+ score) -0.17 (-0.29, -0.05) 0.006* 

Log (Coronary Ca2+ score) -0.07 (-0.13, -0.01) 0.015* 

 
Abbreviations: AV Vmax=peak aortic jet velocity, MPG=mean pressure gradient, AVAI=aortic 
valve aread indexed, PSS=peak systolic strain, PSSR=peak systolic strain rate, PSEDSR=peak 
early diastolic strain rate, L=longitudinal, VAI=valvulo-arterial impedance, AoV Ca2+ 
score=aortic valve calcium score, TTE=trans-thoracic echocardiogram. (*p<0.05). Units as 
above. 
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Table 51. Univariate associations of stress MBF: CMR variables 

VAI (CMR) -0.10 (-0.24, 0.03) 0.122 

LVEDVI  -0.00 (-0.01, 0.00) 0.491 

LAVI  -0.01 (-0.02, -0.00) 0.004* 

LVEF  0.03 (0.01, 0.05) 0.012* 

LV mass/volume -1.61 (-2.53, -0.68) <0.001* 

LVMI -0.01 (-0.02, -0.00) 0.004* 

LVMI group (high vs. low) -0.22 (-0.43, -0.00) 0.047* 

Rest MBF 0.99 (0.61, 1.36) <0.001* 

MPR 0.70 (0.59, 0.81) <0.001* 

LGE presence 0.16 (-0.06, 0.37) 0.148 

LGE % -0.04 (-0.07, -0.01) 0.003* 

Native T1 (ms) -0.00(-0.00, 0.00) 0.711 

ECV -0.06 (-0.11, -0.01) 0.025* 

AA distensibility 0.12 (0.03, 0.21) 0.013* 

PWV -0.04 (-0.07, -0.00) 0.026* 

PSS-C (CMR) -0.01 (-0.04, 0.01) 0.234 

PSSR-C (CMR) -0.09 (-0.37, 0.19) 0.529 

PEDSR-C (CMR) 0.47 (0.22, 0.73) <0.001* 

PSS-L (CMR) -0.04 (-0.07, 0.00) 0.054 

PSSR-L (CMR) -0.31 (-0.75, 0.14) 0.178 

PEDSR-L (CMR) 0.78 (0.41, 1.15) <0.001* 

 
Abbreviations: VAI=valvulo-arterial impedance, LVEDVI=left ventricular end-diastolic volume 
indexed to BSA, LAVI=left atrial volume indexed to BSA, LVEF=LV ejection fraction, LVMI=LV 
mass indexed to BSA, MBF=myocardial blood flow, MPR=myocardial perfusion reserve, 
LGE=late gadolinium enhancement, ECV=extracellular volume fraction, AA=ascending aorta, 
PWV=pulse wave velocity, PSS=peak systolic strain, PSSR=peak systolic strain rate, 
PSEDSR=peak early diastolic strain rate, C=circumferential, L=longitudinal. (*p<0.05). Units 
as above.  

 

Univariate associations with stress MBF are shown in Table 50 and Table 51. 

Stress MBF was inversely related to age, NT-proBNP, AS severity, AV / coronary 

Ca2+ scores, LAVI, PWV, LV mass, %LGE and ECV, while it was directly associated 

Variable Estimate (95% CI) p-value 
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with female gender, parameters of myocardial deformation, systolic function and 

AA distensibility.  

 

For stepwise multivariate analysis, the following variables were entered into the 

model: age, gender, log(NT-proBNP), AV Vmax, septal/lateral E/e’, LAVI, LVEF, LV 

Mass/Volume, LVMI, LGE %, native T1, ECV, AA distensibility, PWV, AV Ca2+ score 

and log (coronary Ca2+ score). The independent associations of stress MBF were 

age, AV Vmax and LVEF (Table 52). 

Table 52. Multivariate associations of stress MBF 

Variable HR (95% CI) p-value 

Age -0.02 (-0.03, -0.00) 0.009 

AV Vmax -0.38 (-0.49, -0.27) <0.001 

LVEF (CMR) 0.03 (0.01, 0.06) 0.008 

 
Abbreviations: as above. 
 

6.4 Discussion 

6.4.1 Exercise capacity 

Studies assessing the determinants of exercise capacity in AS have looked at 

various measures of ‘maximal exercise capacity’ including total exercise time 

(150, 198, 199), peak VO2 (108, 200, 201) and positive ETT (variable 

definitions)(27, 55, 184). We chose to look at age- and sex-corrected peak VO2 as 

this is the most objective assessment of aerobic exercise capacity. In addition, we 

also looked at determinants of age- and sex-corrected peak workload, due to 

missing gas exchange data in 30 patients. 

6.4.1.1 Age and sex-corrected peak VO2 

We found MPR and PSS-L (TTE) to be independently associated with age- and sex-

corrected peak VO2. This is in partial agreement with the few studies that have 

looked at this, and have found age, VAI(200), MPR(108), gender and PSS-L 

(basal)(201) to be amongst multivariate determinants of peak VO2 in AS. 
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Somewhat surprisingly, Dulgheru et al’s group did not correct for age and gender, 

despite peak VO2 being associated with both in their studies, and also being well 

recognised to be lower in females and decrease with age.  

 

The only other study looking at CMR associations of peak VO2 also showed 

univariate associations with age, gender, rest MBF and MPR, and no associations 

with LGE or LVEF, similar to our findings(108). In contrast, we also found 

univariate associations with LV mass/volume and AVAI, which may partly be due 

to our larger sample size and wider range of severity of AS included. Most studies 

have not found resting measures of AS severity to be associated with exercise 

capacity, with the exception of Das et al (198), where EOA was associated with 

total exercise time in a similar cohort of patients to ours, though again, no 

correction for age/gender was used, and they did not perform multivariate 

analysis, which probably explains this discrepancy.  

 

Our findings provide interesting insights into the mechanism of exercise limitation 

in these ‘asymptomatic’ patients with AS. Even at this early stage of disease, a 

normal resting MBF is maintained, thought to be due to vasodilation which may 

be near maximal in some, which in turn reduces their ability to increase MBF on 

exercise, leading to the lower MPR (as demonstrated in Chapter-5 compared to 

controls). The increase in HR caused by exercise leads to reduced diastolic 

perfusion time, which may further impair myocardial perfusion(19, 195). This in 

turn leads to subendocardial dysfunction/ischaemia, with a reduction in cardiac 

output and a reduced exercise capacity. The finding of PSS-L also being 

independently associated with peak VO2 also supports this hypothesis, as 

subendocardial ischaemia affects the longitudinal fibres first, leading to 

impairment of longitudinal function before circumferential or global function is 

affected, therefore, those with a lower MPR leading to a lower PSS-L will be not 

be able to increase cardiac output appropriately and to increase workload. 
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6.4.1.2 Age and sex-corrected peak workload 

All univariate associations with peak workload (MPR, rest MBF and NT-proBNP) 

were also associated with peak VO2, except lateral E/e’. NT-proBNP and VAI (CMR) 

were independently associated with age- and sex-corrected peak workload as a 

measure of exercise capacity. No other study has specifically looked at predictors 

of peak workload in AS.  

 

BNP is secreted by the LV in response to increased wall stress, and has been 

shown to be associated with AS severity, symptoms, LV function and outcome in 

AS(45). It may therefore imply that those with an elevated NT-proBNP represent 

those with increased wall stress, at the verge of ‘decompensation’ and symptom 

development, and NT-proBNP is therefore a determinant of exercise capacity 

because pressure overload and remodeling. One other CMR study looking at 

determinants of a 6-minute walk test in severe AS also found BNP and % diffuse 

fibrosis to be independent associated, after age and sex were also entered into 

the model(101). We did not find markers of focal or diffuse fibrosis to be 

associated with exercise capacity in our cohort despite the independent 

association with MPR. This may again be due to our cohort being at an earlier 

‘compensated’ stage of disease compared to the severe, mostly symptomatic AS 

patients studied in their study. 

 

VAI, which is a measure of global LV afterload that incorporates the valvular and 

arterial load on the LV, has been associated with LV function, symptom onset and 

outcome in AS(40, 202). VAI was also found to be a multivariate association of 

peak VO2 in Dulgheru’s study of a similar cohort of patients, though they did not 

correct for age and sex(200). The increased afterload on the LV in AS requires the 

LV to generate higher pressures at rest in order to maintain cardiac output, thus 

increasing the myocardial oxygen demand at rest, which may in turn impair their 

ability to increase flow adequately during exercise, and therefore lead to reduced 

exercise capacity. The increased LV wall stress would also in-turn lead to 

increased NT-proBNP production. VAI has also been shown to be inversely 
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correlated with longitudinal function in AS(203), and would further support the 

hypothesis linking VAI, MPR and longitudinal function as mechanisms for reduced 

exercise capacity.  

 

It is important to acknowledge that some of the previous findings may have been 

due to the effects of gender, as female patients are known to have smaller stroke 

volumes with more concentric remodeling(204), which can in turn leads to higher 

VAI compared to males, possibly suggesting a greater severity of AS for a given 

PPG in females. A major strength of our study compared to previous studies, is 

the fact we have measured TTE, CMR and CPET variables in all patients, and 

corrected for age and gender. Other parameters that have been shown to be 

independently associated with exercise capacity in AS include change in MPG / 

PSS-L / LVEF on exercise (measures of valve compliance and contractile 

reserve)(55, 184), which we either did not assess or find in our study.  

6.4.2 Blood flow and perfusion reserve 

There have been very few studies looking at determinants of MBF and MPR using 

CMR in patients with AS.  

6.4.2.1 MPR 

The only other study looking at CMR-measured absolute MBF and MPR 

quantification was done at our centre in patients with severe AS(108), and found 

gender, AV Vmax, MPG, septal E/e’, LV mass/volume, LVMI and LGE to be 

univariate associations of MPR, out of which LGE and LVMI remained 

independently associated on multivariate analysis. Another study assessed CMR-

measured semi-quantitative MPRI in severe AS, and found similar univariate 

associtaions: AVA, LVMI, LGE presence (but not %) and PSS-C though multivariate 

analysis was not performed(205). Similar to those studies, we also found 

univariate associations with measures of AS severity (AV Vmax, MPG, AVAI) and 

remodeling (LV mass/volume). Other studies that have used PET or Doppler TTE 

to assess MPR or CFR in AS have also found markers of AS severity (PPG / AVA / 
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EOA)(24, 206, 207), rest LVRPP(24, 191), DPT(24), NT-proBNP, and pulmonary 

artery systolic pressure(191) to be associated with MPR/CFR. 

 

Compared to our previous study in severe AS patients undergoing AVR(108), LGE 

and LVMI were not found to be independently associated with MPR in our cohort 

of asymptomatic patients, where as, for the first time, we have shown ECV to be 

independently associated with MPR. Of note, T1 mapping was not assessed in 

Steadman’s study, in fact, no other study has assessed T1 mapping and MPR in 

patients with AS. One of the reasons for LVMI and LGE not being associated wiih 

MPR may be the earlier stage of disease in our cohort (all asymptomatic). Whilst 

LGE may represent more irreversible replacement fibrosis, which is associated 

with post-AVR outcomes in severe disease, it may not be a predictor of MPR or 

symptoms in the earlier stages of AS. ECV however, is thought to represent 

diffuse interstitial fibrosis, which occurs earlier, may be reversible, and can lead to 

impaired MPR via the relatively reduced arteriolar/ capillary density associated 

with the LV remodeling and interstitial fibrosis seen in AS. Ours is by the far the 

largest cohort of AS patients to date who have had determinants of MPR/MBF 

assessed (previous sample sizes: 20-77(24, 207)). The larger sample size has 

allowed us to include more variables in the multivariate model without the risk of 

over-fitting, but this may also account for differences seen compared to previous 

studies. 

6.4.2.2 Rest and stress MBF 

Rest MBF has previously been shown to be associated with gender, rest 

LVRPP(108), measures of AS severity (MPG, EOA)(206) and LVMI(24) in AS. We 

found septal E/e’ (a measure of LV filling pressure), LAVI, female gender and log 

(coronary Ca2+ score) to be independently associated with rest MBF, but not 

markers of AS severity.  As mentioned above, the increased global afterload in AS 

leads to increased myocardial oxygen demand at rest, which is maintained by 

increased rest MBF (as demonstrated by the positive correlation of rest MBF with 

both septal E/e’ and VAI). Somewhat surprisingly, there was a negative 
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correlation with LAVI, which may be a spurious result as the effect size was small, 

but it may also represent more advanced stage of remodeling. Our patient cohort 

represent a varied severity of AS, and therefore some may be at an earlier 

compensated phase, whilst others may be at the later stage of impending 

decompensation, which might account for the differences seen compared to 

previous studies. It is hard to physiologically account for the positive correlation 

with coronary Ca2+ score, which is likely to represent a spurious result. 

 

Associations of stress MBF has only been reported in one other study in AS, and 

included AVA and hyperaemic DPT(24). Similar to this, we also found AS severity 

(AV Vmax) to be independently associated, in addition to age and LVEF. This may 

again be due to these patients being in a state of compensation, with supra-

normal systolic function (as discussed further in Section 7.7.2.2), and preserved 

ability to increase MBF on exercise. The ‘supra-normal’ contractile function is 

probably able to better increase the cardiac output during stress. It is also 

possible however, that LVEF is co-linear with other variables in the model, such as 

age and gender, as younger female patients would have a higher LVEF (59.2 ± 

4.49% vs. 55.9 ± 4.84% in our females and male patients respectively, p<0.05). 

6.4.3 Potential novel therapeutic targets 

The above findings provide interesting insights into the pathophysiology of 

exercise limitation and myocardial perfusion in these patients, as well as 

identifying potential therapeutic targets, which could delay disease progression 

and symptom onset, thereby reducing the number of AVR/TAVI needed. These 

asymptomatic patients with moderate-severe AS exhibit early LV remodeling, 

with the valve obstruction leading to increased LV filling pressures and global 

afterload, as well as possible diffuse interstitial fibrosis. These changes lead to 

reduced capillary density but increased myocardial oxygen demand at rest, which 

is most likely maintained through near-maximal capillary dilatation. There is 

therefore a reduced ability to increase MBF on exercise, leading to a reduced 

MPR and subendocardial myocardial ischaemia on exercise, with consequently 
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reduced longitudinal function. These changes also lead to reduced exercise 

capacity, and probably the eventual onset of symptoms once the compensatory 

mechanisms fail. 

 

The renin-angiotensin system (RAS) is thought to play an important role in 

regulating LVH and myocardial fibrosis, and its inhibition has been shown to 

reduce fibrosis and improve diastolic function in hypertensive patients(208). Our 

findings suggest that anti-fibrotic therapy in AS could potentially lead to improved 

MPR, and therefore improved exercise capacity in AS. A recent placebo-control 

trial of Ramipril in asymptomatic patients with moderate-severe AS showed 

significant reduction in LVMI compared to placebo after one year of treatment, 

though no change was demonstrated in MPRI, T1 or exercise tolerance(118). 

However, MPRI was only assessed in a third of the cohort (so could represent a 

type-II error), ECV was not calculated, and the cohort were at an early stage of 

disease (like ours), and may therefore not have had a high enough burden of 

fibrosis to show improvement in such a short period of time. 

 

Another novel therapeutic target in AS includes calcium metabolism, and 

although we did not show AV calcification to be a multivariate association, it was 

a univariate association of both MPR and stress MBF in our cohort. A study 

investigating the role of anti-osteoporosis drugs in AS is currently under way(117) 

to see if targeting this pathway may alter disease progression in AS 

(NCT02132026). 

 

The role of Ranolazine, a late-sodium channel inhibitor, that leads to decreased 

intra-cellular Ca2+ concentration and has been shown to improve diastolic 

function and myocardial perfusion in small studies, has already been explored in 

AS as part of this thesis (Chapter-4). Although the findings were not statistically 

significant, it merits further investigation in a larger cohort of patients, perhaps 

with more advanced disease. 
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6.5 Conclusion 

Our data looking at determinants of exercise capacity and myocardial perfusion in 

asymptomatic patients with moderate-severe AS provides interesting insights into 

the pathophysiology of exercise limitation and symptom development, and 

identifies potential therapeutic targets for the future. We have shown a link 

between increased global afterload caused by the AS, reduced MPR, impaired 

longitudinal function and reduced exercise capacity, even in the early 

compensated phase of the disease. This is the largest cohort of such patients to 

date to have TTE, CPET and CMR assessment, and determinants of age- and sex-

corrected exercise capacity looked at, which is an added strength of our study. 
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CHAPTER SEVEN 

 

 

 

 

7 A COMPARISON OF EXERCISE TESTING AND STRESS CMR 

TO PREDICT OUTCOME IN ASYMPTOMATIC PATIENTS WITH 

AS 
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7.1 Introduction 

This chapter describes the results of the main PRIMID-AS study, the full methods 

for which have been described in chapter-2. The main aim of the PRIMID-AS study 

was to compare MPR with symptom limited exercise testing as predictors of 

outcome in asymptomatic patients with moderate to severe AS. 

7.2 Primary and secondary outcomes definitions 

The recruitment flowchart with follow-up data is shown in Figure 50. All included 

patients were followed up for a minimum of 12 months, or until a pre-defined 

outcome was reached, and a maximum of 30 months. The median follow-up time 

was 374 (IQR 351-498) days. 

 

Figure 50. Recruitment and outcomes reached 

A primary outcome (symptom-driven AVR, cardiovascular death and MACE at 12 

months) occurred in 39 patients (22.4%), all of who developed typical symptoms 

and 1 died within 12 months (after development of symptoms). 
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We decided to look at a further three secondary outcomes, as the outcomes were 

assessed at two time periods: 12 months from recruitment (pre-defined primary 

outcome) as well as the total duration of the study. For the secondary outcomes, 

the numbers were:  

-Secondary outcome-1 (composite primary endpoint over entire study period) = 

47 (27.01%): 46 developed symptoms, 2 deaths (1 sudden cardiac death (SCD) 

and 1 after symptom onset). 

-Secondary outcome-2 (all AVRs, deaths, MACE at 12 months) = 49 (28.2%): 39 

developed symptoms, 1 death (after symptom onset), 10 AVR before symptoms 

at Clinician’s discretion.  

-Secondary outcome-3 (all AVRs, deaths, MACE over entire study period) = 60 

(34.5%): 46 developed symptoms, 2 deaths (1 SCD and 1 after symptom onset), 

13 AVR before symptoms. 

 

The decision to refer for AVR was at the discretion of the clinician looking after 

the patient, who remained blinded to the results of the tests carried out as part of 

the study, so as not to bias their decision. There was also an independent ‘events 

adjudication committee’ who classified all events as primary or secondary by 

assessessing blinded clinic letters of referral.  

7.3 Primary outcome 

7.3.1 Demographic data 

The demographic data for the overall population, as well as those with and 

without a primary outcome, is shown in Table 53. 

 

The outcome group had a greater proportion of females, higher NT-proBNP, 

lower BSA, Hb and eGFR than those without an outcome. There was no difference 

in resting haemodynamics, co-morbidities and medication between the two 

groups. 
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Table 53. Demographic data for those with and without a Primary outcome 

 Primary outcome 
(n=39) 

No primary 
outcome (n=135) 

p-value 

Age (years) 68.4 ± 12.0 65.6 ± 13.7 0.245 

Male (n (%)) 22 (56.4) 111 (82.2) <0.001* 

BSA (m2) 1.9 ± 0.19 2.0 ± 0.21 0.011* 

BMI (kg/m2) 27.4 ± 4.1 28.2 ± 4.2 0.299 

Resting HR (bpm) 70.6 ± 14.3 70.2 ± 10.5 0.894 

Resting SBP (mmHg) 147.4 ± 22.9 146.7 ± 20.6 0.861 

Resting DBP (mmHg) 74.9 ± 10.4 77.8 ± 10.7 0.128 

Diabetes (n (%)) 8 (20.5) 17 (12.6) 0.214 

Hypertension (n (%)) 20 (51.3) 73 (54.1) 0.758 

Hyperlipidaemia (n (%)) 17 (43.6) 75 (55.6) 0.404 

ACE-I/ARB (n (%)) 14 (35.9) 63 (46.7) 0.233 

Beta-blocker (n (%)) 18 (46.2) 36 (26.7) 0.021 

Statin 21 (53.8) 84 (62.2) 0.346 

NT-proBNP (pmol/L) 120.8 (38.3, 278.7) 50.3 (17.2, 132.0) 0.006* 

Hb (g/dL) 13.8 ± 1.2 14.4 ± 1.2 0.005* 

Hct 0.415 ± 0.036 0.428 ± 0.034 0.037* 

Hba1c (%) 6.0 ± 0.68 5.9 ± 0.85 0.594 

eGFR (ml/min) 79 ± 18.7 90 ± 30.5 0.008* 

 
Abbreviations: BSA=body surface area, HR=heart rate, SBP/DBP=systolic/diastolic blood 
pressure, ACE-I=angiotensin converting enzyme inhibitor, ARB=angiotensin II receptor 
blocker, NT-proBNP=N terminal brain natriuretic peptide, Hb=haemoglobin, 
Hct=haematocrit, eGFR=estimated glomerular filtration rate 

 

7.3.2 Echocardiographic and ECG data 

Table 54 demonstrates the echocardiographic and ECG data. Patients who 

reached a primary outcome had more severe AS, higher resting and LVRPP.  The 

increase in VAI was of borderline significance. 
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Table 54. Echocardiographic and ECG data for those with and without a Primary 

outcome 

 Primary outcome 
(n=39) 

No primary outcome 
(n=135) 

p-value 

AV Vmax (m/s) 4.17 ± 0.63 3.77 ± 0.51 <0.001* 

MPG (mmHg) 42.6 ± 14.8 33.3 ± 10.9 <0.001* 

AVAI (cm2/m2) 0.50 ± 0.15 0.59 ± 0.13 <0.001* 

E/A 0.86 ± 0.32 0.89 ± 0.28 0.690 

Septal E/e’ 13.36 ± 6.01 11.97 ± 4.46 0.198 

Lateral E/e’ 10.70 ± 3.58 9.65 ± 3.75 0.129 

DPT (ms) 584.4 ± 145.3 624.7 ± 160.3 0.161 

Longitudinal PSS (%) -18.05 ± 2.46 -18.21 ± 2.84 0.796 

Longitudinal PSSR (1/s) -1.00 ± 0.23 -1.00 ± 0.20 0.939 

Longitudinal PEDSR (1/s) 0.80 ± 0.19 0.78 ± 0.22 0.672 

Resting LVRPP 
(mmHg.bpm.10-4) 

1.48 ± 0.34 1.34 ± 0.27 0.024* 

VAI (Echo) (mmHg/ml/m2) 4.24 ± 1.15 3.88 ± 1.02 0.059 

Sokolow criteria (n(%)) 2 (5.1) 16 (11.9) 0.370 

Cornell criteria (n(%)) 9 (23.1) 22 (16.3) 0.330 

 
Abbreviations: AV Vmax=peak aortic jet velocity, MPG=mean pressure gradient, AVAI=aortic 
valve area indexed to BSA, DPT=diastolic perfusion time, PSS=peak systolic strain, PSSR=peak 
systolic strain rate, PEDSR=peak early diastolic strain rate, LVRPP=left ventricular rate 
pressure product, VAI=valvulo-arterial impedance 

7.3.3 Cardiopulmonary exercise testing data 

CPET data are shown in Table 55. As mentioned in the previous chapter, two 

patients did not complete a CPET (equipment unavailability and knee 

replacement). There was no significant difference in the total exercise duration 

between those with and without a primary outcome. Although the peak workload 

achieved was lower in the outcome group, there was no significant difference in 

the percentage predicted workload or exercise duration between the two groups, 

suggesting a similar level of exercise achieved when accounting for age, sex and 

weight.  
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Table 55. CPET data for those with and without a Primary outcome 

 Primary 
outcome (n=38) 

No primary outcome 
(n=134) 

p-value 

Exercise duration (min) 8.02 ± 2.45 8.63 ± 1.86 0.163 

% predicted HR (%) 86.5 ± 12.5 86.9 ± 11.7 0.869 

Rise in SBP (mmHg) 34.0 ± 22.3 44.0 ± 21.9 0.018* 

Exercise LVRPP (mmHg.bpm.10-4) 3.49 ± 0.71 3.53 ± 0.74 0.764 

Peak VO2 (ml/kg/min) 14.8 ± 5.3 18.4 ± 5.4 0.002* 

% Predicted VO2 (%) 65.2 ± 19.2 75.0 ± 16.2 0.005* 

Peak workload achieved (W) 90 ± 32.1 116 ± 40.4 <0.001* 

% Predicted workload (%) 83.0 ± 27.3 87.3 ± 27.5 0.391 

Peak RER 1.11 ± 0.13 1.12 ± 0.15 0.683 

Positive test (strict) (n(%)) 8 (21.1) 11 (8.2) 0.026* 

Positive test (conventional) (n(%)) 17 (44.7) 38 (28.4) 0.056 

Reason for stopping (n(%)): 
Chest pain 
Dyspnoea 

General fatigue 
Leg fatigue 
Arrhythmia 

Hypertension 
Other 

 
1 (2.6) 

14 (36.8) 
2 (5.3) 

15 (39.5) 
1 (2.6) 
0 (0.0) 

5 (13.2) 

 
3 (2.2) 

29 (21.6) 
20 (14.9) 
58 (43.3) 

0 (0.0) 
1 (0.7) 

23 (17.2) 

0.163 
 

 
Abbreviations: HR=heart rate, SBP=systolic blood pressure, LVRPP=left ventricular rate 
pressure product, VO2=oxygen uptake, RER=respiratory exchange ratio. 

 

However, the rise in systolic blood pressure and the peak / percentage predicted 

VO2 achieved was significantly lower in the outcome group. There were also a 

significantly greater proportion of positive tests using the strict, but not the 

conventional definition in the outcome group, which was of borderline statistical 

significance.  

7.3.4 Cardiac Magnetic Resonance imaging data 

All included patients completed a stress CMR scan, with no complications.  

7.3.4.1 CMR volumetric, myocardial deformation and distensibility data 

Volumetric, myocardial deformation and distensibility data are shown in Table 56. 
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Table 56. CMR volumetric, myocardial deformation and distensibility data for those 

with and without a Primary outcome 

 Primary outcome 
(n=39) 

No primary outcome 
(n=135) 

p-
value 

LVEDVI (ml/m2) 82.87 ± 14.94 88.94 ± 18.95 0.068 

LVESVI (ml/m2) 35.22 ± 8.99 39.17 ± 10.95 0.041* 

LVSV (ml) 90.0 ± 16.6 99.0 ± 24.4 0.008* 

LVSVI (ml/m2) 47.65 ± 7.82 49.79 ± 9.67 0.207 

LVEF (%) 57.8 ± 4.80 56.4 ± 4.96 0.103 

LVMI (g/m2) 56.32 ± 12.22 58.09 ± 14.3 0.484 

LV mass/volume (g/ml) 0.69 ± 0.12 0.66 ± 0.11 0.165 

LAVI (ml/m2) 57.76 ± 18.16 54.12 ± 13.54 0.252 

RVEDVI (ml/m2) 84.58 ± 15.35 89.28 ± 14.98 0.087 

VAI (MRI) (mmHg/ml/m2) 4.08 ± 0.78 3.74 ± 0.81 0.020* 

Longitudinal PSS (%) -18.77 ± 3.39 -18.40 ± 2.91 0.495 

Longitudinal PSSR (1/s) -1.12 ± 0.23 -1.09 ± 0.24 0.483 

Longitudinal PEDSR (1/s) 1.16 ± 0.31 1.07 ± 0.27 0.072 

Circumferential PSS (%) -29.52 ± 4.42 -27.68 ± 4.66 0.029* 

Circumferential PSSR (1/s) -1.82 ± 0.35 -1.71 ± 0.40 0.110 

Circumferential PEDSR (1/s) 1.79 ± 0.38 1.64 ± 0.41 0.042* 

AA distensibility  
(10-3mmHg-1) 

1.84 ± 1.04 1.94 ± 1.23 0.652 

DA distensibility  
(10-3mmHg-1) 

2.30 ± 1.62 2.06 ± 1.44 0.397 

PWV (m/s) 7.45 ± 3.02 8.66 ± 3.67 0.072 

 
Abbreviations: LVEDVI=left ventricular end-diastolic volume indexed to BSA, LVESVI=left 
ventricular end systolic volume indexed to BSA, LVSV=left ventricular stroke volume, 
LVSVI=LVSV indexed to BSA, LVEF=left ventricular ejection fraction, LVMI=left ventricular 
mass indexed to BSA, LAVI=left atrial volume indexed to BSA, RVESVI=right ventricular end 
diastolic volume indexed to BSA, VAI=valvulo-arterial impedance, PSS=peak systolic strain, 
PSSR=peak systolic strain rate, PEDSR=peak early diastolic strain rate, AA=ascending aorta, 
DA=descending aorta, PWV=pulse wave velocity 
 

 

There was no significant difference in end-diastolic volume, mass and EF. The 

indexed end-systolic volume was lower in the outcome group, as was the 

absolute stroke volume, though when indexed to BSA, there was no difference. 

The VAI using CMR-derived stroke volume was significantly higher in those with a 

primary outcome, suggesting more severe haemodynamic load. Overall, there 
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was no difference in the CMR measured myocardial deformation data, with the 

exception of a higher circumferential PSS and PEDSR in the primary outcome 

group (measured using endocardial contours only on Feature Tracking). There 

was no significant difference in measures of aortic stiffness between the two 

groups. 

7.3.4.2 Contrast Enhanced CMR  

The contrast-enhanced CMR data is presented in Table 57. The total MBF was 

calculated by multiplying the MBF by the LVMI. The primary outcome group had a 

significantly lower global MPR and total stress MBF, with similar rest MBF. There 

was no significant difference in either LGE, native T1 time or ECV between those 

with and without a primary outcome. 

Table 57. CMR perfusion and fibrosis data for those with and without a Primary 

outcome 

 Primary outcome 
(n=39) 

No primary outcome 
(n=135) 

p-
value 

Global stress MBF (ml/min/g) 2.07 ± 0.66 2.19 ± 0.71 0.373 

Global rest MBF (ml/min/g) 1.07 ± 0.39 0.95 ± 0.21 0.089 

Total stress MBF (ml/min/m2) 111.50 ± 29.06 125.59 ± 47.96 0.029* 

Total rest MBF (ml/min/m2) 57.68 ± 17.12 54.92 ± 16.39 0.366 

Global MPR 2.04 ± 0.63 2.33 ± 0.71 0.026* 

LGE present (n,%) 18 (46.2) 64 (47.4) 0.890 

% LGE (%) 4.0 ± 3.03 4.3 ± 3.95 0.714 

Native myocardial T1 (ms) 1116.8 ± 64.21 1137.1 ± 70.88 0.162 

ECV (%) 25.52 ± 2.52 24.59 ± 2.37 0.074 

 
Abbreviations: MPR=myocardial perfusion reserve, MBF=myocardial blood flow, LGE=late 
gadolinium enhancement, ECV=extracellular volume fraction 
 

7.3.5 CT data 

Results are shown in Table 58.  There was wide range present, with no significant 

difference in AV or coronary calcium scores between the two groups. 
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Table 58. CT data for those with and without a Primary outcome 

 Primary outcome 
(n=39)  

No primary outcome 
(n=133) 

p-
value  

AoV Ca2+ score 2107.0 (1275, 3398) 1864.0 (1169, 3034) 0.515 

Coronary artery Ca2+ score 400.5 (6.8, 934.0) 276.5 (5.5, 950.0) 0.678 

 
Abbreviations: AoV Ca2+ score= aortic valve calcium score (median and inter-quartile range 
displayed) 
 

7.3.6 Univariate associations with primary outcome 

Table 59. Univariate associations of primary outcome (adjusted for gender) 

Variable HR (95% CI) p-value 

AV Vmax 3.17 (1.87 - 5.39) <0.001* 

MPG 1.05 (1.03 - 1.08) <0.001* 

AVA 0.08 (0.02-0.29) <0.001* 

AVAI 0.60 (0.46 - 0.79) <0.001* 

VAI (Echo) 1.35 (1.05 - 1.74) 0.020* 

VAI (CMR) 1.50 (1.04 - 2.17) 0.030* 

LV mass / Volume (CMR) 1.38 (1.06 - 1.80) 0.017* 

MPR 0.58 (0.35-0.95) 0.032* 

AoV Ca2+ score 1.00 (1.01-1.21) 0.025* 

Log (AoV Ca2+ score) 1.92 (1.18-3.13) 0.009* 

Log (NT-proBNP) 1.33 (1.07-1.66) 0.010* 

Positive CPET (strict) 4.76 (2.05 - 11.03) <0.001* 

Positive CPET (conventional) 1.78 (0.93 - 3.38) 0.080 

Peak VO2 0.90 (0.83-0.97) 0.007* 

% Predicted workload achieved 0.98 (0.97 - 1.00) 0.019* 

% Predicted VO2 achieved 0.96 (0.94 - 0.98) <0.001* 

Resting LVRPP 3.14 (1.17-8.39) 0.023* 

 

Abbreviations: AV Vmax=peak aortic jet velocity, MPG=mean pressure gradient, AVA=aortic 
valve area, AVAI=AVA indexed to BSA, VAI=valvulo-arterial impedance, MPR=myocardial 
perfusion reserve, AoV Ca2+ score=aortic valve calcium score, CPET=cardiopulmonary 
exercise test, VO2=oxygen consumption, LVRPP=left ventricular rate pressure product 

 

The univariate associations of the primary outcome, adjusted for gender, are 

displayed in Table 59. These include measures of AS severity, LV remodeling, 
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MPR, AV calcification, NT-proBNP, positive CPET (using strict definition) and 

measures of exercise capacity.  

7.3.7 Multivariate associations of primary outcome 

Stepwise multivariate analysis was performed separately for strict (Table 60) and 

conventionally (Table 61) defined positive CPET. Given the relatively low number 

of events, a maximum of five variables were entered into the model in addition to 

gender, and included: AVAI, MPR, LVM/volume, positive CPET and NT-proBNP. 

 

Multivariate predictors using strict CPET were female gender, low AVAI and 

positive (strict) CPET.  

Table 60. Multivariate associations of primary outcome (strict definition CPET) 

Variable HR (95% CI) p-value 

Gender (male) 0.32 (0.16 - 0.64) 0.001 

AVAI 0.55 (0.40 - 0.75) <0.001 

Positive CPET (strict) 4.39 (1.89 - 10.21) <0.001 

 

Abbreviations: AVAI=AVA indexed to BSA, CPET=cardiopulmonary exercise test. 

 

Multivariate predictors using conventional CPET were: female gender, low AVAI 

and high NT-ptoBNP. 

Table 61. Multivariate associations of primary outcome (conventional definition CPET) 

Variable HR (95% CI) p-value 

Gender (male) 0.43 (0.22 - 0.83) 0.012 

AVAI 0.56 (0.52 - 0.75) <0.001 

Log(NT-proBNP) 1.25 (1.01 - 1.54) 0.038 

 

Abbreviations: AVAI=AVA indexed to BSA, NT-proBNP=N-terminal pro-brain natriuretic 
peptide. 
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7.4 Secondary outcome-1: composite primary endpoint over entire 

study period 

The demographic, exercise and imaging data for those with and without a 

secondary outcome-1 (composite primary endpoint over entire study period, 

n=47) are tabulated in Appendix-2 (section 9.2).  

7.4.1 Univariate and multivariate associations of secondary outcome-1 

The univariate associations of secondary outcome-1, adjusted for gender, are 

shown in Table 62. Similar to the primary outcome, these include measures of AS 

severity, LV remodeling, MPR, AV calcification, NT-proBNP, positive CPET (using 

strict and conventional definitions this time) and measures of exercise capacity. 

Table 62. Univariate associations of secondary outcome-1 

Variable HR (95% CI) p-value 

AV Vmax 3.25 (1.99 - 5.31) <0.001 

MPG 1.05 (1.03 - 1.07) <0.001 

AVA 0.10 (0.03 - 0.33) <0.001 

AVAI 0.63 (0.50 - 0.80) <0.001 

VAI (Echo) 1.30 (1.04 - 1.63) 0.024 

VAI (CMR) 1.42 (1.02 - 1.98) 0.035 

LVMI group (high vs. low) 1.85 (1.02 - 3.34) 0.042 

LV mass/volume 1.32 (1.04 - 1.68) 0.023 

MPR 0.62 (0.39 - 0.97) 0.035 

AoV Ca2+ score 1.08 (1.00-1.18) 0.047 

Log (AoV Ca2+ score) 1.75 (1.13 - 2.73) 0.013 

Log (NT-proBNP) 1.28 (1.05 - 1.56) 0.015 

Positive CPET (strict) 4.17 (1.92 - 9.05) <0.001 

Positive CPET (conventional) 1.90 (1.06 - 3.42) 0.032 

Peak VO2 0.91 (0.85 - 0.98) 0.011 

% Predicted VO2 achieved 0.97 (0.95 - 0.99) 0.003 

Resting LVRPP 2.89 (1.14 - 7.37) 0.026 

Abbreviations: AV Vmax=peak aortic jet velocity, MPG=mean pressure gradient, AVA=aortic 
valve area, AVAI=AVA indexed to BSA, VAI=valvulo-arterial impedance, LVMI=left ventricular 
mass indexed to BSA, MPR=myocardial perfusion reserve, AoV Ca2+ score=aortic valve 
calcium score, CPET=cardiopulmonary exercise test, VO2=oxygen consumption, LVRPP=left 
ventricular rate pressure product 
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Table 63 and Table 64 show the results of stepwise multivariate analysis for the 

secondary outcome-1, after entering the following variables: gender, AVAI, MPR, 

LVM/volume, positive CPET, NT-proBNP.  

Table 63. Multivariate associations of secondary outcome-1 (strict definition CPET) 

Variable HR (95% CI) p-value 

Gender (male) 0.42 (0.22 - 0.79) 0.008 

AVAI 0.61 (0.47 - 0.80) <0.001 

Positive CPET (strict) 3.41 (1.55 - 7.50) 0.002 

 
Abbreviations: AVAI=AVA indexed to BSA, CPET=cardiopulmonary exercise test 

 

Table 64. Multivariate associations of secondary outcome-1 (conventional definition 

CPET) 

Variable HR (95% CI) p-value 

Gender (male) 0.54 (0.29 - 0.99) 0.045 

AVAI 0.60 (0.47 - 0.77) <0.001 

Log(NT-proBNP) 1.22 (1.00 - 1.48) 0.048 

 
Abbreviations: AVAI=AVA indexed to BSA, NT-proBNP=N-terminal pro-brain natriuretic 
peptide. 

 

Multivariate associations of the secondary outcome-1 using strict definition CPET 

included gender, AVAI and positive CPET. Using the conventional definition of 

CPET, these included gender, AVAI and NT-proBNP. 

7.5 Secondary outcome-2: all AVRs, deaths, MACE at 12 months 

The demographic, exercise and imaging data for those with and without a 

secondary outcome-2 (all AVR’s, deaths and MACE at 12 months, n=49) are 

tabulated in Appendix-3 (section 9.3). 

7.5.1 Univariate and multivariate associations of secondary outcome-2 

The univariate associations of secondary outcome-2, adjusted for gender, are 

listed in Table 65. Once again, these include measures of AS severity, LV 
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remodeling, MPR, AV calcification, NT-proBNP, positive CPET (using strict 

definition only) and measures of exercise capacity. 

Table 65. Univariate associations of secondary outcome-2 

Variable HR (95% CI) p-value 

AV Vmax 3.50 (2.18 - 5.62) <0.001 

MPG 1.06 (1.04 - 1.08) <0.001 

AVA 0.05 (0.02 - 0.18) <0.001 

AVAI 0.56 (0.44 - 0.72) <0.001 

VAI (Echo) 1.33 (1.06 - 1.67) 0.013 

VAI (CMR) 1.48 (1.07 - 2.06) 0.019 

LVMI group (high vs. low) 1.96 (1.10 - 3.51) 0.023 

LVMI (continuous) 1.02 (1.00 - 1.04) 0.040 

LV mass/volume 1.40 (1.11 – 1.77) 0.005 

LAVI 1.02 (1.00 – 1.04) 0.037 

MPR 0.55 (0.35 – 0.86) 0.009 

Stress MBF 0.63 (0.40 – 0.99) 0.045 

Total rest MBF (MBF x LVMI) 1.02 (1.00 - 1.04) 0.028 

AoV Ca2+ score 1.12 (1.04-1.21) 0.003 

Log (AoV Ca2+ score) 2.06 (1.31 - 3.23) 0.002 

Log (NT-proBNP) 1.29 (1.07 - 1.56) 0.008 

Positive CPET (strict) 4.03 (1.93 - 8.41) <0.001 

Positive CPET (conventional) 1.62 (0.91 - 2.88) 0.103 

Peak VO2 0.89 (0.83 - 0.96) 0.002 

% Predicted VO2 achieved 0.96 (0.94 - 0.98) <0.001 

% Predicted workload achieved 0.98 (0.97 - 1.00) 0.011 

Resting LVRPP 2.74 (1.11 - 6.72) 0.028 

 
Abbreviations: AV Vmax=peak aortic jet velocity, MPG=mean pressure gradient, AVA=aortic 
valve area, AVAI=AVA indexed to BSA, VAI=valvulo-arterial impedance, LVMI=left ventricular 
mass indexed to BSA, LAVI=left atrial volume indexed to BNSA, MPR=myocardial perfusion 
reserve, MBF=myocardial blood flow, AoV Ca2+ score=aortic valve calcium score, 
CPET=cardiopulmonary exercise test, VO2=oxygen consumption, LVRPP=left ventricular rate 
pressure product 

 

The results of stepwise multivariate analysis for the secondary outcome-2 are 

shown in Table 66 and Table 67, after entering the following variables: gender, 

AVAI, MPR, LVM/volume, positive CPET, NT-proBNP.  
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Multivariate associations of the secondary outcome-2 using strict definition CPET 

included gender, AVAI, MPR and positive CPET. Using the conventional definition 

of CPET, these included AVAI, MPR and positive CPET. 

Table 66. Multivariate associations of secondary outcome-2 (strict definition CPET) 

Variable HR (95% CI) p-value 

Gender (male) 0.52 (0.27 - 0.98) 0.042 

AVAI 0.54 (0.51 - 0.71) <0.001 

MPR 0.58 (0.35 - 0.96) 0.035 

Positive CPET (strict) 3.64 (1.75 - 7.59) <0.001 

 
Abbreviations: AVAI=AVA indexed to BSA, MPR=myocardial perfusion reserve, CPET= 
cardiopulmonary exercise test 

Table 67. Multivariate associations of secondary outcome-2 (conventional definition 

CPET) 

Variable HR (95% CI) p-value 

AVAI 0.53 (0.41 - 0.69) <0.001 

MPR 0.49 (0.30 - 0.82) 0.007 

Positive CPET (conventional) 1.86 (1.00 - 3.44) 0.049 

 
Abbreviations: AVAI=AVA indexed to BSA, MPR=myocardial perfusion reserve, CPET= 
cardiopulmonary exercise test 
 

7.6 Secondary outcome-3: all AVRs, deaths, MACE over entire study 

period 

The demographic, exercise and imaging data for those with and without a 

secondary outcome-3 (all AVR’s, deaths and MACE over entire study period, n=60) 

are tabulated in Appendix-4 (section 9.4).  

7.6.1 Univariate and multivariate associations of secondary outcome-3 

The univariate associations of secondary outcome-3, adjusted for gender, are 

listed in Table 68. These include measures of AS severity, LV remodeling, MPR, 

longitudinal strain/strain rates, AV calcification, NT-proBNP, positive CPET (using 

strict definition only) and measures of exercise capacity. 
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Table 68. Univariate associations of secondary outcome-3 

Variable HR (95% CI) p-value 

AV Vmax 3.53 (2.28 - 5.46) <0.001 

MPG 1.06 (1.04 - 1.08) <0.001 

AVA 0.08 (0.03 - 0.23) <0.001 

AVAI 0.60 (0.49 - 0.74) <0.001 

VAI (Echo) 1.29 (1.05 - 1.57) 0.013 

VAI (CMR) 1.41 (1.06 - 1.89) 0.020 

LVMI group (high vs. low) 2.01 (1.19 - 3.40) 0.010 

LVMI (continuous) 1.02 (1.00 - 1.04) 0.025 

LV mass/volume 1.37 (1.12 - 1.69) 0.003 

LAVI 1.02 (1.00 - 1.04) 0.030 

MPR 0.60 (0.40 - 0.89) 0.012 

Total rest MBF (MBF x LVMI) 1.02 (1.00 - 1.04) 0.010 

Longitudinal PSS (CMR) 1.11 (1.01 - 1.23) 0.027 

Longitudinal PSSR (CMR) 3.23 (1.02 - 10.20) 0.046 

AoV Ca2+ score 1.11 (1.03-1.18) 0.003 

Log (AoV Ca2+ score) 1.95 (1.30 - 2.92) 0.001 

Log (NT-proBNP) 1.22 (1.03 - 1.44) 0.021 

Positive CPET (strict) 3.47 (1.75 - 6.88) <0.001 

Positive CPET (conventional) 1.62 (0.96 - 2.75) 0.071 

Peak VO2 0.90 (0.85 - 0.97) 0.004 

% Predicted VO2 achieved 0.97 (0.95 - 0.99) 0.002 

Change in MPG>18 mmHg on 

exercise 

1.95 (1.01 - 3.77) 0.048 

Resting LVRPP 2.94 (1.27 - 6.80) 0.012 

 
Abbreviations: AV Vmax=peak aortic jet velocity, MPG=mean pressure gradient, AVA=aortic 
valve area, AVAI=AVA indexed to BSA, VAI=valvulo-arterial impedance, LVMI=left ventricular 
mass indexed to BSA, LAVI=left atrial volume indexed to BNSA, MPR=myocardial perfusion 
reserve, MBF=myocardial blood flow, PSS=peak systolic strain, PSSR=peak systolic strain rate, 
AoV Ca2+ score=aortic valve calcium score, CPET=cardiopulmonary exercise test, VO2=oxygen 
consumption, LVRPP=left ventricular rate pressure product 

 

The results of stepwise multivariate analysis for the secondary outcome-3 are 

shown in Table 69 and Table 70, after entering the following variables: gender, 

AVAI, MPR, LVM/volume, positive CPET, NT-proBNP.  
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Multivariate associations of the secondary outcome-3 using strict definition CPET 

included AVAI, MPR and positive CPET. Using the conventional definition of CPET, 

these included AVAI, MPR and positive CPET. 

Table 69. Multivariate associations of secondary outcome-3 (strict definition CPET) 

Variable HR (95% CI) p-value 

AVAI 0.60 (0.48 - 0.75) <0.001 

MPR 0.57 (0.36 - 0.89) 0.013 

Positive CPET (strict) 2.56 (1.31 - 5.01) 0.006 

 
Abbreviations: AVAI=AVA indexed to BSA, MPR=myocardial perfusion reserve, CPET= 
cardiopulmonary exercise test 

Table 70. Multivariate associations of secondary outcome-3 (conventional definition 

CPET) 

Variable HR (95% CI) p-value 

AVAI 0.59 (0.47 - 0.74) <0.001 

MPR 0.52 (0.33 - 0.83) 0.006 

Positive CPET (conventional) 1.77 (1.02 - 3.09) 0.043 

 
Abbreviations: AVAI=AVA indexed to BSA, MPR=myocardial perfusion reserve, CPET= 
cardiopulmonary exercise test 
 

7.7 Comparison of MPR and symptomatic CPET as predictors of 

outcome 

The primary hypothesis of the PRIMID-AS study was that MPR would be a better 

predictor of outcome than symptom-limited exercise testing. 

7.7.1 Kaplan-Meier survival curves 

The Kaplan-Meier survival curves for MPR (above and below optimal MPR cut-

point of 2.098 from ROC analysis) and CPET (positive vs. all others) for the 

primary outcome are shown in Figure 51. Event-free survival was significantly 

lower in those with low MPR (p=0.014) and a positive CPET, using both strict 

(p=0.003) and conventional (p=0.035) definitions. 
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a.  

b.  

c.  
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 Survival probability estimates at 12 months 

MPR  Normal: 0.87 (0.78,0.92) Low: 0.66 (0.53, 0.76) Difference: 0.21 (0.08, 0.33) 
p=0.002 

CPET (strict)  Pos: 0.55 (0.30, 0.74) Neg/inc: 0.82 (0.75, 0.87) Difference: -0.27(-0.47,-0.07)  
p=0.008 

CPET (conventional)  Pos: 0.71 (0.57, 0.82) Neg/inc: 0.83 (0.74,0.89) Difference: -0.12 (-0.25, 0.02) 
p=0.093 

 

Figure 51. Kaplan-Meier survival curves for the primary outcome for a.) above and 

below MPR cut-point (Log-Rank p=0.014), b.) positive vs. negative/inconclusive CPET 

(strict definition) (Log-Rank p=0.003), c.) positive vs. negative/inconclusive CPET 

(conventional definition) (Log-Rank p=0.035) 

7.7.2 Sensitivity, Specificity, Positive predictive value and Negative predictive 

value of MPR and CPET 

The sensitivity, specificity, positive predictive value (PPV) and negative predictive 

value (NPV) of MPR and symptom-limited CPET for predicting the primary 

outcome are shown in Table 71. Both parameters had a very high NPV but a low 

PPV, suggesting their utility as a ‘rule-out test’, rather than predicting the onset of 

symptoms. The strict definition CPET in particular, had a very high specificity but 

very low sensitivity. 

Table 71. Sensitivity, specificity, PPV and NPV of MPR and CPET for primary outcome 

Parameter Sensitivity Specificity PPV NPV 

MPR 0.605 0.622 0.324 0.840 

Positive Exercise Test (strict) 0.211 0.918 0.421 0.804 

Positive Exercise Test (conventional) 0.447 0.716 0.309 0.821 

 

Similar data for the secondary outcomes is shown in Table 72. Similar trends were 

noted for the secondary outcomes as the primary outcome. 
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Table 72. Sensitivity, specificity, PPV and NPV of MPR and CPET for secondary 

outcomes 

Parameter Sensitivity Specificity PPV NPV 

Secondary outcome-1: Composite primary endpoint over entire study period 

MPR 0.587 0.630 0.380 0.798 

Positive Exercise Test (strict) 0.196 0.921 0.474 0.758 

Positive Exercise Test (conventional) 0.457 0.730 0.382 0.786 

Secondary outcome-2: All AVRs/deaths/MACE at 12 months 

MPR 0.625 0.650 0.423 0.809 

Positive Exercise Test (strict) 0.208 0.927 0.526 0.752 

Positive Exercise Test (conventional) 0.417 0.718 0.364 0.761 

Secondary outcome-3: All AVRs/deaths/MACE over entire study period 

MPR 0.603 0.664 0.493 0.755 

Positive Exercise Test (strict) 0.186 0.929 0.579 0.686 

Positive Exercise Test (conventional) 0.407 0.726 0.436 0.701 

 

7.7.3 Receiver Operator Characteristic (ROC) analysis and area under curve (AUC) 

7.7.3.1 Primary outcome ROC and AUC analysis 

In order to assess the predictive accuracy of the two variables, logistic regressions 

and Receiver Operator Characteristic (ROC) analysis, with calculation of the area 

under the curves (AUC), was performed (Figure 52).  

 

The AUC was 0.62 (0.52-0.71, p=0.019) for MPR, 0.58 (0.49-0.67, p=0.071) for 

conventional CPET, and 0.56 (0.50-0.63, p=0.071) for strict CPET. Therefore, both 

MPR and CPET had moderate accuracy for predicting outcome, with only MPR 

being statistically significant.  

 

For the above analysis, positive CPET was compared against all others, i.e., 

negative and inconclusive tests combined. We also looked at the effect of 

combining positive and inconclusive tests against the truly negative test. This 

increased the AUC for CPET to significant values (AUC=0.62 (0.55-0.70, p=0.002 
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for conventional CPET, and AUC=0.60 (0.51-0.69, p=0.024) for strict CPET), 

suggesting a better role of CPET in identifying the low-risk population, rather than 

predicting those who go on to develop symptoms within 12 months. 

 

The AUC’s of MPR and CPET were compared using correlated ROC analysis. There 

was no significant difference between the AUC’s of MPR and CPET when 

predicting the primary outcome: (0.05(-0.06-0.17, p=0.375) for strict definition 

and 0.05(-0.10-0.19, p=0.516) for conventional definition). The MPR cut-point for 

predicting primary outcome was also selected to match the sensitivity of 

symptomatic CPET, and paired comparisons of the specificities of the two 

techniques were carried out using McNemar’s Test. There was no significant 

difference between the two parameters as predictors of primary outcome using 

this approach (p>0.05). 
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a.  

b.  

Figure 52. ROC curves for MPR and symptom-limited Exercise Test (a.) strict definition, 

b.) conventional definition) for predicting the primary outcome 
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7.7.3.2 Secondary outcomes ROC and AUC analysis 

The AUC’s for MPR and symptomatic CPET for predicting the secondary outcomes 

are listed in Table 73. As can be seen, the AUC for MPR remained statistically 

significant for all secondary endpoints, with moderate predictive accuracy, while 

only the conventional definition CPET was significant for secondary outcome-1 

and only the strict definition CPET was significant for secondary outcomes 2 and 

3. 

Table 73. Predictive accuracy of MPR and CPET for secondary outcomes 

Parameter AUC (95% CI) p-value 

Secondary outcome-1: Composite primary endpoint over entire study period 

MPR 0.612 (0.52-0.71) 0.020* 

Positive Exercise Test (strict) 0.558 (0.50-0.62) 0.069 

Positive Exercise Test (conventional) 0.593 (0.51-0.68) 0.027* 

Secondary outcome-2: All AVRs/deaths/MACE at 12 months 

MPR 0.641 (0.55-0.73) 0.002* 

Positive Exercise Test (strict) 0.568 (0.51-0.63) 0.033* 

Positive Exercise Test (conventional) 0.567 (0.49-0.65) 0.104 

Secondary outcome-3: All AVRs/deaths/MACE over entire study period 

MPR 0.632 (0.54-0.72) 0.004* 

Positive Exercise Test (strict) 0.558 (0.50-0.61) 0.041* 

Positive Exercise Test (conventional) 0.566 (0.49-0.64) 0.086 

 

7.8 Discussion 

A number of studies have linked the development of LV remodeling, and 

particularly myocardial fibrosis measured with CMR, with adverse outcome in AS. 

This is the first prospective study to explore the hypothesis that CMR could 

predict the development of symptoms in asymptomatic patients with AS, who 

may benefit from early surgical intervention.  It has been shown previously that 

MPR is an independent predictor of exercise capacity and inversely associated 

with NYHA class in patients with severe AS undergoing AVR(108). In this study we 

have confirmed that low MPR in initially asymptomatic patients with moderate-
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severe AS is also associated with the development of symptoms within 12 

months. However, the accuracy of MPR to predict outcome was moderate at best 

and, contrary to our primary hypothesis, not significantly better than exercise 

testing.   

 

This is the largest cohort of patients with asymptomatic moderate-severe AS to 

date to have undergone both exercise testing and CMR, as well as the largest 

cohort looking at the prognostic value of exercise testing in AS. The primary 

endpoint occurred in 22% of patients at 12-months and the secondary endpoints 

in 27-35%, and is comparable to that seen in previous reports(42), (33) .  

7.8.1 Exercise testing 

It may be surprising that exercise testing to identify ‘pre-symptomatic patients’ 

performed poorly in this study, given the now class-I indication for surgery for this 

finding in the major International guidelines. Though, it is worth noting that the 

2014 AHA/ACC guidelines re-classified symptoms on exercise testing from a class 

IIb indication to a class I indication for AVR, without any randomised trials, and 

after the commencement of our study, when exercise testing was not widely 

adopted in our institutions. However, our results are largely consistent with the 

published literature. A normal exercise test has a high negative predictive 

accuracy (ranging from 0.86-1.00 in previous studies compared to 0.82 in 

ours)(32, 33, 43), suggesting that patients who do well on exercise testing can be 

safely managed conservatively. However, although patients who develop 

symptoms on exercise testing are at higher risk of developing spontaneous 

symptoms or experiencing MACE, the specificity of a positive test is low (0.60-

0.78 in previous studies compared to 0.72 in ours)(42, 43). In this study, only 17 of 

55 patients who had a positive test, using a conventional definition of symptoms 

at any stage, developed spontaneous symptoms within 12 months. The results 

were consistent in a sensitivity analysis (Appendix-5: section 9.5) of patients with 

severe AS only (specificity 0.69). If current guidelines were followed, our data 

suggest that many patients may be sent for early surgery unnecessarily, as the 
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majority of patients with a positive test did not develop spontaneous symptoms 

within 12 months. One further limitation was the high proportion of patients in 

our study with inconclusive results (30%), despite restricting inclusion to those 

who can exercise. This highlights another real-world limitation of exercise testing, 

and the potential risk of wrongly categorising patients who are unable to perform 

a minimal level of exercise. 

 

As previously demonstrated(33, 36, 127), echocardiographic measures of severity 

are important predictors of outcome although there is wide overlap between 

groups.  Only one other study has identified female gender as increasing risk of 

symptoms(50). Female patients may have a different remodeling process, as 

suggested by lower cardiac volumes and more concentric LV geometry than 

men(192, 209). Similar pressure gradients despite lower stroke volumes may 

therefore indicate more severe disease in females compared to men. This may 

suggest a need for gender-specific cut-offs for definition of severity. Female 

patients also tend to perform less well on exercise testing(210), and may 

therefore be more likely to be labelled as having an inconclusive test, and not 

identified as high risk until a later stage. 

7.8.2 CMR predictors of outcome 

7.8.2.1 LV remodeling 

Our patient cohort clearly showed evidence of remodeling compared to controls, 

despite all being asymptomatic and 29% with moderate AS, as shown in Chapter-

5. However, LVEDV and mass were not significantly higher in the outcome group. 

The lack of association of mass and volumes with outcome in this study is likely to 

be related to the high event rate in female patients, who have smaller hearts 

even when indexed to body size(192, 209).  

7.8.2.2 Longitudinal and circumferential myocardial deformation 

There were no significant differences seen in longitudinal strain parameters, 

whilst circumferential PSS and PEDSR were actually higher in the primary 
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outcome group. Comparison of our patient cohort with matched controls has 

already suggested that these asymptomatic patients are still at an early stage of 

‘compensated’ hypertrophy, with impaired longitudinal but not circumferential 

strain parameters and no difference in exercise capacity compared to controls 

(Chapter-5). This might also explain the higher circumferential parameters in the 

outcome group.  

 

Work by Carasso et al using TTE to assess myocardial deformation in severe AS 

patients undergoing AVR vs. controls showed the mid-PSS-C and mid-PEDSR-C to 

be higher in patients than controls pre-AVR, which returned close to normal 

values early post-AVR. The longitudinal parameters however, were lower pre-

AVR, and increased post-AVR(211). They went on to assess the effect of low LVEF 

on this, and once again found supra-normal mid-PSS-C in those with preserved 

LVEF, whilst both longitudinal and circumferential strain were reduced in those 

with impaired LVEF(212). More recently, the same group has published data 

looking at strain parameters in asymptomatic vs. symptomatic AS with preserved 

LVEF and controls, and shown that asymptomatic AS demonstrated a smaller 

reduction in PSS-L than symptomatic, a supra-normal apical-PSS-C and supra-

normal apical rotation, compared to controls(213). Taken together, these data 

suggest that there is an initial increase in circumferential deformation to 

compensate for the loss of longitudinal function resulting from sub-endocardial 

ischaemia, in order to maintain normal LVEF (Figure 53). Whilst there is a steady 

decline in longitudinal strain parameters with increasing LV afterload(196), 

circumferential strain initially increases to ‘supra-normal’ levels before declining 

with progressive disease. 
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Figure 53. A schematic showing interaction of longitudinal and circumferential strain 

in order to maintain a normal LVEF: as longitudinal strain decreases, circumferential 

strain increases to maintain a normal shortening vector and therefore LVEF. 

(Reproduced from (212)) 

7.8.2.3 Markers of fibrosis 

LGE and ECV in this study were not associated with the primary outcome. This 

was despite LGE being found in 47% of our patients, affecting a mean of 4.2% of 

the LV mass. However, we did not exclude patients with infarct-pattern LGE 

(n=26), which may have over-estimated the amount of LGE, though it is within the 

range reported in previous studies of AS (3.0-7.3% of LV)(25, 89, 91, 93). 

However, the incidence and amount of LGE reported in AS has been variable, 

which may partly be due to differences in quantification method used, and 

symptom status of patients have not always been specified. In one study with 

severe, mostly symptomatic AS, LGE was reported in as high as 79% of patients, 

affecting 19.7% of the LV(205). Although LGE has been shown to be associated 

with poor outcome, this has been almost exclusively in patients with severe AS 

who have undergone AVR(89, 92). In that context LGE represents replacement 

fibrosis and is likely indicative of irreversible LV remodeling, rather than predictor 

of symptom onset. 
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There has been intense interest in quantification of ECV, as a surrogate of diffuse 

interstitial fibrosis, and the relationship to clinical outcomes in a range of cardiac 

conditions, especially AS(101, 214). We saw only a very small difference in ECV 

(1%) between those who did and did not develop symptoms and have also shown 

that ECV is not increased in asymptomatic patients with AS, compared to age and 

sex-matched controls(197). This highlights one of the limitations of ECV. The 

normal range of ECV is in the order of 25%, and there is very wide overlap 

between patients and healthy controls and therefore it is likely to be insensitive 

to small increases in interstitial fibrosis(99, 100). So, although ECV may detect 

differences in populations, it is unlikely to be of clinical value in individual patients 

unless they have extreme values, such as in amyloidosis(99).  

7.8.2.4 Myocardial perfusion 

Both global MPR and total stress MBF were significantly lower in the primary 

outcome group, with no difference in rest MBF. MPR was also a univariate 

predictor of outcome, as well as there being significant survival difference in 

those with a low and high MPR on Kaplen-Meier analysis. Finally, ROC analysis 

demonstrated statistically significant AUC for MPR to predict the primary 

outcome, though with moderate accuracy. Despite the above, MPR did not come 

out as an independent predictor of the primary outcome on stepwise multivariate 

analysis. Interestingly however, MPR was an independent predictor of the 

secondary outcomes that included all AVR’s despite being asymptomatic. This 

may reflect the factors that influence Clinicians to refer patients for surgery 

despite being asymptomatic, which in turn may be determinants of a low MPR. 

For example, patients with higher gradients/lower AVA and more LVH on TTE are 

more likely to be referred, which are factors that have been shown to be 

associated with a low MPR / CFR in AS in previous studies(24, 108, 205).  

 

There are still limitations in quantitative MBF analysis, with time-consuming post-

processing and complex, non-standardised algorithms in use. As a result, the test-

retest repeatability of MBF and MPR was found to be relatively poor (section 3.5), 
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which may limit its predictive accuracy for outcome. However, there was a clear 

incremental decline in MPR between our controls, asymptomatic AS patients and 

previously studied severe mostly symptomatic AS patients(108) (3.16±0.65, 

2.27±0.70 and 2.03±0.55 respectively). The only other study looking at CMR-

measured MPR in severe AS showed it to be an independent predictor of aerobic 

exercise capacity and inversely related to NYHA class symptoms(108). There have 

been no studies looking at the prognostic value of MPR in AS. We have shown for 

the first time that MPR is associated with symptom onset in initially 

asymptomatic AS, albeit with moderate predictive accuracy. 

7.8.3 MPR vs. Exercise Testing 

The primary hypothesis of the PRIMID-AS study was that MPR would be a better 

predictor of outcome than exercise testing in asymptomatic patients with 

moderate to severe AS. We found MPR and strict-definition positive CPET (but not 

conventional-definition) to be univariate predictors of the primary outcome, and 

only strict-definition CPET to be an independent predictor on multivariate 

analysis. In addition, on ROC analysis, the AUC for CPET was not statistically 

significant but MPR was. However, both had moderate predictive accuracy (AUC 

around 0.60), with no significant difference between the two. Overall therefore, 

we cannot conclude that MPR is a better predictor of outcome. 

 

As mentioned, ‘symptoms on exercise testing’ has been upgraded to a class-I 

indication for AVR (from previous IIb) by ACC/AHA guidelines, to align with the 

ESC guidelines(5, 215). However, our findings of exercise testing performing 

poorly as a predictor of symptom onset and outcome seriously call into question 

this recommendation, which is not based on randomised trials, but mainly on 

single-centre observational studies with small numbers of patients (30 to 160)(32, 

33, 39, 43). Clearly, there is need for better risk stratification of patients with 

severe AS to select those who may benefit from early operative intervention 

without unnecessarily subjecting patients to the risks of major surgery. Ideally, 

randomised control trials of exercise / imaging markers would be the best way to 
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address this, but this may not be easily possible. Perhaps, a stratified approach 

using a combination of risk-stratification strategies including biomarkers, exercise 

and imaging may be the way forward, as discussed in the final chapter (Figure 

54). 

7.8.4 Summary 

Our data suggest that this cohort of patients may be in a state of ‘compensated 

remodeling’, with clear evidence of LV remodeling in patients compared to 

controls, yet without significant differences in exercise capacity. Amongst the 

patient group, there were no significant differences in markers of LV remodeling 

between those with and without an outcome, which may partly be due to more 

females in the outcome group, but there was lower MPR and higher 

circumferential strain values, suggesting the presence of subendocardial 

ischaemia, with compensation, prior to decompensation leading to symptom 

onset and decline in LVEF. No differences were demonstrated in LGE and ECV in 

our cohort, which also did not predict symptom onset. The main finding of the 

PRIMID-AS study is the moderate predictive accuracy of both symptom-limited 

exercise testing and MPR for symptom onset, which may have important 

implications for current clinical guidelines. 

 

Perhaps, symptom onset remains the current best marker of poor outcome in AS, 

necessitating AVR, but studying only those who already have symptoms does not 

advance our understanding of the pathophysiology of this complex disease. The 

need remains to identify those patients at the brink of changing to 

decompensation, just prior to symptom onset and irreversible changes within the 

myocardium. Further refinement of risk-stratification and management is clearly 

required in asymptomatic AS. 

7.8.5 Strengths and limitations 

Our prospective study has a number of strengths compared to previous work in 

asymptomatic AS patients. It was multicentre and although observational, was 
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run from outset to the same standards as a randomised controlled trial.  The CMR 

and CPET results were blinded to the clinicians, imaging tests were analysed in a 

core lab, and there was independent event adjudication and statistical analysis.  

We also recruited a well-described population who were regarded as low risk (in 

whom prophylactic AVR may be offered) and were prepared to have surgery 

should symptoms develop. Finally, the primary endpoint was carefully defined 

and excluded those being referred for AVR prior to the onset of spontaneous 

symptoms, which is a soft endpoint. 

 

Although this study was large for it’s kind, the number of clinical events up during 

follow-up period was relatively small, especially hard clinical endpoints (MACE 

and deaths), and this limits the number of variables that could be entered into the 

multivariate models. The short follow-up time is therefore a limitation, however, 

longer-term follow-up is planned and this may address some of these limitations. 

The inclusion of patients with moderate disease may be criticised, however, these 

patients do have high event rates and the results of the study were consistent 

when only the 123 patients with severe AS were analysed. There was also missing 

data (T1 mapping) due to technical problems during the study, but his did not 

affect the primary outcome analysis. 

7.8.6 Conclusions 

CMR measured MPR and symptom-limited exercise testing were associated with 

clinical outcome at 12 months in initially asymptomatic patients with moderate-

severe AS. However, predictive accuracy was moderate at best and MPR was not 

superior to symptom-limited exercise testing. LGE and ECV did not predict 

outcome.  
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CHAPTER EIGHT 
 
 
 
 
 

 

 

 

 

 

8 THESIS CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE RESEARCH 
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8.1 Reproducibility of novel CMR techniques in AS 

Rationale: The purpose of this chapter was to establish the reproducibility, 

especially the test-retest repeatability of the variours CMR techniques. This was 

because good reproducibility is important for serial assessment of patients, as 

well as in differentiating abnormal from normal, and it has not previously been 

well established in this particular cohort of patients. It also helped us decide what 

analysis techniques to use going forward within this thesis, with the exception of 

the Ranolazine sub-study, the methodology for which had been pre-planned.   

8.1.1 Myocardial deformation: a comparison between Tagging and Feature 

Tracking at 1.5 T and 3 T 

-The total time for tagging analysis is approximately double that required for FT 

(50 minutes vs. 25 minutes), which is even quicker if only endocardial contours 

are utilised.  

-PSS and PEDSR values derived using FT are higher than those using tagging, 

regardless of field strength and whether only endocardial, or both endocardial 

and epicardial contours are used for FT. FT and tagging strain measures are 

therefore not interchangeable.  

-The inter-observer variability of circumferential PSS and PEDSR using both 

tagging and FT at both field strengths was good. The inter-observer variability of 

longitudinal PSS and PEDSR was better with FT than tagging at 3T. 

-The test-retest repeatability of circumferential PSS is excellent using FT and good 

using tagging at 1.5T and 3T. The repeatability of circumferential PEDSR assessed 

by FT and tagging at 1.5T is good when only basal and mid slices are used but 

moderate to poor at 3T. Tagging appears to offer no significant advantages over 

FT for the assessment of strain and diastolic strain rate in patients with AS. 
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8.1.1.1 Original Hypothesis 

H0: MRI measured strain and strain rate, using tagging and Feature Tracking, does 

not have good reproducibility at 3T (CoV > 20%): rejected. 

8.1.1.2 Future implications 

Based on these findings, in future studies where the primary outcome relates to 

the assessment of circumferential PEDSR, measurement at basal and mid slices at 

1.5T would be recommended, which was not possible for the Ranolazine sub-

study as the methodology had been pre-planned, whilst MPR was the primary 

outcome measure of interest for the PRIMID-AS study, which is better assessed at 

3T. 

Ideally, for direct comparison of 1.5T with 3T, test-retest repeatability should be 

assessed in the same cohort of patients. 

8.1.2 T1 mapping using MOLLI at 3T: parametric map vs. full MOLLI series 

-The intra- and inter-observer variability for native T1 and ECV is excellent using 

the parametric T1 maps for assessment and good using the full MOLLI series. 

-The test-retest repeatability of T1 quantification using MOLLI is excellent in 

patients with AS, and is higher when outlining the myocardium on a single T1 

parametric map rather than on each individual MOLLI image.  

8.1.2.1 Original Hypothesis 

H0: MRI measured T1 / ECV does not have good reproducibility (CoV > 20%): 

rejected. 

8.1.2.2 Future implications 

These results suggest that this technique is robust and repeatable, and could be 

used reliably for serial monitoring of AS patients. It also confirms that using 

parametric T1 maps is quicker and as robust as the full dataset acquired. 
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8.1.3 MPR at 3T: a comparison of MOCO vs. raw image analysis 

-The average time taken to contour the MOCO images is about half that for the 

raw images, due to less manual adjustment required (22 minutes vs. 10.6 

minutes). 

-There is excellent correlation between the MBF and MPR values obtained using 

the MOCO and raw images. 

-The intra- and inter-observer variability of MBF and MPR quantification is good 

to moderate, and not much different between raw and MOCO images. 

-The test-retest repeatability is moderate to poor for the overall cohort, and best 

for rest MBF. 

8.1.3.1 Original Hypothesis 

H0: Both MOCO and raw images are equally reproducible for measurement of 

MPR: accepted. 

8.1.3.2 Future implications 

The results call into question the utility of quantitative MBF / MPR as a reliable 

outcome measure in interventional clinical trials, using the current complex post-

processing and quantification techniques. There is a need for simplification and 

semi-automation of post-processing, as well as a more standardised approach to 

absolute MBF quantification, which would hopefully lead to better reproducibility 

of this important CMR technique. 

 

Future work comparing the reproducibility of single-bolus vs. dual-bolus 

technique, or single-contrast vs. dual-contrast in the same cohort of patients may 

help refine the technique further. 
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8.2 Effect of Ranolazine on CMR measured diastolic function and MPR 

in asymptomatic AS 

Rationale: Ranolazine has been shown to improve diastolic function and 

myocardial perfusion in animal models and small clinical studies. The purpose of 

this sub-study was therefore to assess its effect on diastolic function and MPR in 

asymptomatic patients with moderate to severe AS who already have evidence of 

diastolic dysfunction. 

 

Conclusions: 

-There was no conclusive evidence that Ranolazine improved PEDSR or MPR, 

though some interesting trends were demonstrated. There was a non-significant 

trend for PEDSR to increase from the baseline value to a higher value after 6 

weeks of oral Ranolazine, and then reduce to a lower value at week-10, after 

stopping Ranolazine. On sub-group analysis, these differences were more 

apparent in the high-PPG (with a statistically significant increase in PEDSR at 

week-6 for the mid-slice and the average of basal and mid slice values) and low-

MPR sub-groups. 

-The total exercise duration showed a trend towards increasing at week-6, with a 

lower exercise LVRPP. The trend for the exercise LVRPP to reduce at week-6 was 

mirrored in the same sub-groups that demonstrated an increase in PEDSR (high-

PPG and low-MPR). 

8.2.1 Original Hypothesis 

H0: Short-term treatment with Ranolazine does not lead to an improvement in 

MPR and diastolic strain rate in patients with moderate to severe AS: accepted. 

8.2.2 Future implications 

Given the low power of the current study, a larger study in patients with severe 

AS and diastolic dysfunction is warranted and preferably conducted at 1.5T (given 
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the findings of the previous chapter), with consideration of feature tracking or 

tissue tracking for strain analysis, to avoid data loss with tagging. 

 

8.3 Comparison of asymptomatic patients with moderate to severe 

AS and healthy controls 

Rationale: Most CMR studies that have compared patient groups to controls have 

recruited younger subjects with no co-morbidities. We wanted to establish 

normal reference values for the novel CMR techniques assessed as part of this 

thesis in age matched controls, without excluding common co-morbidities, in 

order to assess the incremental value of AS on these parameters. Secondly, as our 

patients were asymptomatic and at an early stage of disease, we also wanted to 

confirm whether they demonstrate changes in LV remodeling and exercise 

capacity compared to matched controls. 

 

Conclusions: 

-Patients with AS demonstrated evidence of higher myocardial workload (LVRPP), 

LV remodeling, impaired longitudinal function, reduced stress MBF / MPR, and a 

greater degree of focal myocardial fibrosis than matched controls, despite being 

asymptomatic. However, there was no significant difference in exercise capacity 

(VO2), circumferential strain / strain rates, rest MBF and ECV. 

8.3.1 Original Hypothesis 

H0: Asymptomatic patients with moderate to severe AS do not show evidence of 

LV remodeling and impaired exercise capacity compared to controls: partially 

rejected. 

8.3.2 Implications 

We have established normal reference values for novel CMR parameters in an 

ilder group of controls with common co-morbidities. We have also shown patients 
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at an earlier asymptomatic stage of AS are in a state of compensated 

hypertrophy, with some evidence of LV remodeling and other changes, but with 

preserved exercise capacity. Therefore, there is a need for better risk 

stratification and further studies are needed at this early asymptomatic phase, in 

order to prevent further irreversiblr remodelling and exercise limitation. 

 

8.4 Determinants of exercise capacity, MBF and MPR in asymptomatic 

AS 

Rationale: An understanding of the determinants of exercise capacity in theses 

patients will enhance our understanding of the pathophysiology of symptom 

development in AS. MPR has previously been shown to be independenly 

associated with exercise capacity in AS, and establishing its determinants would 

also further aid our understanding of the pathophysiology of AS. 

8.4.1 Determinants of age- and sex-corrected peak VO2 

-Univariate: Peak VO2 was directly correlated with AVAI, longitudinal and 

circumferential strain, MPR and PWV, while inversely correlated with NT-proBNP, 

VAI, LV mass/volume, rest MBF, coronary calcium score and Cornell LVH criteria 

on ECG. 

-Multivariate: The independent associates of age and sex-corrected peak VO2 

were gender, PSS-L(TTE) and MPR. 

8.4.2 Determinants of age- and sex-corrected peak workload 

-Univariate: This was positively associated with MPR and negatively with NT-

proBNP, lateral E/e’ and rest MBF. 

-Multivariate: The independent associations of peak workload were log(NT-

proBNP) and VAI(CMR), in addition to age and gender. 
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8.4.3 Determinants of MPR 

-Univariate: MPR was inversely related to age, NT-proBNP, AS severity, LV 

mass/volume, ECV, AoV and coronary calcium scores, VAI (CMR) and resting 

LVRPP. It was directly related to longitudinal strain and diastolic strain rate on 

echo and exercise LVRPP. 

-Multivariate: AV Vmax and ECV remained independently associated with MPR. 

8.4.4 Original Hypotheses 

H0: MPR does not predict peak VO2 measured on CPET: rejected. 

H0: MPR is not related to LV mass or myocardial fibrosis in asymptomatic AS: 

partially rejected (not related to LVMI or LGE, but was related to ECV). 

8.4.5 Future implications 

We have confirmed for the first time that MPR is an independent predictor of 

exercise capacity in asymptomatic patients with AS, similar to what was shown by 

our group for more advanced AS. In addition, longitudinal strain and global 

afterload (VAI) were also associated. This may suggest that the increased global 

afterload caused by the AS adds to reduced MPR, which in turn causes 

subendocardial ishaemia and impaired longitudinal function. All these changes 

ultimately lead to reduced exercise capacity, even in the early compensated 

phase of the disease. Ideally, randomised controlled trials of early AVR vs. 

continued monitoring in those with and without these changes would be the 

ultimate way to test their value in risk-stratification of these patients, but may be 

difficult to achieve. Larger phase III studies addressing novel therapeutic targets in 

AS, especially LV remodeling, fibrosis and calcification, some of which are already 

under way, will provide further insights into the pathophysiology of symptom 

onset and improve management of asymptomatic patients with AS.  
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8.5 A comparison of exercise testing and stress CMR to predict 

outcomes in asymptomatic AS 

Rationale: This chapter outlines the results of the PRIMID-AS study, the aim of 

which was to directly compare the prognostic value of MPR with symptom-limited 

exercise testing in asymptomatic AS. This was because exercise testing is the best-

studied risk-stratification tool so far, whilst our group previously showed that 

MPR was an independent predictor of exrcise capacity in those with more 

advanced AS. We therefore wanted to assess the role of MPR in tgose at an 

earlier stage of AS. 

 

Conclusions: 

-CMR measured MPR and symptom-limited exercise testing were both associated 

with clinical outcome at 12 months in initially asymptomatic patients with 

moderate-severe AS.  

-The predictive accuracy for both was moderate at best, and MPR was not 

superior to symptom-limited exercise testing.  

-LGE and ECV did not predict outcome. 

-Amongst the patient group, there were no significant differences in markers of 

LV remodeling between those with and without an outcome, which may partly be 

due to more females in the outcome group, but there was lower MPR and higher 

circumferential strain values, suggesting the presence of subendocardial 

ischaemia, with compensation, prior to decompensation leading to symptom 

onset and decline in LVEF.  

-Multivariate predictors of the primary outcome were gender, AVAI and positive 

CPET using the strict definition only, but NT-proBNP instead of positive CPET, 

when entering the conventional definition CPET into the model. 
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8.5.1 Original Hypothesis 

H0: MPR is not a better predictor of outcome in moderate to severe AS than 

exercise testing: accepted (but both equally poor). 

8.5.2 Future implications 

For the first time we have shown the importance of CMR measured MPR in 

predicting symptom onset and outcome in patients with AS at an earlier 

asymptomatic phase of the disease. However, both MPR and exercise testing only 

demonstrated moderate predictive accuracy for outcome. Our findings therefore 

call into question the current class-I recommendation of AVR for symptoms on 

exercise testing in asymptomatic AS, which is not based on randomised trials, but 

mainly on single-centre observational studies with small numbers of patients. We 

have shown a greater potential of exercise testing in identifying the low-risk 

population, rather than those who go on to develop symptoms within 12 months. 

 

There is need for further refinement of risk stratification of asymptomatic 

patients with severe AS to select those who may benefit from early operative 

intervention. Our data suggest that some of these patients are actually still in a 

‘compensated’ phase of disease, implying that a ‘wait and watch’ policy is the 

correct approach for them. However, identifying those who are at the brink of 

‘decompensating’ would be the ideal goal in improving management of these 

patients. Ideally, randomised control trials of exercise / imaging markers would be 

the best way to address this, but this may not be easily possible. Perhaps, a 

stratified approach using a combination of risk-stratification strategies including 

biomarkers, exercise and imaging, such as the one suggested below, may be the 

way forward (Figure 54). 
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Figure 54. Stratified approach to risk-stratification of asymptomatic patients with moderate to severe AS 
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8.6 Other planned analyses 

-Longer-term follow-up: We plan to look at determinants of longer-term outcome 

(2 year, 5 year), as this would increase the number of hard endpoints and allow 

more variables to be entered in the multivariate models. 

 

-Gender differences in exercise capacity and its determinants in AS: This will give 

us more insight into gender differences in the response to AS and the 

pathophysiology of exercise limitation and symptom onset in male and female 

patients. 

-Gender differences in LV remodeling in response to AS / determinants of MPR: 

There is a potential need for different definitions of ‘severe AS’ in females. 

 

-Progression of LV remodeling in asymptomatic AS: We have acquired additional 

CMR in 50 patients who remained asymptomatic at 12 months. This analysis will 

give us further insights into the progression of LV remodeling in these patients. 

 

-Differences in aortic stiffness between bicuspid and tri-leaflet AS: We plan to 

look at aortic distensibility and PWV in patients split according to their AV 

morphology. 

 

-Role of biomarkers / troponin / ECG strain in asymptomatic AS: The stored 

plasma from our cohort is going to be used in a BHF-funded study looking at the 

role of other biomarkers (e.g., Galectin-3, MMP’s, TIMP’s), as well as collaborative 

work with Edinburgh looking at the role of troponin / ECG strain in these patients. 
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9 APPENDICES AND SUPPLEMENTARY DATA
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9.1 Appendix-1: Summary of risk-stratification studies in Aortic Stenosis 

Table 74. Summary of risk-stratification studies in AS 

Author 

(year) 

Number Severity Investigations CAD 

excluded 

Outcome 

measure 

Follow-up AVR / outcome Total/ Cardiac  

Deaths 

SCD Outcome 

predictor 

Pellikka 

1990 (127) 

143 (30 

early 

AVR, 113 

other) 

Severe (Vmax 

>4m/s). 

Asymptomatic  

  

TTE History 

of MI, 

CABG 

Death, 

symptoms. 

 

Mean 20 

months 

(range 6-

48) 

20 AVR (6 still 

asymp.), 37 developed 

symps, 14 deaths 

14 

(6 cardiac) 

2 AV Vmax, EF. 

Otto 

1997 (36) 

123 Vmax >2.5 m/s. 

Asymptomatic 

TTE, 

treadmill 

ETT (104) 

No Death, AVR 

 

2.5±1.4 

years 

56: 48 AVR (6 

asymptomatic), 8 

deaths 

8 (4 cardiac- 2 

refused AVR) 

0 AV Vmax, rate of 

change of AV Vmax, 

functional status 

score. 

Rosenhek 

2000 (37) 

128 Severe (Vmax 

>4m/s). 

Asymptomatic 

TTE No Death, 

symptom-

driven AVR  

22±18 

months 

67 (59 symptom-

driven AVR, 8 deaths) 

+ 22 had AVR without 

symptoms 

8 (6 cardiac- 3 

refused AVR) 

1 AV calcification, 

rapid progression 

Amato 

2001 (32)  

66 Severe (AVA 

<1cm2). 

Asymptomatic 

TTE, 

treadmill 

ETT 

Excluded 

(angio) 

Sudden death, 

symptoms 

15±12 

months 

38 (34 symptoms, 4 

SCD) 

4  

 

4 AVA < 0.7cm2, 

positive ETT. 

Alborino 

2002 (43) 

30 Moderate to 

severe 

(MPG>30 

mmHg); 

Asymptomatic 

 

 

Upright bike 

ergometry 

ETT 

No Cardiac death, 

symptom-

driven AVR 

12 months 10 symptom-driven 

AVR 

0 0 Positive ETT. 

Lancellotti 

2005 (33) 

69 Severe (AVA 

<1cm2). 

Asymptomatic 

TTE (rest & 

exercise), 

semi-supine 

bike ETT 

No Symptoms, 

cardiac death, 

AVR 

15±7 

months 

18 (Symptoms: 4, 

AVR: 12, death: 2) 

3 cardiac (1 

post AVR) 

2 Increase in exercise 

MPG>18 mmHg, +ve 

ETT, AVA<0.75cm2 
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Pellikka 

2005 (38) 

622 Severe (Vmax 

>4m/s). 

Asymptomatic 

TTE History 

of MI, 

PCI, 

CABG 

Symptoms, 

AVR, death 

5.4±4 

years 

Symps: 297; AVR: 

352 (131 asymp); 

Death: 265. 

265 (117 

cardiac) 

11 AVA, LVH (symptom 

development). 

Age, CRF, inactivity, 

AV Vmax (mortality) 

Das 

2005 (42) 

125 Moderate to 

severe (AVA 

<1.4cm2)  

TTE, 

treadmill 

ETT 

No Symptoms, 

cardiovascular 

death 

12 months 36 developed 

symptoms 

0 0 Exercise symptoms 
(no additional benefit 

of BP/ST changes) 

Monin 

2009 (50) 

107 

(developm

ent cohort) 

 

Moderate to 

severe (Vmax 

>3m/s, AVA 

<1.5cm), 

Asymptomatic 

TTE, bike 

ETT (89), 

BNP 

RWMA 

excluded 

AVR 

(symptoms, 

+ve ETT), all 

cause death 

24 months 62: 58 AVR (37 for 

symps.), 1 refused 

despite symptoms, 3 

deaths 

 

3 (1 cardiac), 

+1 post AVR 

0 Female sex, BNP, AV 

Vmax. 

Hachicha 

2009 (40) 

Retrospect

ive 

544 Moderate to 

severe (Vmax > 

2.5 m/s) 

TTE No Overall 

mortality 

(regardless of 

AVR or 

medical Rx) 

2.5±1.8 

years 

N/A 91 (51 cardiac) Not 

specified 

Zva (>3.5), age, 

LVMI. 

Rosenhek 

2010 (34) 

116 Very severe 

(Vmax >5m/s) 
TTE No Symptom-

driven AVR, 

cardiac death 

41 (26-63) 

months 

(median) 

AVR indicated 90, 

cardiac death in 6. 

-10 refused AVR, 10 

referred without 

symptoms. 

17 (6 cardiac): 

9 in no surgery 

grp., 8 post 

AVR. 

1 AV Vmax >5.5m/s, 

diabetes, 

hyperlipidaemia. 

 

 

Kang  

2010 (35) 

197: 102 

early 

AVR, 95 

convention

al (at 

clinician’s 

discretion)  

 

Very severe 

(Vmax >4.5m/s, 

AVA 

<0.75cm2), 

Asymptomatic 

TTE History 

or 

RWMA 

 

Death 

(operative 

mortality and 

cardiac death) 

1501 days 

(median) 

148: 102 early grp, 46 

conventional grp 

3 (0 cardiac) 

early grp, 28 

(18 cardiac) 

conventional 

grp. 

9 (2 after 

sympto

ms) 

conventi

onal grp, 

0 early 

grp 

AV Vmax >5m/s. 

Lancellotti 

2010 (39) 

163 Moderate to 

severe 

(AVA<0.6 

cm2/m2) 

TTE, bike 

ETT 

No Symptoms, 

AVR, Cardiac 

Death 

20±19 

months 

57 AVR (44 

symptomatic), 

additional 11 symps (3 

refused AVR, 8 on 

waiting list) 

6 cardiac 

(+ 2 others not 

included in 

analysis) 

3 AV Vmax (>4.4), LV 

longitudinal 

deformation 
(<15.9%), VAI, LA 

area. 
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Cioffi 

2011 (18) 

209 Severe 

(AVA<1cm2 or 

MPG>40 

mmHg) 

 

TTE History Death, AVR, 

MI, HF 

hospitalisation 

22±13 

months 

72 AVR (59 

symptomatic); 15 

hospitalisations, 7 

refused AVR 

20 (16 cardiac) 2 Inappropriately high 

LVMI, AV Vmax, 

calcification. 

Greve 

2012 (51) 

1533 

(SEAS 

study) 

Mild to 

moderate 

(Vmax 2.5-4.0 

m/s), 

Asymptomatic 

ECG (LVH- 

Sokolow-

Lyon & 

Cornell 

voltage-

duration; 

strain-T 

inversion V4-

6) 

 

No 1st of MI, 

CVA, HF, 

AVR, 

cardiovascular 

death 

4.3±0.8 

years 

627 events 146 (72 

cardiac) 

27 ECG strain (predicted 

MI) and LVH 

(predicted HF, AVR 

and combined 

endpoint of MI/HF/CV 

death). 

Shah  

2014 (52) 

140 

(outcome 

cohort) 

Outcome 

cohort: 

moderate to 

severe (AVA 

0.7-1.3 cm2), 

asymptomatic 

ECG, TTE, 

CT Ca2+ 

score, TnT 

No 

 

Cardiovascular 

death, AVR 

10.6 years 

(outcome 

cohort) 

63 AVRs, 22 CV 

deaths 

 36 (22 cardiac)  ECG strain (≥1-mm 

concave down- sloping 

ST depression with 

asymmetrical T 

inversion in lateral 

leads). 

Chin  

2014 (53) 

133 

(outcome 

cohort)  

Outcome 

cohort: 

moderate to 

severe, 

asymptomatic 

 

TTE, TnI, 

NT-proBNP, 

CT Ca2+ 

score 
 

No 

 

Cardiovascular 

death, AVR  

10.6 years 

(outcome 

cohort) 

60 AVR, 24 

cardiovascular deaths 

71 (24 cardiac)  TnI concentration. 

Weidemann 

2009 (92) 

58 Severe AS 

(symptomatic)- 

planned AVR 

TTE, CMR 

(LGE) in 46, 

Histology 

Yes Death (post-

AVR), 

functional 

improvement 

(NYHA class) 

9 months 4 deaths (3 within 30 

days post-AVR)- all in 

high fibrosis group 

  No significant change 

in LGE 9 mths post-

AVR, Improved 

NYHA in no fibrosis / 

preserved longitudinal 

function 
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Azevedo 

2010 (89) 

54  Severe AS / AR 

(symptomatic)- 

planned AVR 

CMR (LGE) 

+ Histology  

(f/u CMR at 

27±22 mths 

post-AVR in 

25) 

Yes 

(angio in 

>40 yrs) 

Death (post-

AVR) 

52±17 

months 

16 deaths 16 deaths (4 

early post-op) 

 Age, LGE amount (g) 

Dweck 

2011 (93) 

143 Moderate-

severe AS 

(symptom status 

not mentioned) 

CMR (LGE- 

absent / mid-

wall / infarct 

pattern) 

No All-cause 

mortality 

2±1.4 

years 

27 deaths (72 AVR’s) 27 3 Mid-wall fibrosis & 

EF: independent 

predictors of mortality 

Flett  

2012 (101) 

63 AS + 

30 controls 

Severe AS- 

planned AVR 
CMR (T1 

mapping Vd, 

LGE (pre- & 

post-AVR), 

TTE, 6-min 

walk, BNP 

No LVH 

regression 

post-op 

6 months 

(194±24 

days) 

5 deaths (4 in high 

DMF group) 

  6MWT ass with DMF 

& BNP at baseline. 

LVH regression post-

op is cellular rather 

than fibrosis resolution 
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9.2 Appendix-2 (Supplementary data): Demographic, Exercise and 

Imaging data for those with and without Secondary outcome-1 

(composite primary endpoint over entire study period) 

9.2.1 Demographic data 

Table 75. Demographic data for those with and without a secondary outcome-1 

 Secondary outcome 1 
(n=47) 

No secondary 
outcome 1 (n=127) 

p-value  

Demographic data 
Age (years) 68.7 ± 11.54 65.3 ± 13.89 0.144 

Male (n (%)) 29 (61.7) 104 (81.9) 0.005* 

BSA (m2) 1.9 ± 0.18 2.0 ± 0.21 0.034* 

BMI (kg/m2) 27.5 ± 3.91 28.2 ± 4.23 0.292 

Resting HR (bpm) 70.1 ± 13.80 70.4 ± 10.47 0.918 

Resting SBP (mmHg) 147.3 ± 22.80 146.8 ± 20.51 0.886 

Resting DBP (mmHg) 75.2 ± 10.80 77.9 ± 10.54 0.148 

Diabetes (n (%)) 8 (17.0) 17 (13.4) 0.544 

Hypertension (n (%)) 25 (53.2) 68 (53.5) 0.967 

Hyperlipidaemia (n (%)) 22 (46.8) 70 (55.1) 0.577 

ACE-I/ARB (n (%)) 18 (38.3) 59 (46.5) 0.336 

Beta-blocker (n (%)) 19 (40.4) 35 (27.6) 0.103 

Statin 27 (57.4) 78 (61.4) 0.635 

NT-proBNP (pmol/L) 129.97 (36.86, 254.31) 48.69 (17.18, 124.47) 0.008* 

Hb (g/dL) 13.9 ± 1.14 14.4 ± 1.25 0.016* 

Hct 0.42 ± 0.04 0.43 ± 0.04 0.144 

eGFR (ml/min) 79 ± 19.2 91 ± 30.8 0.004* 

 
Abbreviations: BSA=body surface area, HR=heart rate, SBP/DBP=systolic/diastolic blood 
pressure, ACE-I=angiotensin converting enzyme inhibitor, ARB=angiotensin II receptor blocker, 
NT-proBNP=N terminal brain natriuretic peptide, Hb=haemoglobin, Hct=haematocrit, 
eGFR=estimated glomerular filtration rate 

 

There were a greater proportion of females in the outcome group, who also had a 

higher NT-proBNP and a lower Hb and eGFR. There was no difference in resting 

haemodynamics, co-morbidities and medication between the two groups. 
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9.2.2 Echocardiographic and ECG data 

Table 76. Echocardiographic and ECG data for those with and without a secondary outcome-

1 

 Secondary outcome 1 
(n=47) 

No secondary 
outcome 1 (n=127) 

p-value  

Echocardiography data 
AV Vmax (m/s) 4.13 ± 0.61 3.76 ± 0.51 <0.001* 

MPG (mmHg) 41.5 ± 14.15 33.1 ± 11.04 <0.001* 

AVAI (cm2/m2) 0.51 ± 0.15 0.59 ± 0.13 0.001* 

E/A 0.85 ± 0.30 0.89 ± 0.28 0.388 

Septal E/e’ 13.23 ± 5.61 11.92 ± 4.52 0.125 

Lateral E/e’ 10.59 ± 3.44 9.62 ± 3.80 0.137 

DPT (ms) 590.5 ± 136.5 624.9 ± 164.2 0.202 

Longitudinal PSS (%) -18.18 ± 2.60 -18.17 ± 2.83 0.989 

Longitudinal PSSR (1/s) -1.01 ± 0.21 -1.00 ± 0.20 0.940 

Longitudinal PEDSR (1/s) 0.78 ± 0.18 0.79 ± 0.22 0.863 

Resting LVRPP 

(mmHg.bpm.10-4) 

1.45 ± 0.33 1.34 ± 0.27 0.030* 

VAI (Echo) (mmHg/ml/m2) 4.18 ± 1.18 3.88 ± 1.00 0.096 

ECG data 
Sokolow criteria (n(%)) 3 (6.4) 15 (11.8) 0.405 

Cornell criteria (n(%)) 9 (19.1) 22 (17.3) 0.780 

 
Abbreviations: AV Vmax=peak aortic jet velocity, MPG=mean pressure gradient, AVAI=aortic valve 
area indexed to BSA, DPT=diastolic perfusion time, PSS=peak systolic strain, PSSR=peak systolic 
strain rate, PEDSR=peak early diastolic strain rate, LVRPP=left ventricular rate pressure product, 
VAI=valvulo-arterial impedance 
 

9.2.3 CPET data 

Those in the outcome group had lower peak VO2 and workload, but with similar 

percentage VO2 and workload achieved. There was a greater proportion of positive 

CPET’s using both the strict and conventional definitions. 
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Table 77. CPET data for those with and without a secondary outcome-1 

 Secondary outcome 1 
(n=47) 

No secondary 
outcome 1 (n=127) 

p-value  

Cardiopulmonary Exercise Test data 
Exercise duration (min) 8.45 ± 2.55 8.51 ± 1.79 0.892 

% predicted HR (%) 87.4 ± 11.9 86.5 ± 11.8 0.657 

Rise in SBP (mmHg) 37 ± 24.8 43 ± 21.0 0.098 

Exercise LVRPP 
(mmHg.bpm.10-4) 

3.54 ± 0.68 3.51 ± 0.75 0.800 

Peak VO2 (ml/kg/min) 15.6 ± 5.44 18.3 ± 5.48 0.012* 

% predicted VO2 (%) 68.0 ± 19.9 74.5 ± 16.1 0.054 

Peak workload (W) 96 ± 33.7 115 ± 41.2 0.006* 

% predicted workload (%) 85.4 ± 25.6 86.7 ± 28.2 0.775 

Peak RER 1.11 ± 0.12 1.12 ± 0.15 0.517 

Positive test (strict) (n(%)) 9 (19.6) 10 (7.9) 0.031* 

Positive test (conventional) 
(n(%)) 

21 (45.7) 34 (27.0) 0.020* 

Reason for stopping (n(%)): 
Chest pain 
Dyspnoea 

General fatigue 
Leg fatigue 
Arrhythmia 

Hypertension 
Other 

 
2 (4.3) 

16 (34.8) 
2 (4.3) 
17 (37) 
1 (2.2) 
0 (0) 

8 (17.4) 

 
2 (1.6) 

27 (21.4) 
20 (15.9) 
56 (44.4) 

0 (0) 
1 (0.8) 

20 (15.9) 

0.066 

 
Abbreviations: HR=heart rate, SBP=systolic blood pressure, LVRPP=left ventricular rate pressure 
product, VO2=oxygen uptake, RER=respiratory exchange ratio 
 

9.2.4 CMR data 

9.2.4.1 CMR volumetric, myocardial deformation and distensibility data 

There was no significant difference in LV remodeling, myocardial deformation and 

distensibility measures between those with and without a secondary outcome-1.  
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Table 78. CMR volumetric, myocardial deformation and distensibility data for those with 

and without a secondary outcome-1 

 Secondary outcome 
1 (n=47) 

No secondary 
outcome 1 (n=127) 

p-value 

CMR Volumetric data 
LVEDVI (ml/m2) 84.47 ± 15.38 88.73 ± 19.16 0.173 

LVESVI (ml/m2) 36.15 ± 9.20 39.07 ± 11.07 0.109 

LVSV (ml) 92 ± 16.2 99 ± 25.1 0.033* 

LVSVI (ml/m2) 48.29 ± 7.79 49.68 ± 9.82 0.383 

LVEF (%) 57.5 ± 4.60 56.4 ± 5.05 0.167 

LVMI (g/m2) 57.14 ± 12.15 57.90 ± 14.46 0.750 

LV mass/volume (g/ml) 0.68 ± 0.13 0.66 ± 0.10 0.146 

LAVI (ml/m2) 57.31 ± 17.33 54.05 ± 13.61 0.251 

RVEDVI (ml/m2) 86.26 ± 14.75 88.96 ± 15.29 0.299 

VAI (MRI) (mmHg/ml/m2) 4.00 ± 0.80 3.74 ± 0.82 0.065 

CMR Myocardial Deformation data 
Longitudinal PSS (%) -18.54 ± 3.20 -18.46 ± 2.96 0.873 

Longitudinal PSSR (1/s) -1.09 ± 0.23 -1.09 ± 0.25 0.977 

Longitudinal PEDSR (1/s) 1.11 ± 0.30 1.08 ± 0.27 0.496 

Circumferential PSS (%) -29.17 ± 4.48 -27.69 ± 4.68 0.064 

Circumferential PSSR (1/s) -1.79 ± 0.37 -1.71 ± 0.39 0.211 

Circumferential PEDSR (1/s) 1.74 ± 0.38 1.65 ± 0.41 0.191 

CMR  Distensibility data 
AA distensibility (10-3mmHg-1) 1.77 ± 0.97 1.98 ± 1.26 0.325 

DA distensibility (10-3mmHg-1) 2.09 ± 1.54 2.12 ± 1.46 0.934 

PWV (m/s) 7.63 ± 2.83 8.67 ± 3.77 0.060 

 
Abbreviations: LVEDVI=left ventricular end-diastolic volume indexed to BSA, LVESVI=left 
ventricular end systolic volume indexed to BSA, LVSV=left ventricular stroke volume, LVSVI=LVSV 
indexed to BSA, LVEF=left ventricular ejection fraction, LVMI=left ventricular mass indexed to 
BSA, LAVI=left atrial volume indexed to BSA, RVESVI=right ventricular end diastolic volume 
indexed to BSA, VAI=valvulo-arterial impedance, PSS=peak systolic strain, PSSR=peak systolic 
strain rate, PEDSR=peak early diastolic strain rate, AA=ascending aorta, DA=descending aorta, 
PWV=pulse wave velocity 
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9.2.4.2 Contrast Enhanced CMR  

Table 79. CMR perfusion and fibrosis data for those with and without a secondary outcome-

1 

 Secondary outcome 
1 (n=47) 

No secondary 
outcome 1 (n=127) 

p-value 

CMR Perfusion data 
Global MPR 2.06 ± 0.65 2.34 ± 0.70 0.022* 

Global stress MBF (ml/min/g) 2.05 ± 0.64 2.20 ± 0.72 0.216 

Global rest MBF (ml/min/g) 1.05 ± 0.36 0.96 ± 0.22 0.119 

Total stress MBF (ml/min/m2) 112.71 ± 30.68 126.06 ± 48.58 0.037* 

Total rest MBF (ml/min/m2) 57.63 ± 16.42 54.76 ± 16.59 0.318 

CMR Fibrosis data 
LGE present (n,%) 24 (51.1) 58 (45.7) 0.527 

% LGE (%) 4.4 ± 3.19 4.2 ± 3.96 0.683 

Native T1 (ms) 1114.3 ± 61.13 1139.4 ± 71.85 0.070 

ECV (%) 25.35 ± 2.53 24.60 ± 2.37 0.132 

 
Abbreviations: MPR=myocardial perfusion reserve, MBF=myocardial blood flow, LGE=late 
gadolinium enhancement, ECV=extracellular volume fraction 

 

Global MPR and total stress MBF were significantly lower in the outcome group. 

There was no difference in measures of fibrosis between those with and without a 

secondary outcome-1. 

9.2.5 CT data 

Table 80. CT data for those with and without a secondary outcome-1 

 Secondary outcome 
1 (n=47) 

No secondary 
outcome 1 (n=127) 

p-
value 

CT data 
AoV Ca2+ score 2145 (1290, 3119) 1833 (1147, 3157) 0.443 

Coronary Ca2+ score 380.5 (10.0, 926.0) 276.5 (3.8, 988.0) 0.749 

 
Abbreviations: AoV Ca2+ score= aortic valve calcium score (median and inter-quartile range 
displayed) 
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9.3 Appendix-3 (Supplementary data): Demographic, Exercise and 

Imaging data for those with and without Secondary outcome-2 (all 

AVRs, deaths, MACE at 12 months) 

9.3.1 Demographic data 

Table 81. Demographic data for those with and without a secondary outcome-2 

 Secondary outcome 2 
(n=49) 

No secondary 
outcome 2 (n=125) 

p-value 

Demographic data 
Age (years) 68.3 ± 11.62 65.4 ± 13.92 0.208 

Male (n (%)) 31 (63.3) 102 (81.6) 0.010* 

BSA (m2) 1.9 ± 0.20 2.0 ± 0.20 0.024* 

BMI (kg/m2) 27.5 ± 4.27 28.2 ± 4.10 0.301 

Resting HR (bpm) 69.8 ± 13.02 70.5 ± 10.78 0.703 

Resting SBP (mmHg) 147.4 ± 21.10 146.7 ± 21.17 0.840 

Resting DBP (mmHg) 75.9 ± 10.21 77.7 ± 10.82 0.326 

Diabetes (n (%)) 9 (18.4) 16 (12.8) 0.346 

Hypertension (n (%)) 25 (51.0) 68 (54.4) 0.688 

Hyperlipidaemia (n (%)) 23 (46.9) 69 (55.2) 0.226 

ACE-I/ARB (n (%)) 18 (36.7) 59 (47.2) 0.211 

Beta-blocker (n (%)) 20 (40.8) 34 (27.2) 0.081 

Statin 28 (57.1) 77 (61.6) 0.589 

NT-proBNP (pmol/L) 104.27 (22.88, 266.50) 50.25 (15.33, 130.65) 0.009* 

Hb (g/dL) 13.9 ± 1.17 14.4 ± 1.24 0.019* 

Hct 0.42 ± 0.04 0.43 ± 0.03 0.090 

eGFR (ml/min) 81 ± 20.3 91 ± 31.0 0.027* 

 
Abbreviations: BSA=body surface area, HR=heart rate, SBP/DBP=systolic/diastolic blood 
pressure, ACE-I=angiotensin converting enzyme inhibitor, ARB=angiotensin II receptor blocker, 
NT-proBNP=N terminal brain natriuretic peptide, Hb=haemoglobin, Hct=haematocrit, 
eGFR=estimated glomerular filtration rate 

 

There was a greater proportion of females in the outcome group, with higher NT-

proBNP and lower Hb and eGFR. 
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9.3.2 Echocardiographic and ECG data 

Table 82. Echocardiographic and ECG data for those with and without a secondary outcome-

2 

 Secondary outcome 
2 (n=49) 

No secondary 
outcome 2 (n=125) 

p-value 

Echocardiography data 
AV Vmax (m/s) 4.20 ± 0.61 3.73 ± 0.48 <0.001* 

MPG (mmHg) 43.5 ± 14.44 32.1 ± 10.00 <0.001* 

AVAI (cm2/m2) 0.49 ± 0.14 0.60 ± 0.13 <0.001* 

E/A 0.86 ± 0.30 0.89 ± 0.28 0.555 

Septal E/e’ 13.63 ± 5.71 11.75 ± 4.40 0.046* 

Lateral E/e’ 10.78 ± 3.61 9.53 ± 3.72 0.050 

DPT (ms) 601.5 ± 149.3 621.2 ± 160.9 0.460 

Longitudinal PSS (%) -17.62 ± 2.60 -18.40 ±2.80 0.161 

Longitudinal PSSR (1/s) -0.98 ± 0.23 -1.01 ± 0.19 0.498 

Longitudinal PEDSR (1/s) 0.80 ± 0.19 0.79 ± 0.22 0.817 

Resting LVRPP 
(mmHg.bpm.10-4) 

1.46 ± 0.33 1.34 ± 0.27 0.012* 

VAI (Echo) (mmHg/ml/m2) 4.25 ± 1.05 3.85 ± 1.04 0.025* 

ECG data 
Sokolow criteria (n(%)) 4 (8.2) 14 (11.2) 0.783 

Cornell criteria (n(%)) 11 (22.4) 20 (16.0) 0.317 

 
Abbreviations: AV Vmax=peak aortic jet velocity, MPG=mean pressure gradient, AVAI=aortic valve 
area indexed to BSA, DPT=diastolic perfusion time, PSS=peak systolic strain, PSSR=peak systolic 
strain rate, PEDSR=peak early diastolic strain rate, LVRPP=left ventricular rate pressure product, 
VAI=valvulo-arterial impedance 

 

Those with a secondary outcome-2 had more severe AS and higher septal E/e’ and 

resting LVRPP than those without. 
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9.3.3 CPET data 

Table 83. CPET data for those with and without a secondary outcome-2 

 Secondary 
outcome 2 

(n=49) 

No secondary 
outcome 2 

(n=125) 

p-value 

Cardiopulmonary Exercise Test data 
Exercise duration (min) 8.00 ± 2.40 8.69 ± 1.82 0.080 

% predicted HR (%) 86.8 ± 12.7 86.8 ± 11.5 0.986 

Rise in SBP (mmHg) 37 ± 23.2 43 ± 21.7 0.081 

Exercise LVRPP 
(mmHg.bpm.10-4) 

3.54 ± 0.79 3.51 ± 0.71 0.770 

Peak VO2 (ml/kg/min) 14.9 ± 4.94 18.6 ± 5.50 <0.001* 

% predicted VO2 (%) 65.4 ± 18.5 75.5 ± 16.2 0.002* 

Peak workload (W) 94 ± 38.6 117 ± 39.1 <0.001* 

% predicted workload (%) 81.8 ± 27.5 88.2 ± 27.3 0.174 

Peak RER 1.10 ± 0.13 1.13 ± 0.15 0.387 

Positive test (strict) (n(%)) 10 (20.8) 9 (7.3) 0.011* 

Positive test (conventional) 
(n(%)) 

20 (41.7) 35 (28.2) 0.090 

Reason for stopping (n(%)): 
Chest pain 
Dyspnoea 

General fatigue 
Leg fatigue 
Arrhythmia 

Hypertension 
Other 

 
1 (2.1) 

17 (35.4) 
3 (6.3) 

19 (39.6) 
1 (2.1) 
0 (0) 

7 (14.6) 

 
3 (2.4) 

26 (21.0) 
19 (15.3) 
54 (43.5) 

0 (0) 
1 (0.8) 

21 (16.9) 

0.194 

 
Abbreviations: HR=heart rate, SBP=systolic blood pressure, LVRPP=left ventricular rate pressure 
product, VO2=oxygen uptake, RER=respiratory exchange ratio 
 

 

Patients with a secondary outcome-2 had a significantly lower peak VO2, %VO2 and 

peak workload, and a greater proportion of positive CPET’s using the strict definition 

only. 
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9.3.4 CMR data 

9.3.4.1 CMR volumetric, myocardial deformation and distensibility data 

Table 84. CMR volumetric, myocardial deformation and distensibility data for those with 

and without a secondary outcome-2 

 Secondary outcome 
2 (n=49) 

No secondary 
outcome 2 (n=125) 

p-value 

CMR Volumetric data 
LVEDVI (ml/m2) 85.34 ± 16.38 88.46 ± 18.95 0.313 

LVESVI (ml/m2) 37.28 ± 10.42 38.67 ± 10.75 0.438 

LVSV (ml) 91 ± 18.8 99 ± 24.4 0.035* 

LVSVI (ml/m2) 48.08 ± 8.01 49.79 ± 9.76 0.277 

LVEF (%) 56.8 ± 5.34 56.7 ± 4.81 0.883 

LVMI (g/m2) 56.86 ± 14.68 57.24 ± 13.54 0.489 

LV mass/volume (g/ml) 0.69 ± 0.12 0.65 ± 0.10 0.030* 

LAVI (ml/m2) 57.60 ± 17.52 53.55 ± 13.36 0.079 

RVEDVI (ml/m2) 85.76 ± 14.87 89.20 ± 15.20 0.179 

VAI (MRI) (mmHg/ml/m2) 4.07 ± 0.77 3.71 ± 0.82 0.010* 

CMR Myocardial Deformation data 
Longitudinal PSS (%) -18.45 ± 3.45 -18.50 ± 2.85 0.920 

Longitudinal PSSR (1/s) -1.08 ± 0.24 -1.10 ± 0.24 0.644 

Longitudinal PEDSR (1/s) 1.11 ± 0.32 1.08 ± 0.26 0.479 

Circumferential PSS (%) -28.91 ± 4.67 -27.77 ± 4.64 0.149 

Circumferential PSSR (1/s) -1.76 ± 0.39 -1.72 ± 0.39 0.586 

Circumferential PEDSR (1/s) 1.71 ± 0.41 1.66 ± 0.40 0.497 

CMR Distensibility data 
AA distensibility 1.86 ± 0.97 1.94 ± 1.27 0.658 

DA distensibility 2.17 ± 1.49 2.09 ± 1.48 0.764 

PWV (m/s) 7.63 ± 3.31 8.69 ± 3.63 0.087 

 
Abbreviations: LVEDVI=left ventricular end-diastolic volume indexed to BSA, LVESVI=left 
ventricular end systolic volume indexed to BSA, LVSV=left ventricular stroke volume, LVSVI=LVSV 
indexed to BSA, LVEF=left ventricular ejection fraction, LVMI=left ventricular mass indexed to 
BSA, LAVI=left atrial volume indexed to BSA, RVESVI=right ventricular end diastolic volume 
indexed to BSA, VAI=valvulo-arterial impedance, PSS=peak systolic strain, PSSR=peak systolic 
strain rate, PEDSR=peak early diastolic strain rate, AA=ascending aorta, DA=descending aorta, 
PWV=pulse wave velocity 
 

Those with a secondary outcome-2 demonstrated a lower absolute stroke volume and 

a higher mass/volume ratio and CMR-derived VAI (Table 84). There was no difference 

in CMR measures of myocardial deformation or distensibility. 
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9.3.4.2 Contrast Enhanced CMR 

Table 85. CMR perfusion and fibrosis data for those with and without a secondary outcome-

2 

 Secondary 
outcome 2 (n=49) 

No secondary 
outcome 2 (n=125) 

p-value 

CMR Perfusion data 
Global MPR 2.03 ± 0.63 2.36 ± 0.70 0.005* 

Global stress MBF (ml/min/g) 2.03 ± 0.65 2.22 ± 0.72 0.107 

Global rest MBF (ml/min/g) 1.04 ± 0.35 0.95 ± 0.22 0.108 

Total stress MBF (ml/min/m2) 114.27 ± 35.51 125.66 ± 47.63 0.094 

Total rest MBF (ml/min/m2) 59.09 ± 17.05 54.14 ± 16.20 0.079 

CMR Fibrosis data 
LGE present (n,%) 25 (51.0) 57 (45.6) 0.520 

% LGE (%) 4.3 ± 3.26 4.2 ± 3.95 0.943 

Native T1 (ms) 1121.1 ± 64.93 1136.4 ± 71.22 0.274 

ECV (%) 25.24 ± 2.49 24.65 ± 2.40 0.244 

 
Abbreviations: MPR=myocardial perfusion reserve, MBF=myocardial blood flow, LGE=late 
gadolinium enhancement, ECV=extracellular volume fraction 

 

Those with a secondary outcome-2 demonstrated a significantly lower global MPR 

than those without, with no difference in measures of myocardial fibrosis. 

9.3.5 CT data 

Table 86. CT data for those with and without a secondary outcome-2 

 Secondary outcome 
2 (n=49) 

No secondary 
outcome 2 (n=125) 

p-value 

CT data 
AoV Ca2+ score 2198 (1275, 3610) 1832 (1147, 2873) 0.128 

Coronary Ca2+ score 400.5 (8.4, 946.0) 257.5 (5.4, 934.0) 0.454 

 
Abbreviations: AoV Ca2+ score= aortic valve calcium score (median and inter-quartile range 
displayed) 

 

There was no significant difference in the over all calcium scores between those with 

and without a secondary outcome-2. 
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9.4 Appendix-4 (Supplementary data): Demographic, Exercise and 

Imaging data for those with and without Secondary outcome-3 (all 

AVRs, deaths, MACE over entire study period) 

9.4.1 Demographic data 

Table 87. Demographic data for those with and without a secondary outcome-3 

 Secondary outcome 3 
(n=60) 

No secondary 
outcome 3 (n=114) 

p-value 

Demographic data 
Age (years) 68.5 ± 11.34 65.1 ± 14.19 0.111 

Male (n (%)) 41 (68.3) 92 (80.7) 0.068 

BSA (m2) 1.9 ± 0.20 2.0 ± 0.21 0.069 

BMI (kg/m2) 27.5 ± 4.12 28.2 ± 4.16 0.293 

Resting HR (bpm) 70.1 ± 12.74 70.4 ± 10.73 0.865 

Resting SBP (mmHg) 147.8 ± 20.96 146.4 ± 21.23 0.673 

Resting DBP (mmHg) 76.7 ± 10.67 77.4 ± 10.68 0.649 

Diabetes (n (%)) 10 (16.7) 15 (13.2) 0.530 

Hypertension (n (%)) 31 (51.7) 62 (54.4) 0.733 

Hyperlipidaemia (n (%)) 28 (46.7) 64 (56.1) 0.025* 

ACE-I/ARB (n (%)) 23 (38.3) 54 (47.4) 0.254 

Beta-blocker (n (%)) 24 (40.0) 30 (26.3) 0.064 

Statin 36 (60.0) 69 (60.5) 0.946 

NT-proBNP (pmol/L) 103.06 (21.19, 243.13) 50.51 (16.75, 124.47) 0.031* 

Hb (g/dL) 14.0 ± 1.12 14.4 ± 1.28 0.042* 

Hct 0.42 ± 0.03 0.43 ± 0.04 0.261 

eGFR (ml/min) 81 ± 21.5 91 ± 31.3 0.016* 

 
Abbreviations: BSA=body surface area, HR=heart rate, SBP/DBP=systolic/diastolic blood 
pressure, ACE-I=angiotensin converting enzyme inhibitor, ARB=angiotensin II receptor blocker, 
NT-proBNP=N terminal brain natriuretic peptide, Hb=haemoglobin, Hct=haematocrit, 
eGFR=estimated glomerular filtration rate 

 

There was a greater proportion of females in those with a secondary outcome-3, 

though this did not reach statistical significance for this group. As before, the NT-

proBNP was significantly higher and the Hb and eGFR were significantly lower in the 

outcome group. 
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9.4.2 Echocardiographic and ECG data 

Table 88. Echocardiographic and ECG data for those with and without a secondary outcome-

3 

 Secondary 
outcome 3 (n=60) 

No secondary 
outcome 3 (n=114) 

p-value 

Echocardiography data 
AV Vmax (m/s) 4.15 ± 0.58 3.71 ± 0.48 <0.001* 

MPG (mmHg) 42.3 ± 13.73 31.7 ± 10.10 <0.001* 

AVAI (cm2/m2) 0.51 ± 0.15 0.60 ± 0.12 <0.001* 

E/A 0.84 ± 0.29 0.90 ± 0.29 0.228 

Septal E/e’ 13.50 ± 5.46 11.62 ± 4.39 0.017* 

Lateral E/e’ 10.81 ± 3.67 9.38 ± 3.67 0.018* 

DPT (ms) 597.1 ± 141.6 625.4 ± 165.1 0.262 

Longitudinal PSS (%) -17.78 ± 2.65 -18.40 ± 2.81 0.231 

Longitudinal PSSR (1/s) -0.99 ± 0.21 -1.01 ± 0.20 0.611 

Longitudinal PEDSR (1/s) 0.77 ± 0.19 0.80 ± 0.22 0.449 

Resting LVRPP 

(mmHg.bpm.10-4) 

1.45 ± 0.31 1.33 ± 0.27 0.011* 

VAI (Echo) (mmHg/ml/m2) 4.21 ± 1.11 3.83 ± 1.01 0.026* 

ECG data 
Sokolow criteria (n(%)) 5 (8.3) 13 (11.4) 0.609 

Cornell criteria (n(%)) 11 (18.3) 20 (17.5) 0.897 

 
Abbreviations: AV Vmax=peak aortic jet velocity, MPG=mean pressure gradient, AVAI=aortic valve 
area indexed to BSA, DPT=diastolic perfusion time, PSS=peak systolic strain, PSSR=peak systolic 
strain rate, PEDSR=peak early diastolic strain rate, LVRPP=left ventricular rate pressure product, 
VAI=valvulo-arterial impedance 

 

Those who achieved a secondary outcome-3 had more severe AS, with a significantly 

higher septal and lateral E/e’, resting LVRPP and echo-derived VAI. 
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9.4.3 CPET data 

Table 89. CPET data for those with and without a secondary outcome-3 

 Secondary 
outcome 3 (n=60) 

No secondary 
outcome 3 (n=114) 

p-value 

Cardiopulmonary Exercise Test data 
Exercise duration (min) 8.40 ± 2.44 8.55 ± 1.76 0.686 

% predicted HR (%) 88.1 ± 12.4 86.1 ± 11.5 0.273 

Rise in SBP (mmHg) 39 ± 24.8 43 ± 20.7 0.255 

Exercise LVRPP 
(mmHg.bpm.10-4) 

3.60 ± 0.74 3.47 ± 0.72 0.295 

Peak VO2 (ml/kg/min) 15.6 ± 5.12 18.5 ± 5.56 0.004* 

% predicted VO2 (%) 67.8 ± 19.2 75.0 ± 16.1 0.024* 

Peak workload (W) 101 ± 39.0 115 ± 40.0 0.022* 

% predicted workload (%) 84.4 ± 25.7 87.4 ± 28.3 0.500 

Peak RER 1.10 ± 0.13 1.13 ± 0.15 0.279 

Positive test (strict) (n(%)) 11 (18.6) 8 (7.1) 0.022* 

Positive test (conventional) 
(n(%)) 

24 (40.7) 31 (27.4) 0.077 

Reason for stopping (n(%)): 
Chest pain 
Dyspnoea 

General fatigue 
Leg fatigue 
Arrhythmia 

Hypertension 
Other 

 
2 (3.4) 

19 (32.2) 
3 (5.1) 

22 (37.3) 
1 (1.7) 
0 (0) 

12 (20.3) 

 
2 (1.8) 

24 (21.2) 
19 (16.8) 
51 (45.1) 

0 (0) 
1 (0.9) 

16 (14.2) 

0.064 

 
Abbreviations: HR=heart rate, SBP=systolic blood pressure, LVRPP=left ventricular rate pressure 
product, VO2=oxygen uptake, RER=respiratory exchange ratio 

 

Those with a secondary outcome-3 had a significantly lower peak VO2, % peak VO2 

and peak workload achieved, and a greater incidence of a positive exercise test using 

the strict definition only. 
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9.4.4 CMR data 

9.4.4.1 CMR volumetric, myocardial deformation and distensibility data 

Table 90. CMR volumetric, myocardial deformation and distensibility data for those with 

and without a secondary outcome-3 

 Secondary outcome 
3 (n=60) 

No secondary 
outcome 3 (n=114) 

p-value 

CMR Volumetric data 
LVEDVI (ml/m2) 86.11 ± 16.01 88.36 ± 19.37 0.442 

LVESVI (ml/m2) 37.44 ± 10.14 38.72 ± 10.92 0.453 

LVSV (ml) 93 ± 18.6 99 ± 25.2 0.125 

LVSVI (ml/m2) 48.66 ± 7.84 49.65 ± 10.02 0.474 

LVEF (%) 56.9 ± 5.18 56.6 ± 4.85 0.630 

LVMI (g/m2) 59.44 ± 14.11 56.78 ± 13.68 0.229 

LV mass/volume (g/ml) 0.69 ± 0.13 0.65 ± 0.10 0.013* 

LAVI (ml/m2) 57.68 ± 16.58 53.53 ± 13.57 0.083 

RVEDVI (ml/m2) 87.24 ± 14.12 88.75 ± 15.70 0.534 

VAI (MRI) (mmHg/ml/m2) 4.00 ± 0.77 3.72 ± 0.83 0.030* 

CMR Myocardial Deformation data 
Longitudinal PSS (%) -18.11 ± 3.30 -18.68 ± 2.86 0.243 

Longitudinal PSSR (1/s) -1.06 ± 0.23 -1.11 ± 0.25 0.152 

Longitudinal PEDSR (1/s) 1.08 ± 0.30 1.09 ± 0.27 0.756 

Circumferential PSS (%) -28.46 ± 4.72 -27.90 ± 4.64 0.458 

Circumferential PSSR (1/s) -1.74 ± 0.39 -1.73 ± 0.39 0.913 

Circumferential PEDSR (1/s) 1.66 ± 0.40 1.68 ± 0.41 0.790 

CMR Distensibility data 
AA distensibility 1.80 ± 0.92 1.98 ± 1.31 0.296 

DA distensibility 2.01 ± 1.40 2.16 ± 1.52 0.513 

PWV (m/s) 7.81 ± 3.12 8.70 ± 3.76 0.125 

 
Abbreviations: LVEDVI=left ventricular end-diastolic volume indexed to BSA, LVESVI=left 
ventricular end systolic volume indexed to BSA, LVSV=left ventricular stroke volume, LVSVI=LVSV 
indexed to BSA, LVEF=left ventricular ejection fraction, LVMI=left ventricular mass indexed to 
BSA, LAVI=left atrial volume indexed to BSA, RVESVI=right ventricular end diastolic volume 
indexed to BSA, VAI=valvulo-arterial impedance, PSS=peak systolic strain, PSSR=peak systolic 
strain rate, PEDSR=peak early diastolic strain rate, AA=ascending aorta, DA=descending aorta, 
PWV=pulse wave velocity 

 

There was no significant difference in markers of LV remodeling between those with 

and without a secondary outcome-3, except a significantly higher LV mass/volume 
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ratio in those with an outcome. The CMR-derived VAI was also significantly higher, 

with no difference in measures of myocardial deformation or distensibility. 

9.4.4.2 Contrast Enhanced CMR 

Table 91. CMR perfusion and fibrosis data for those with and without a secondary outcome-

3 

 Secondary outcome 
3 (n=60) 

No secondary 
outcome 3 (n=114) 

p-value 

CMR Perfusion data 

Global MPR 2.06 ± 0.65 2.38 ± 0.70 0.005* 

Global stress MBF (ml/min/g) 2.05 ± 0.66 2.22 ± 0.72 0.146 

Global rest MBF (ml/min/g) 1.04 ± 0.33 0.95 ± 0.22 0.074 

Total stress MBF (ml/min/m2) 118.46 ± 41.62 124.45  ± 46.27 0.412 

Total rest MBF (ml/min/m2) 59.76 ± 17.17 53.28 ± 15.82 0.015* 

CMR Fibrosis data 
LGE present (n,%) 32 (53.3) 50 (43.9) 0.234 

% LGE (%) 4.5 ± 3.30 4.1 ± 3.99 0.420 

Native T1 (ms) 1116.7 ± 61.16 1140.0 ± 72.68 0.079 

ECV (%) 24.96 ± 2.53 24.74 ± 2.39 0.646 

 
Abbreviations: MPR=myocardial perfusion reserve, MBF=myocardial blood flow, LGE=late 
gadolinium enhancement, ECV=extracellular volume fraction 

 

The global MPR was significantly lower and the total rest MBF was significantly higher 

in those with a secondary outcome-3. There was no difference in measures of fibrosis. 

9.4.5 CT data 

Table 92. CT data for those with and without a secondary outcome-3 

 Secondary outcome 
3 (n=49) 

No secondary 
outcome 3 (n=125) 

p-value  

CT data 

AoV Ca2+ score 2393 (1359, 3620) 1749 (1122, 2829) 0.033* 

Coronary Ca2+ score 389.0 (10.0, 934.0) 256.0 (2.1, 968.0) 0.513 

 
Abbreviations: AoV Ca2+ score= aortic valve calcium score (median and inter-quartile range 
displayed) 

 

The AV calcium score was significantly higher in those with a secondary outcome-3. 
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9.5 Appendix-5 (Supplementary data): Sensitivity analysis in patients 

with severe AS only 

Additional sensitivity analyses were performed in the 123 (71%) patients, who met at 

least one criterion for severe AS. The below tables summarise the results of ROC 

analysis and the sensitivity, specificity, positive predictive value (PPV) and negative 

predictive value (NPV) of MPR and exercise testing in predicting the primary (Table 

93) and secondary outcomes (Table 94 to Table 96) in the severe-AS population. 

 

(Abbreviations for all tables in Appendix-5: PPV= positive predictive value, NPV=negative 
predictive value, MPR=myocardial perfusion reserve, CPET=cardiopulmonary exercise test.) 
 

Table 93. Sensitivity, specificity, PPV and NPV of MPR and CPET in predicting the Primary 

Outcome (symptom-driven AVR, MACE, cardiovascular death at 12 months) in severe AS 

group 

Parameter Sensitivity Specificity PPV NPV AUC p-value 

MPR 0.629 0.590 0.393 0.790 0.597 (0.49-0.71) 0.081 

Positive CPET 
(strict) 

0.206 0.909 0.467 0.748 0.557 (0.48-0.63) 0.135 

Positive CPET 
(conventional) 

0.441 0.693 0.357 0.763 0.567 (0.47-0.67) 0.177 

 

 

Table 94. Sensitivity, specificity, PPV and NPV of MPR and CPET in predicting the Secondary 

Outcome-1 (symptom-driven AVR, MACE, cardiovascular death over entire study period) in 

severe AS group 

Parameter Sensitivity Specificity PPV NPV AUC p-value 

MPR 0.610 0.597 0.446 0.742 0.590 (0.48-0.70) 0.099 

Positive CPET 
(strict) 

0.200 0.915 0.533 0.701 0.557 (0.49-0.63) 0.107 

Positive CPET 
(conventional) 

0.450 0.707 0.429 0.725 0.579 (0.49-0.67) 0.095 
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Table 95. Sensitivity, specificity, PPV and NPV of MPR and CPET in predicting the Secondary 

Outcome-2 (all AVR, MACE, cardiovascular death at 12 months) in severe AS group 

Parameter Sensitivity Specificity PPV NPV AUC p-value 

MPR 0.644 0.630 0.518 0.742 0.628 (0.52-0.73) 0.015 

Positive CPET 
(strict) 

0.205 0.923 0.600 0.673 0.564 (0.50-0.63) 0.063 

Positive CPET 
(conventional) 

0.409 0.692 0.429 0.675 0.551 (0.46-0.64) 0.268 

 

 

Table 96. Sensitivity, specificity, PPV and NPV of MPR and CPET in predicting the Secondary 

Outcome-3 (all AVR, MACE, cardiovascular death over entire study period) in severe AS 

group 

Parameter Sensitivity Specificity PPV NPV AUC p-value 

MPR 0.623 0.646 0.589 0.677 0.617(0.51-0.72) 0.026* 

Positive CPET 

(strict) 

0.189 0.928 0.667 0.598 0.558 (0.50-0.62) 0.064 

Positive CPET 

(conventional) 

0.396 0.696 0.500 0.600 0.546(0.46-0.63) 0.296 
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9.6 Appendix-6: PUBLICATIONS ARISING FROM THIS THESIS 

Paper-1: Review article 

Singh A, Steadman CD, McCann GP. Advances in the Understanding of the Pathophysiology 

and Management of Aortic Stenosis: Role of Novel Imaging Techniques. Can J Cardiol. 2014 

Sep;30(9):994-1003. 

 

Paper-2: Protocol paper (PRIMID-AS) 

Singh A, Ford I, Greenwood JP, Khan JN, Uddin A, Berry C, Neubauer S, Prendergast B, 

Jerosch-Herold M, Williams B, Samani NJ, McCann GP. Rationale and design of the PRognostic 

Importance of MIcrovascular Dysfunction in asymptomatic patients with Aortic Stenosis 

(PRIMID-AS): a multicentre observational study with blinded investigations. BMJ Open. 

2013;3(12):e004348 

 

Paper-3: Tagging vs. Feature Tracking: reproducibility 

Singh A, Steadman CD, Khan JN, Horsfield MA, Bekele S, Nazir SA, Kanagala P, Masca NG, 

Clarysse P, McCann GP. Intertechnique agreement and interstudy reproducibility of strain and 

diastolic strain rate at 1.5 and 3 Tesla: a comparison of feature-tracking and tagging in 

patients with aortic stenosis. J Magn Reson Imaging. 2015 Apr;41(4):1129-37 

 

Paper-4: T1 mapping in AS: reproducibility and comparison with controls 

Singh A, Horsfield MA, Bekele S, Khan JN, Greiser A, McCann GP. Myocardial T1 and 

extracellular volume fraction measurement in asymptomatic patients with aortic stenosis: 

reproducibility and comparison with age-matched controls. Eur Heart J Cardiovasc Imaging. 

2015 Jul;16(7):763-70 

 

Paper-5: Ranolazine in AS 

Singh A, Steadman CD, Khan JN, Reggiardo G, McCann GP. Effect of late sodium current 

inhibition on MRI measured diastolic dysfunction in aortic stenosis: a pilot study. BMC Res 

Notes. 2016;9(1):64 
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