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Coronary artery bypass graft
Coronary artery disease
Continuous ambulatory peritoneal dialysis
Chronic kidney Disease
Cardiovascular magnetic resonance imaging
C reactive protein
Cardiovascular
Cerebrovascular disease
Cardiovascular disease
Diastolic blood pressure
Electron beam computed tomography
Electrocardiograph
Body surface area corrected end diastaicame
Electrophysiological
Electronic patient records
Erythropoetin receptor stimulating agent
End stage renal disease
(Estimated) Glomerular filtration rate
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ESV/BSA
Gd-DTPA
Hb
HbAlc
HD

HDL
HEMO
HEP

HMG Co-A reductase

HRV
ICD

IDH

IHD

IL

IQOR
IVRT
K/DOQI
K+
KDIGO
LAV
LAV/BSA
LDL
LGE

LV
LVEF
LVH
LVMI
LVOT

MADIT II
MASTER |

MRI
MTWA
NHANES
NMV
NSF
NYHA
PCI
PCr.ATP
(P )MRS
PD

Pi

PO4
Pre-D

Body surface area corrected end systolicrnae

gadolinium- diethylenetriamine- pentaacetd

Haemoglobin

Haemoglobin A1C

Haemodialysis

High density lipoprotein

Hemodialysis study

High energy phosphate
3-hydroxy-3-methyl-glutaryl-Codductase

Heart rate variability

Implantable cardioverter defibrillator

Intradialytic hypotension

Ischaemic heart disease

Interleukin

Interquartile range

Isovolumetric relaxation time

Kidney Disease Outcome Quality Initiative

Potassium

Kidney Disease: Improving Global Outcomes

Left atrial volume

Body surface area corrected left atrial wole

Low density lipoprotein

Late gadolinium- diethylenetriamine- pentaacatiid enhancement

Left ventricular

Left ventricular ejection fraction

Left ventricular hypertrophy

Left ventricular mass index

Left ventricular outflow tract

Multicenter Automatic Defibrillator Implatation Trial 1l
Microvolt T Wave Alternans Testing for $Ri Stratification of
Post MI Patients

Magnetic resonance imaging

Micovolt T wave alternans

National Health and Nutrition Examinatioar@ey
Net magnetisation vector

Nephrogenic systemic fibrosis

New York Heart Association

Percutaneous intervention

Phosphocreatine to beta ATP ratio

¢! Phospohorus) magnetic resonance spectroscopy
Peritoneal dialysis

Inorganic phosphate

Phosphate

Predialysis
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PTH
PVD
RA

RF
ROS
RRT
RT
RWMA
SA
SBP
SCD
SCD-HeFT
TGF
TNFa
UF
URR
USRDS
VC

VF

VT
VTA

Parathyroid hormone

Peripheral vascular disease
Repolarisation alternans
Radiofrequency

Reactive oxygen species

Renal replacement therapy
Renal transplantation

Regional wall motion abnormality
Short axis

Systolic blood pressure

Sudden cardiac death

Sudden Cardiac Death in Heart Failurel Tria
Transforming growth factor beta
Tumour necrosis factor alpha
Ultrafiltration

Urea reduction ratio

United States renal data system
Vascular calcification

Ventricular fibrillation
Ventricular tachycardia
Ventricular tachyarrhythmia
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Summary

Premature cardiovascular (CV) death is the comnioresse of death in patients
with end stage renal disease (ESRD), which inclutiese receiving or close to
requiring renal replacement therapy. In ESRD gmaiti, CV deaths are most
commonly caused by cardiac arrhythmia and suddetiatadeath compared to the
general population where myocardial ischaemia afatdtion predominate. Higher
CV disease burden is due to accumulation of “cotweal” risk factors (e.g.
hypertension, diabetes mellitus, smoking) and “lioviek factors (e.g. oxidative
stress, proteinuria, anaemia, inflammation) in ESpddients. In addition, risk
factors specific to patients with renal disease ehdeen identified including
alteration in left ventricular (LV) structure, oadl uraemic cardiomyopathy. These
structural abnormalities are common in patienthvitSRD (between 60-80% of
subjects upon initiation of dialysis) and inclu@dt lventricular hypertrophy (LVH),
systolic dysfunction (LVSD) and dilatation. Thedeanges in LV structure confer

adverse CV outcome in ESRD patients and have prdiiecult to reverse.

Detection of these abnormalities is usually perdmusing echocardiography,
however this technique is inaccurate in ESRD ptidane to significant alterations
in LV shape and geometric assumptions made duraigulation of myocardial

mass. Cardiovascular MRl (CMR) negates these gssums and is the most
accurate, reproducible and reliable method of assgdV dimensions independent
of intravascular volume, particularly in patientghnaltered myocardial architecture.
Furthermore, maximal left atrial volume can be mead using CMR. The

principle aims of the studies presented in thisigevere to elucidate prognostic and

pathophysiological features of uraemic cardiomybpaising CMR.
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In a large study (n=246) of haemodialysis patietits, determinants of each LV
abnormality of uraemic cardiomyopathy were ideatlfifrom past clinical history,
haemodialysis and blood parameters and other L\éuarements. For LV changes,
major determinants were clinical features assodiatgh advanced renal disease,
namely expansion of intravascular/ extracellulardflcompartment, abnormal bone
mineral biochemistry and hypertension.  Furthermopeesence of one LV
abnormality was one of the strongest predictorprfsence of another, perhaps
indicating differing stages of uraemic cardiomydyatlevelopment. In a subsequent
prognostic study including these patients (n=44@gsence of LVSD and LV
dilatation on CMR were significantly associated hwpoorer all cause and CV
mortality. Presence of LVH, which is by far the@sh common structural change,
was associated with poorer cardiovascular survvey. In addition, presence of
two or three abnormalities (commonly LVH with anethabnormality) had a
significantly poorer prognosis and independentlydited CV and all cause
mortality. This has implications for therapeuticategies which should aim to slow
or reverse cardiac changes of ESRD and preventrgesign from one cardiac
abnormality to 2 or more. In a further study (nfR0nvestigating additional
prognostic features of ESRD patients with LVH, nmaai left atrial volume (LAV)
was measured using the bi-plane area length methesd LV systole. Elevated
LAV and presence of LVSD were significantly asst@iawith poorer all cause
survival and were independent predictors of deaffhe most likely causes of
elevated LAV in ESRD patients are LV diastolic dysftion and expanded

extracellular compartment and may provide a tali@etherapeutic intervention.

24



The electrophysiological features of uraemic cardiopathy were assessed using
microvolt T wave alternans (MTWA) which is a novelon-invasive method of
measuring small variations in surface electrocgm@dion (ECG) T wave morphology
and thus ventricular repolarisation. This techriduas been used to stratify other
cohorts at elevated risk of sudden cardiac deatith(sas ischaemic and non
ischaemic cardiomyopathy, hypertensive LVH). Adstypresented in this thesis,
compared MTWA results between ESRD (n=200) and tgpsive patients with
LVH on echocardiography (n=30). Abnormal MTWA risuas significantly more
common in ESRD patients compared to hypertensivéerga with LVH.
Furthermore, abnormal MTWA result was significardiysociated with myocardial
abnormalities of uraemic cardiomyopathy and a hyst@f macrovascular
atheromatous disease in ESRD patients. Despitemmaion of LV function on
CMR, the frequency of abnormal MTWA result in ESRBtients was similar to
previous studies in subjects with heart failur€Phosphorus magnetic resonance
spectroscopy is a novel, non-invasive techniqueesifimating cardiac energetic
status and high energy phosphate (HEP) metabofissmmyocardial area of interest
and has previously been used to assess patierttsgiabal myocardial disease
(dilated cardiomyopathy, hypertensive LVH). Higheegy phosphate metabolism
was compared between patients with ESRD (n=53)hypertensive LVH (n=30)
and despite similar LV mass between both groups; RTP (an indicator of HEP
metabolism) was significantly reduced in ESRD pdatie These findings are most
likely due to cardiac interstitial fibrosis and tladéteration of tissue composition
within the area of interest, and changes in metalf@hction within cardiomyocytes
of uraemic hearts. Finally, a small study (h=50)estigated the effect of successful

renal transplantation on LV mass measured by CMBh comparison of patients
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who remained on the renal transplant waiting tistre was no significant difference
in LV mass in patients who received a renal traarsipl It is likely that previous
echocardiography studies that demonstrated signifieegression of LVH, measured

improvement in fluid control rather that actualwetion in myocardial mass.

Future studies investigating benefit of therapeutitervention may require
identification of individuals at higher CV risk anlde results of studies presented in
this thesis aim to provide information for selegtsuch ESRD patients. With these
results in mind, further prospective studies wel dible to carefully select groups of
ESRD patients with differing left ventricular, lefttrial, electrophysiological and
biochemical properties to demonstrate survival bengh interventional agents. In
this way, future therapies for ESRD patients can thdored to improve

cardiovascular survival.
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Chapter 1

Introduction
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During the latter part of the ZOcentury, better understanding of renal disease,
dialysis techniques and renal transplantation rsageificantly improved prognosis
of patients with end stage renal disease (ESRD)oweder, as survival has
improved, other conditions have contributed sigaifitly to the morbidity and
mortality of ESRD patients. Cardiovascular (CV) edise, including cardiac
arrest/arrhythmia, acute myocardial infarction (AMtongestive heart failure and
stroke, is the commonest cause of premature deathatients with ESRD. In
addition, early stages of chronic kidney diseas€{Chave also been associated

with poorer cardiovascular prognosis compared eagéneral population (1;2).

1.1 Progression and classification of chronic kidnedisease

The natural history of patients with renal disessshown in Figure 1.1. After a
period of deteriorating renal function (which castl many years), some patients
develop ESRD. These patients can receive dialgstbe form of haemodialysis
(which is commonly in-hospital and thrice weekly) peritoneal dialysis. Patients
can receive a renal transplant just before requin, more commonly, whilst
receiving dialysis. Patients with transplants whiail can return to dialysis until
they are re-transplanted. Cardiovascular riskghdr than the general population at

each stage of this disease process (Figure 1.1).
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Figure 1.1  Natural history of patients with CKD and estimated increase in

CV risk compared to the general population. Modifed from (3).
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To allow better evaluation and stratification otipats with renal dysfunction, the
Kidney Disease Outcome Quality Initiative (K/DOQduidelines have classified
CKD into 5 stages based on glomerular filtratiote f&FR) and evidence of kidney
damage (by imaging, histology, or urinalysis). 3deéhave more recently been
modified to include kidney transplant recipientd atialysis patients (Table 1.1).
The main aim of implementing this system is to wllearly recognition of kidney
dysfunction and commence preventative measuresow GKD and CV disease

progression (2).

Table 1.1 Classification of CKD 2004 (2). GFR= gtaerular filtration rate

Stage Description GFR Related Terms Treatment
(ml/min/1.73m2)
1 Damage with >90 Albuminuria \
normal orfGFR Haematuria
Proteinuria
Tif
2 Damage with 60-89 Albuminuria
Mild | GFR Haematuria kidney
Proteinuria
transplant
3 Moderatd GFR 30-59 Chronic renal recipient
insufficiency
4 Severe| GFR 15-29 Chronic renal
insufficiency /
5 Kidney Failure <15 or dialysis Renal Failure,ESRD ifPeceiving
dialysis
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per 1000

1.2 Epidemiology of cardiovascular disease in ESRpatients

1.2.1 Prevalence of cardiovascular deaths in ESRD

According to data from the United States Renal D#yatem (USRDS), in 2008
annual mortality rates for ESRD patients and pevatlialysis patients were 165.6
and 220.7 per 1000 patient-years respectivelydi@adisease accounted for 41% of
deaths in dialysis patients and 40% of deaths iIR[Efatients (comprising all CKD
5 subjects: predialysis and dialysis). In dialysatients 65.9% of cardiac deaths
(26.9% of all deaths) were due to cardiac arrhyéhmoi sudden cardiac death
representing the major cause of CV death (Figute IThis pattern is also present in
all ESRD patients (including peritoneal and preydis) and, to a lesser extent, in

successfully transplanted patients (4).

Figure 1.2  Mortality rate by primary cause of mortality. (per 1000 patient
years at risk, 2008).
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Throughout all age groups CV risk is higher thare theneral population.
Furthermore, increased relative risk of CV deatbresatest in younger patients, who

have a CV risk similar to elderly (70-80 years) menal patients (5).

A significant problem of epidemiological studiesrr renal registries (both US and
European) is defining the primary cause of dedthmany cases autopsies are not
performed, death certificates are not accuratetyateted, definitions used to define
CV death tend to underestimate true cardiovasddaths and it is often difficult to
isolate a single cause of death in many patieNtmetheless, these data demonstrate
significant pathophysiological differences in CV atle between the general
population (where atherosclerosis and subsequendcangial ischaemia and
infarction are most common) and ESRD patients (ehsudden, presumed

arrhythmic death predominates CV mortality) (6).

1.2.2 Risk factors for CVD in ESRD patients

Large population based studies have identified rabmar of risk factors for CVD in

the general population (Table 1.2). Furthermorgdanterventional studies have
shown that modification of some of these risk fextonproves CV survival. For

example, lipid lowering using HMG Co-A reductaséibitors has been shown to
provide significant survival benefit for both pringeand secondary prevention of CV

events (7;8) and have been included in currentcdimpractice for many years.

In ESRD patients, premature cardiovascular deashbegn associated with higher

prevalence of these “conventional” risk factorst the relationship between these
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risk factors and CVD is much less clear than ingbreeral population. In addition,
novel risk factors, which are often associated whth presence of uraemia, appear to
have a more influential role on subsequent CV ev#rdn in the general population
(Table 1.2). The majority of studies investiggti@V risk factors in ESRD patients,
have been performed in patients receiving regu@niodialysis, however many of

these risk factors are also relevant to peritodedysis or predialysis patients.

Table 1.2 Risk Factors for CVD in general populatia and ESRD patients

(1,5)

Traditional CV Risk Factors- Novel/ Uraemia Specific Risk Factors

General Population

Advancing age Haemodynamic/metabolic factors ESRD
Hypertension Proteinuria

Dyslipidaemia 1 Extracellular fluid volume

Diabetes Mellitus Electrolyte imbalance/fluctuation
Sedentary Lifestyle Vascular calcification

Previous IHD/CVA/PVD Bone mineral disorders

Smoking Homocysteine

Oxidative stress Anaemia

LVH/LVSD Inflammation

Uraemic cardiomyopathy
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1.2.2a Advancing age and gender

The mean age of patients commencing RRT has gigdnateased over the last
decade. Furthermore increasing age is commonlyndapendent predictor of
mortality in most studies investigating associagiomith (CV) death. In all age
groups male CKD patients have a significantly hrgiek (x2.5) of acute myocardial
infarction compared to female patients. Howevemdle CKD patients have a 3-5x
higher risk of acute myocardial infarction whermared to age and sex matched

patients with no renal disease (5).

1.2.2b Hypertension

In the general population without co-existing C\éalise, prospective observational
studies have demonstrated that increments of 5-6ghnmHliastolic blood pressure

(DBP) or 10mmHg systolic blood pressure (SBI@ associated with a 20-25%
increased risk of ischaemic heart disease, 35-408atey risk of stroke and 50%

increased risk of heart failure (9). Furthermoesgluction of blood pressure reduces
cardiovascular risk significantly (10). A numbalr large prospective trials have

demonstrated that treatment with calcium channetKkars, diuretics, beta blockers
and drugs affecting the renin- angiotensin systaprove cardiovascular outcome in

hypertensive patients (11-13).

Hypertension is very common in patients with CK[2I as caused by a combination
of reduced arterial compliance related to vascutaicification, endothelial
dysfunction, fluid overload, and autonomic dysfumet (14). Furthermore,
controlling blood pressure in patients with eatlyges of CKD has also been shown

to slow progression of renal dysfunction and improsardiovascular outcome
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(15;16). However, similar prospective studies peried in dialysis patients have
not consistently demonstrated a beneficial rolerémlucing blood pressure. Some
studies have demonstrated that low and high bloedspre are associated with

higher mortality.

In a cohort study of 40933 haemodialysis patieoitoived for 15 months, pre

dialysis systolic BP<110mm Hg and diastolic BP <Bfidg were associated with a
hazard ratio for all cause mortality of 1.60 an@02espectively (17).

Similarly, an observational study in 16959 haemiydia patients demonstrated that
systolic BP< 120mmHg was associated with highertatity after 1 and 2 years.

However, after surviving 3 years on dialysis, highgstolic BP (>150mmHg) was

associated with adverse prognosis suggesting kieatdlationship between blood

pressure and survival may alter with time (18).

This “U” or “J” shaped relationship between bloogkgsure and mortality is most
likely due to the association between hypotensiwh @-morbid conditions such as
cardiac failure, diabetes mellitus, malnutritiordaepsis in dialysis patients,. As has
been demonstrated in other studies involving cleroconditions (heart failure,
advanced age), low blood pressure is associated adverse outcome. This
phenomenon is known as “reverse epidemiology” aasl leen demonstrated with

other risk factors in ESRD patients (see below).(19

There are few trials that have identified optimalgets and treatment for
hypertension in ESRD patients. Promising studieveh demonstrated that

longer/more frequent dialysis may provide tight dalo pressure control in
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haemodialysis patients (20), however more studiesexjuired to determine optimal

targets and measures to control BP in patientsviagerenal replacement therapy.

1.2.2c Dyslipidaemia

As renal dysfunction deteriorates there are compmlesturbances in lipoprotein
metabolism which are influenced by patient nutnéib status, degree of renal
dysfunction, presence of proteinuria, and diabate8litus. In patients with ESRD,
plasma triglyceride levels are elevated and chetektevels may be high, normal or
low dependent on nutritional status and modalityeofal replacement. For example,
patients on haemodialysis commonly have low totad sow density lipoprotein
(LDL) cholesterol. Peritoneal dialysis patientsvéaelevated total and LDL
cholesterol. In general, ESRD is associated wigh tevels of atherogenic particles
(eg small dense LDL) independent of total or LDIlolesterol and reduced levels of

atheroprotective high density lipoprotein (HDL) &sierol.

As stated before, in the general population redactif cholesterol using statins has
been associated with primary and secondary prexerdgf CV events (7;8). In
addition, the anti-inflammatory role of statins megntribute to their reduction in
CV events. The JUPITER trial demonstrated thatvastatin reduced LDL-
cholesterol and high sensitivity C reactive protédRP) levels. Whilst CV events
and all cause mortality were significantly redu@edndividual groups, the greatest
reduction in events was found in the patients gribnap achieved both (21). In vitro
studies have demonstrated that statins reducemnfitory cell endothelium
adhesion, alter smooth muscle cell behaviour inelibging atheromas and aid

stabilisation of atherogenic plaques (21;22).
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The relationship between dyslipidemia and CV eVemsgtality in ESRD patients
remains less clear. Data from renal registriegssigthat, similar to hypertension, a
“J” or “U” shaped relationship exists between seraholesterol and survival in
haemodialysis patients. As with blood pressuns, ‘tieverse epidemiology” relates
to high prevalence of malnutrition or other co-mdrbonditions (inflammation) in
patients with low levels of cholesterol. These da#ae contributed to the under
usage of statins in dialysis patients, despite high proportion of patients with

diabetes and coronary heart disease (23;24).

Two randomised placebo controlled trials have thite demonstrate significant

reduction in CV events or death in haemodialysteepts treated with statins.

The Deutsche Diabetes Dialyse Studie (4D) was spative randomised controlled
trial investigating the effect of atorvastatin gy on cardiovascular outcome in
1225 type 2 diabetic haemodialysis patients. AlgioLDL cholesterol was reduced
(42% reduction), there was no statistical signiiicaeduction of the composite
primary endpoint (death from all cardiac causesl fstroke, non fatal MI, or non
fatal stroke). Interestingly myocardial infarcticevents were reduced in the
treatment arm. Post hanalyses, however, revealed that adjudicated deathso
coronary artery disease only accounted for 9% affdeand sudden death accounted
for 26% of all cause mortality (25).

The AURORA trial was a prospective randomised stinyestigating therapy with
rosuvastatin in 2776 haemodialysis patients. LDblesterol was reduced by 43%
in the therapy arm but there was no significante@ffon primary outcome

(adjudicated death from cardiovascular causesfatahMI, non fatal stroke). In the
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statin treated group, deaths from cardiovasculaiseaoccurred at a rate of 7.2
events/100 patient-years compared to 7.3 eventgppafiént—years in the placebo
group (p=0.97) and death from definite coronaryrhdmsease was not significantly

different (26).

In both of these studies, the investigators potdlghat lack of benefit in the treated
cohort highlighted the difference between cardiouém disease in patients with
ESRD/diabetes and the general population. To eaplthe difference in

cardiovascular disease in ESRD and the non-rerallation, the results for placebo
arms of the AURORA, 4D and 4S studies are showiainle 1.3. The 4S study was
a randomised placebo controlled study investigatimg effect of simvastatin in

patients who had proven coronary artery disease (8)
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Table 1.3 Results from placebo arms of AURORA, 4and 4S studies.

AURORA 4D 4S
Study/ % % %
Cause of Death Placebo n=1378 Placebo n=636 Placebo n=2223
Study Population Haemodialysis DM+ haemodialysis R AMI
Cardiac Death 54 19.5 8.5
Non Fatal MI 2.5 11.8 16.9
Non- CV Death 8.1 28.5 3.0

These data show that patients receiving haemodiahg/e a much higher risk of
cardiac death than non fatal MI. However in a gdds$t non dialysis-dependent
cohort of patients, non fatal Ml is the most prevalCV event to occur; cardiac
death is much less common. When we look at data WWSRDS (see Figure 1.2)
these haemodialysis patients are much more likelguffer a cardiac arrhythmic
death. The features that increase risk of suddetiacadeath/cardiac arrhythmia will

be discussed later in this chapter.

1.2.2d Diabetes mellitus

According to UK Renal Registry and USRDS data, eliab is the most common
primary renal disease in patients receiving RRT iaritie developed world diabetic
nephropathy has become the most common cause ob EB&ween 20-35% of
patients). In addition, the prevalence of diabptitients with ESRD is rising which
likely reflects improved survival of type 2 diabetpatients (27). Interestingly,

recent reports from Finland and US suggest thatntimaber of type 1 diabetic
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patients requiring dialysis is decreasing possthig to improved glycaemic, blood

pressure and proteinuria control (28).

Diabetic patients who start dialysis have many Cigk rfactors including
dyslipidaemia, hypertension, chronic inflammationd aelevated oxidative stress
leading to a poor prognosis on dialysis. Presehckabetes at the start of dialysis is
significantly associated with poorer survival, adependent risk factor for all cause
and CV death, and it is estimated that cumulatisie for diabetes (2-3x compared
to non diabetic ESRD patients) and presence of EBRi2ases the overall risk of
death to 50x that of the general non diabetic patpan (29). Accelerated coronary
artery disease (CAD) is the greatest contributorelevated CV morbidity and
mortality in diabetic ESRD patients (30). In onedy looking at 155 diabetic
patients being assessed for renal transplantaidio (are commonly positively
selected due to their fitness to have a transplamghificant occlusion (>50%) in at
least one vessel was found in 45% of patients te&8% being asymptomatic of

angina (31).

1.2.2e Cigarette smoking

Initial studies suggested that smoking had littfeect on CV disease in ESRD

patients and clinicians were reluctant to imposghtr restrictions on chronically

unwell patients. However, two studies have destrated an association between

smoking and CV disease similar to the general .

In an observational study investigating baseline &K factors and pre-existing

disease in dialysis patients, smoking was indepghdessociated with higher
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relative risk of CV disease (32). In addition, eogpective study investigating
development if CV events in a population of haeralydis patients over 5 years
showed that being a smoker at screening signifigamtreased risk of a subsequent

CV events (33).

As a result of these and other studies, smokingates is encouraged in ESRD

patients to improve CV survival.

1.2.2f Ischaemic heart disease

As stated above, sudden cardiac death and cardiagttania are the commonest
cause of death in the ESRD population. Nonethelesselerated CAD and its
sequelae account for almost 20% of CV deaths ardsgnificant feature of CV

disease in ESRD patients. Cause of death claatsificis not always supported by
post mortem evidence and it is likely that a sigailfit proportion of deaths

attributed as “arrhythmic” in origin are due toesit, undiagnosed CAD.

The classical triad to identify myocardial infagsti namely symptoms, ECG
changes and myocardial enzyme elevation, can béeadiag in this patient

population making design of trials very difficulResting ECG abnormalities
(particularly T wave and left ventricular axis clgas) are common in ESRD
patients and can be mistaken for ischaemia. Intiadd significant myocardial

iIschaemia may be present in dialysis patients tegpypical or absent symptoms.
Finally, myocardial enzymes such as troponin | @nday be elevated in renal

impairment despite the absence of significant mggdiahdamage.
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Nonetheless, several observational studies havéidiged elevated burden of CAD
in ESRD patients. It has been estimated that filepis commencing dialysis, 30%
of patients will experience AMI in the first yeanca 52% after the second (34).
Furthermore, follow up data of these patients (&5 demonstrated poor prognosis
in patients who suffered an MI with only 40% aligé 12 months and post-Ml
cardiac arrhythmias contributing to a very high ospital mortality (21% vs. 8%

in the general population)

Poor post-MI prognosis may be due to under- ordagnosis of Ml at the time of
presentation and delay in appropriate treatmenenBvhen patients with AMI are
identified, a significantly lower number of patisnére treated with thrombolytic
therapy or referred for primary percutaneous irdation (PCIl) compared to the non
dialysis population. When discharged, these pttiare under prescribed standard
secondary preventative therapy: only 50-75% of gmé$i receive aspirin, 22%
receivep- blockers and 26% receive statin therapy (36).luéance to prescribe
these drugs is presumably due to absence of ewedamaporting their use in ESRD
patients, who were commonly excluded from largelissifor secondary prevention
of CV events. However, a number of small obseoveti studies have demonstrated
significant benefit of treatment with aspiripy; blockers or angiotensin converting

enzymes in the 30 day post MI period compareddsdmot treated (37).

At the time of presentation, both thrombolytic gy and primary PCI have been
shown to significantly improve survival in ESRD jeats. From USRDS data,
Herzog et al showed that thrombolysis therapy forefvation M|l was associated

with a 28% relative risk reduction in all cause mbty at 48 months (38).
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Furthermore, if the centre that patients presest deess to primary PCl, ESRD
patients should be treated similarly to the geneyapulation. In a large
observational study of 4758 CKD patients who presgrio hospital with acute
coronary syndrome, Keeley et al demonstrated aifsignt improvement in long
term mortality in patients with CKD 4-5 treated kwiprimary PCI compared to

medical therapy (39).

In dialysis patients with significant symptomati@&D there is survival benefit of
coronary artery bypass grafting (CABG) compare®@ with angioplasty (£ stent).
Dialysis patients from the USRDS who received thiest coronary revascularisation
procedure between 1995 and 1998 were comparethngearetrospective study. All
cause 2 year survival was significantly higher atignts who underwent CABG
(56.4%) compared to PCI and PCI and stent grou®2% and 48.4% respectively;
p<0.01). Multivariate survival analyses, demortstitaa 20% reduction in all cause
mortality in patients treated with CABG and 6% reiilon with PCl and stenting
compared to PCI alone. However, the benefits oBGAover PCI need to be
balanced with higher peri-operative complicatiote raf these procedures (8.6% for

CABG vs. 6.4% for angioplasty and 4.1% for stenti{8%).

These studies suggest that coronary artery intéorems appropriate in the acute
setting and/or in patients with critical coronaryeay stenoses. In ESRD patients
with less severe but flow limiting CAD, the role @fronary intervention is less clear
due to a lack of prospective randomised controltedls. In the CARP
(asymptomatic patients undergoing high risk vascslargery) and COURAGE

studies (asymptomatic patients with stable CAD),| B@Gnferred no significant
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survival benefit compared to patients treated witptimal medical therapy
highlighting the need for careful selection of pats who undergo coronary
revascularisation (40;41). At present, a prospectandomised controlled trial is
planned in the US to determine the possible beoéftbronary revascularisation in

ESRD patients.

1.2.2g Sedentary lifestyle

ESRD patients are at risk of physical deconditigntlue to a number of reasons
including large burden of co-morbidity (diabetes llimes, peripheral vascular
disease, CAD), recurrent hospital admissions, nmiygpaelated to uraemia,
hyperparathyroidism and anaemia. The UK Renal éiason recommends regular
exercise programmes for dialysis patients usualytidnes a week despite a lack of
convincing evidence of benefit (42). Results frone Dialysis Morbidity and
Mortality Wave 2 study demonstrated a significarttigher mortality in patients
with severe limitations in physical activity. Whaelifferent patient groups were
exposed to varying levels of exercise, frequentr@se (4-5/week) was associated

with improved survival (43).

1.2.2h Oxidative stress

Essential steps in development of atherosclerosigude perioxidation of
membrane-bound, lipoprotein-associated fatty agidparticular LDL- cholesterol)
and oxidation of proteins by reactive oxygen spe@®0S). Furthermore, ROS play
a part in ischaemia-reperfusion injury during myodca ischaemia/infarction. In the
general population, interventional randomised driahve investigated the effect of

antioxidants (e.g. acetylcysteine), which signifita reduce oxidation of LDL-
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cholesterol and impair cellular response to oxlisBL-cholesterol. Unfortunately,

these studies have shown no significant clinicaktiie (44).

A number of studies have demonstrated that patiexgsiving RRT (particularly
haemodialysis) have higher levels of oxidative sgrevhich may be amenable to
intervention with antioxidant therapy. Althoughidence is lacking, two small

studies have demonstrated some benefit:

In one study investigating 196 haemodialysis p#siemth known cardiac disease,
treatment with oral vitamin E significantly reducedmposite CV events during a
median follow up of 519 days. However this studsvimited by small numbers of
patients and subsequent events (45). In a smalletomised, placebo controlled
study (n=134), acetylcysteine therapy was alsocatsal with a lower all cause and

CV mortality in haemodialysis patients (46).

Unfortunately, the use of these agents in ESRDepttihas been limited by the

absence of larger studies demonstrating a congrainical benefit.

1.2.2i Uraemic cardiomyopathy

Abnormalities of myocardial structure, detected éghocardiography, are very
common (approximately 85%) in patients startingaterplacement therapy and are
strongly associated with poorer outcome. Thesagd®in myocardial architecture
and function have been termed “uraemic cardiomyogatParfrey et al (47) studied

432 patients on initiation of dialysis and charasted three patterns of
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cardiomyopathy: left ventricular hypertrophy (LV,H)eft ventricular systolic

dysfunction (LVSD), and left ventricular dilatatighable 1.4):

Table 1.4 Prevalence and survival of uraemic cardimayopathy (47).

Abnormality LV LV Dilation LV Systolic Normal
Hypertrophy Dysfunction

Prevalence (%) 41 28 16 15

Median Survival 48 56 38 66

(months)

Only 15% of patients in this cohort had normal Lvhdnsions. On 2 year follow
up, each abnormality was significantly associatétth woorer survival compared to
patients with normal echocardiograms after adjustnier age, and presence of
diabetes and CAD. Additional data from USRDS hails® demonstrated poorer

survival in dialysis patients with LVH on echocargiam (48).

LVH is the commonest abnormality of uraemic cardyopathy and a precursor for
the development of other cardiac abnormalitiese dévelopment of LVH in ESRD
patients will be discussed in detail in Chapter Briefly, LV thickening is an

adaptive process to:

Increased pressure load leading to uniformly ireedalV wall thickening with

preservation of LV cavity size (concentric hypeping).
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* Increased volume load causing LV dilatation and W¥ll thickening to maintain

wall stress. This leads to eccentric hypertrogtd).(

A number of factors associated with ESRD (e.g. amaghyperparathyroidism) may
also promote myocardial fibrosis in addition toceemere formation. Thus, the key
histological features of uraemic cardiomyopathy ckhhave been demonstrated in
animal and patient biopsy studies are increasedliarayocyte volume and

interstitial myocardial fibrosis (50;51).

1.2.2) Anaemia

The presence of anaemia has been associated wgthificgint morbidity and
mortality in ESRD patients. Historically, anaemastbeen associated with increased
cardiac workload and subsequent development of lavid LV dilatation in CKD
patients. Despite observational studies demonsgratmproved cardiovascular
outcome, prospective randomised studies have faibedlemonstrate significant
reduction of LV mass or improved outcome in pasewhose anaemia has been
corrected. Furthermore, elevated haemoglobin sevlve been associated with

increased mortality in a number of prospective istsid

In dialysis patients with cardiac disease treateth &rythropoietin, the Normal
Hematocrit Study (NHS) was stopped early due temdt toward poorer outcome in
the high haematocrit compared to the low haemadtgraup (52). Furthermore,
Foley et al demonstrated no difference in LV masdialysis patients treated with

erythropoietin to achieve full or partial correctiof haemoglobin levels (53).
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In pre-dialysis patients, two randomised prospecsitudies (CHOIR and CREATE)
have demonstrated poorer cardiovascular outcom@mahigher mortality in patient

groups treated with erythropoietin to achieve higleemoglobin levels (54;55).

Given that patients with lower haemoglobin inclubdese with more comorbidities,
including ongoing inflammation and malnutritionjstnot surprising that anaemia is
associated with poorer survival in ESRD patientddowever, optimum level of
haemoglobin and time of commencement of erythrdpoigherapy remain
controversial.  The relationship between anaemia #&gatures of uraemic

cardiomyopathy will be discussed in further deraiChapter 3.

1.2.2k Proteinuria

Proteinuria is defined as urinary protein excregioeater than 300mg over 24 hours.
A number of observational studies have demonstrated proteinuria is an
independent risk factor for all cause and cardiouks mortality in patients with and
without diabetes mellitus:

Post hoc analyses of the RENAAL (Reduction in Emmaljpim Non-insulin dependent
diabetes mellitus patients with the Angiotensiiitagonist Losartan) trial showed
that proteinuria>3g/24 hours was associated withbtlog of serum creatinine or
ESRD in 85% and cardiovascular morbidity or motyaln 44% of patients. These
endpoint rates were significantly higher compared patients with proteinuria
<1.5g/24hours (28% and 29% respectively) (56).

In a 16 year study of non diabetics of the Framamgltohort, evidence of significant

proteinuria (>2+ on dipstix) increased mortalityetbfold (57).
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« Tonelli et al (58) demonstrated in patients witbth@semic heart disease, that those
with reduced eGFR or dipstick urinalysis positivetpinuria £1+) were at highest
risk of dying from a CV event compared to thosehwitt these risk factors.
Furthermore, those subjects with both had the weuseval and highest CV event

rate.

These and other studies support a significant &dsmt between presence of
proteinuria and CV events or death in diabetic aod diabetic patients. The link
between proteinuria and CV risk in CKD patientsmsilti-factorial and felt to
represent pathophysiological associations rathem #n causal relationship. These
factors include:

» Extracellular volume overload

* Hypertension and activation of the renin angioteiosterone system

» Vascular calcification

* Endothelial dysfunction/oxidative stress

1.2.21 Bone mineral disorders and vascular calcifation

As renal function deteriorates, chronic hyperphaspémia and hypocalcaemia
cause secondary and occasionally tertiary hypetpa@dism. Disturbances of
calcium and phosphate homeostasis have been ré@wtearly as CKD stage 3 and
a number of large observational studies have ifledtiserum markers of bone

mineral disorders as risk factors of poor outcome:

 Data from the USRDS demonstrated that hyperphoaphaa and calcium-

phosphate product were strong independent predictdr mortality in 7096
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haemodialysis patients when corrected for age, sa&sg, smoking status, and
presence of diabetes mellitus or neoplasm. Eldvedeum PTH was also associated
with death (59).

Hyperparathyroidism not only increases risk of fuaes, but also has adverse effects
on all cause and cardiovascular mortality. In acimiarger US dialysis study,
moderate to severe hyperparathyroidism (PTH>600pghvas independently
associated with mortality, CV hospitalisation amdcture when corrected for age,
sex, race, diabetes and dialysis vintage (60). Rasibeen associated with adverse
cardiovascular outcome due to its effects dematestran vitro. PTH specific
receptors present on myocardial and vascular d¢stited from rat perfusion
models, have demonstrated positive inotropic amdraitropic effects due to altered
intracellular calcium handling when stimulated. rtharmore in vitro effects of
elevated PTH (as in patients with CKD) demonstratenulation of cardiac

fibroblasts to produce collagen type 1 with subsedqunterstitial fibrosis (61).

The development of vascular calcification (VC) leen associated with increased
cardiovascular morbidity and mortality. Vasculaloification is associated with
calcium deposition within the medial and intimaydas of arterial walls. Medial
deposition, which is very common in dialysis pat$erresults in reduced arterial
compliance, widened pulse pressure, decreased algr@erfusion, and associated
autonomic and endothelial dysfunction. Intimal apon, which can also occur in
patients with normal renal function, is associateith atherosclerotic plaques,
subsequent myocardial infarction and other thrombevents. Intimal layers of
cardiac valves can also be affected leading toifgignt aortic and mitral valve

stenosis. In patients with CKD, VC is commonlydbsed to coronary, aortic and
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ileo-femoral vascular regions and can be detecsaufyuyplain X rays and computed
tomography (usually electron beam; EBCT). Vasca#cification can be observed
in young dialysis patients and its presence anengxre strong predictors of CV and

all cause mortality:

In a prospective study of 110 dialysis patientsacBer et al measured VC using
ultrasonography and scored patients according ésgmce of VC at different sites.
Each increase in 1 unit score was independentlycegsd with all cause and CV
mortality (62).

Using EBCT to prospectively assess 101 dialysisieptt, Matsuoka et al

demonstrated that all cause and CV mortality wghdri in patients with evidence of

coronary artery calcification (63).

Although bone mineral disorders are associated wélielopment of VC, most
investigators do not believe that this is merelg do precipitation of calcium and
phosphate within vessel walls. In vitro studiesendemonstrated transformation of
vascular smooth muscle cells to osteoblasts metliayephosphate, calcium and
other osteogenic protein such as ostecalcin, osienealkaline phosphatase, and
collagen type 1. This is also associated with ceduserum levels of VC inhibitors
such as Gla-protein, fetuin- A and ostepontin inRBSpatients (64). In CKD
patients the reason for alteration in vessel wall/ay remains unclear and is an area

of intense research interest.

51



1.2.2m Inflammation and C- reactive protein

In the general population, the presence of a chnofliammatory process has been
implicated as an important contributor to atherageh and plaque rupture. A
number of studies have demonstrated C-reactiveeiprdCRP), which is an acute
phase reactant produced by hepatocytes in respomseerleukin-1 and 6 (IL-1, IL-

6) and tumour necrosis factor alpha (TdjFas a predictor of adverse cardiovascular
outcomes. Whether CRP is a non-specific markearofongoing inflammatory
response or directly involved in the atherogenimcpss remains unclear.
Nonetheless, presence of elevated CRP is a mafksyoo primary and secondary

CV outcome in the general population:

In a Danish study of over 50000 individuals in whbigh sensitivity CRP (hs-CRP)
was measured, CRP>3mg/L was associated increasedfrischaemic heart disease
(RR1.6) and stroke (RR 1.3) compared to patientis @RP<1mg/L (65).

In patients with ischaemic heart disease, elev&tiR® measured 12-24 hours post
acute coronary syndrome (n=448) was associatedandignificantly higher 30-day
mortality, greater infarct size and higher risksabsequent heart failure (66).

In a case control study of 22071 healthy male mhgss who had a single
measurement of CRP and were followed for 17 yed&seline CRP was
significantly associated with sudden cardiac death. addition, individuals with
CRP in the highest quartile had the highest riskufden cardiac death (RR 2.78)

compared to the lowest quartile (67).

Patients with ESRD are in a state of chronic inflastion and various studies have

demonstrated inflammatory biomarkers such as CRP§ land TNF a as
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independent predictors of CV mortality. In additiohnypoalbuminaemia often

accompanies chronic inflammation and is also aasedtiwith adverse outcome:

In 224 maintenance dialysis patients, elevated €&tieentrations measured at study
recruitment were significantly associated with myosurvival and independently
predicted death when adjusted for age, sex ra@ysiéd vintage, smoking and
cardiac history, and dialysis adequacy (68).

In a prospective study of 176 ESRD patients, losezum albumin and elevated IL-6
independently predicted development of CV morbidityl all cause mortality over a

follow up of 26 months (69).

As in the general population, it is unclear whetthe@se pro-inflammatory proteins
are directly involved in initiation and progressiohatherosclerosis in CKD/ dialysis
patients or are markers of ongoing atheromatousdbon, endothelial dysfunction,
vascular calcification and insulin resistance. vitio evidence suggests IL-6 and
TNFa directly stimulate endothelial cells to promot&ieabgenesis by increasing

monocyte adhesion, smooth muscle proliferationlddd-oxidation (69).

1.2.2.n Haemodynamic instability during haemodialgis

Intermittent haemodialysis (HD), particularly whiamge volumes of ultrafiltration
are attempted, exerts significant haemodynamic lamga and it is estimated that
approximately 25% of patients develop episodeswadialytic hypotension (IDH)
(70). Patients receiving haemodialysis are alsgejtible to myocardial ischaemia,

as discussed above, due to:
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» Large vessel epicardial CAD
» Micro-coronary artery occlusion and myocyte- capyl circulatory mismatch
associated with LVH

» Impaired diastolic coronary blood flow due to reddwascular compliance.

ECG studies have demonstrated the presence of &myrafic ST segment changes
during HD at rates between 15-40%. More recentiyadialytic LV functional
analyses using echocardiography or cardiac posgitremission tomography, have
demonstrated development of myocardial wall stugrdanring HD, usually in the
absence of symptoms. These abnormalities develdpe absence of significant
CAD or cardiovascular disease. In a small study7Q) of HD patients assessed
during dialysis, intradialytic hypotension and wvole of ultrafiltration were
independent predictors of myocardial stunning. eAft year follow up, presence of
intradialytic myocardial stunning was associatethwiigher mortality and poorer

LV function compared to those with no intradialyti¢ changes (71).

Promising measures to reduce myocardial stunningngludialysis have been
pursued including reduced temperature dialysis 35fistead of 37°C) and
biofeedback dialysis (BFD) which reduces ultradifion rates in response to small
changes in blood pressure (72;73). Both technigiggsficantly reduce IDH and are
associated with reduced RWMA number. The effect thase measures have on

long term outcomes is awaited.

54



1.3  Sudden cardiac death in ESRD patients

As previously discussed, CV disease in ESRD patielffers from the general
population. The predominant cause of death in E®RIents is cardiac arrest or
cardiac arrhythmia (Figure 1.1), as opposed to doatpns of coronary

atherosclerotic disease which accounts for mosthdeen the non-renal disease
population. Event rates for SCD in the general-rearal population have been
estimated at 1.89/ 1000 patient years, in cont@¥ESRD rates of 48 per 1000
patient years and dialysis rates of 60 per 100@mayears (74). Treatment of risk
factors (e.g. dyslipidaemia, hypertension) whiclvéhdbeen shown to reduce CV
morbidity and mortality in the general populatidwas little, if any effect on ESRD

patients suggesting that pathogenesis is inherdiitgrent.

1.3.1 Definition

Various criteria have been employed to define SEOr the purposes of this thesis
sudden cardiac death is defined as an unexpecttl décardiac aetiology, which
occurs within one hour from the start of any cardiglated symptoms due to cardiac
arrest or arrhythmia. These deaths are commondytduwentricular arrhythmias,
namely ventricular tachycardia (VT) or fibrillatidivF). Although SCD can occur
in patients with structurally normal hearts, it n®ore common in patients with
underlying myocardial structural abnormalities suclas hypertrophic

cardiomyopathy, or less commonly LVH.

In general terms, development of a fatal cardiatyéihmia requires abnormal

“substrate” (e.g. LVH, cardiomyopathy) interactimgth a “triggering mechanism”
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(e.g. ischaemia, hyperkalaemia). Both substratetaggers are common in ESRD
patients.

Sustained VT has been studied extensively in pdspdfients and occurs due to
slowed cardiac action potential (AP) propagationwikeen areas of ventricular
scarring, followed by re-entry into excitable, Valmyocardium. As a result a rapid
ventricular circuit is established. In patientsthwreduced LV function, rapid
ventricular rate results in significant haemodyrmagompromise (75). Whether VT
directly leads to SCD or more life threatening ¢aedarrhythmias remains
debatable, however the presence of sustained VR4mour ECG (from ICD
monitoring) has been significantly associated V8D (76). The development of
VF is not as well understood and usually requiresendiffuse underlying cardiac
disease. Currently, VF is thought to be due totiplel small regions of disorganised
re-entry resulting in abnormal depolarisation feo@ind dispersion of ventricular
repolarisation. Since there is no ordered venticdepolarisation, there is no co-

ordinated contraction resulting in failure to gexteradequate cardiac output (77).

1.3.2 Epidemiology of sudden cardiac death in ESRpatients

Data from the US demonstrate the huge impact ontafitgr of SCD in ESRD
patients. Sudden cardiac death is the commoneseca death in all ESRD patients
accounting for 20-30% of all deaths. Similar rades seen for dialysis (haemo- and
peritoneal) patients. These figures are similarates of sudden cardiac deaths (25-

30%) reported in the HEMO and 4D trials (25;78).

The risk of SCD after initiation of dialysis incess with dialysis vintage. In a

retrospective study of incident dialysis patientsnf the US who had survived at
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least 1 year after dialysis initiation, event radse from 93 per 1000 patient years at
2 years to 164 per 1000 patient years after 5 y&anm® dialysis initiation.
Comparison of dialysis modality reveals that in fivst 3 months of dialysis,
patients receiving haemodialysis have a 50% higislr of SCD compared to
peritoneal dialysis patients. However after 18 thepevent rates are similar and by

36 months peritoneal dialysis are higher by leas th0% (79;80).

1.3.3 Aetiology of sudden cardiac death in ESRD piaints

Section 1.2 has described many of the risk faotoramonly associated with CV
disease in ESRD patients. However, high prevaleftbese risk factors in ESRD
patients only partially accounts for elevated p$iSCD. Figure 1.3 highlights some
of the features associated with SCD in ESRD patien particular, factors which
promote changes in myocardial structure (substrate)cardiac environment

(triggers) have been implicated (81).
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Figure 1.3

artery disease. Modified from (81).
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1.3.3a Uraemic cardiomyopathy and sudden cardiac d¢h

Myocardial structural changes associated with uraeardiomyopathy (described in
section 1.2.2i) have been associated with suddediaca death. In post MI
populations, LV systolic dysfunction is the greaf@®dictor of sudden cardiac death
and has been used as the most important factogtewndine primary prevention of

cardiac arrest in this patient population:

The Multicenter Automatic Defibrillator ImplantatioTrial (MADIT 1) recruited
1232 post MI patients with reduced LV ejection frae (LVEF<30%) on
echocardiography. Patients were assigned to recenplantable cardioverter
defibrillator (ICD) or conventional therapy. Patis in the ICD arm had a
significantly lower mortality rate (14.2% ICD vs .8% conventional medical
therapy, p=0.016) (82)

The Sudden Cardiac Death in Heart Failure Trial IS€&FT) assigned 2521
patients with symptomatic heart failure (from isetmac and non-ischaemic causes)
and LVEF less than 35% to conventional therapy,veantional therapy and
amiodarone or conventional therapy and ICD. Maytahte was significantly lower
in the ICD group (22% ICD, 28% medical therapy wattmiodarone, 29% medical
therapy without amiodarone). ICD therapy was assed with a 23% relative
reduction in risk of death and absolute reductiomiortality of 7.2% after 5 years

compared to the medical therapy without amiodagyoep (83).

Both of these studies have been instrumental in rikae College of
Cardiology/American Heart Association (ACC/AHA) deiines stating that ICD

insertion should be considered in patients with BEVless than or equal to 35% and
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mild to moderate symptomsf heart failure and in whom survival with good

functional capacity istherwise anticipated to extend beyond 1 year”.(84)

Unfortunately, patients with ESRD were excludednfrthese trials. Severe LV
systolic dysfunction has been reported to be ptaaetb-20% of ESRD patients, and

has not been demonstrated as a significant pred€®CD.

A retrospective analysis of dialysis patients ie thS who died of sudden cardiac
death, showed that 71% had normal or only mild-matelV dysfunction on
echocardiogram (85). Furthermore, Genovesi etealahstrated that LVEF <40%

was not a significant predictor of SCD in ESRD egats (86).

Left ventricular hypertrophy has been associateth veCD in patients with
hypertension and ischaemic heart disease. Theifgaam Study demonstrated a 5
fold increase risk in men and 3 fold increase nskvoman of SCD in patients with
LVH on ECG compared to those with normal restingE@7). LVH is believed to

increase risk of ventricular arrhythmias and SCP ttua number of factors:

Microvascular ischaemia- reduced subendocardiabdblfiow due to elevated
diastolic blood pressure, inadequate capillary @ggmesis (causing myocyte-
capillary mismatch) and increased oxygen requirérdae to elevated wall tension
result in ventricular ischaemia.

Electrophysiological changes- irregular myofibritclaitecture and fibrosis may
partially impede AP propagation leading to non amf ventricular de- and

repolarisation.
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Abnormalities of hypertrophied myocyte- cellular adges tend to increase
arrhythmogenic properties including alterationntercalated disc spaces involved in
cell to cell AP propagation and changes in trarsvetubule system which

communicate between surface cell membrane andaticersere. It remains unclear
if these changes in structure are related to gpestiuctural changes.

External pressure- cardiac myocytes respond taredtpressure (eg increased wall
tension) via stretch activated channels which dateucytoplasmic ionic changes

and lower AP excitation threshold.

As stated before, LVH is very common (60-80%) irREBpatients and is associated

with sudden cardiac death in dialysis patientsgp@hdent of blood pressure:

Post hoc analyses of the 4D study demonstratedirthbB253 patients, those with
ECG evidence of LVH had a 60% increased risk of S@Er 4 years (88).
Poaletti et al demonstrated that worsening of L\fHeghocardiogram (per 1g?m

independently predicted SCD in haemodialysis pttitilowed for 10 years (89).

It should be noted that in these and other stugessence of LVH has been
demonstrated using ECG criteria or M-mode echoogrdphy. As will be
discussed, these techniques are inaccurate whiemaget LV mass, particularly in

ESRD patients.
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1.3.3b Coronary artery disease and sudden cardiacdth

As previously discussed, accelerated CAD is comimopatients with ESRD and
accounts for a significant proportion of CV morlydi As in the general population,
it is likely that CAD also contributes, albeit na$ significantly, to SCD. This has
been highlighted in a study in patients with ESRId aignificant occlusive coronary
disease. Despite revascularisation, subsequeniabnmortality due to arrhythmic

deaths was considerably higher than non-renal ptipuk (8.5% and 7% after PCI
and stenting and CABG respectively) suggestingithptoving coronary blood flow

may not reduce risk of SCD and alternative factonay play an important role (90).
Furthermore, agents that modify established risitofa for CAD in non renal

patients (e.g. dyslipidaemia) have not altered @Qi¢@me of ESRD patients.

1.3.3c Electrolyte fluctuation and hyperkalaemia

Due to the non-physiological and intermittent nataf maintenance HD, rapid
electrolyte shifts and hyperkalaemia (due to acdation of potassium) increase risk
of cardiac arrhythmias. This elevated risk is wpsging given the significant
electrolyte imbalance present immediately before &fid the haemodynamic stress
produced during an HD session. These changesedlexted in many studies
investigating the temporal risk of SCD in maintecearHD patients which have
shown that risk is highest immediately before afterdhe first weekly HD session.
One study reported a 3-fold increase in risk ofdeuddeath in the immediate 12
hours before the end of the long weekend and &ld7ncreased risk of SCD in the
12 hours from the start of dialysis after the lomgekend (85;91). As expected

elevation of serum potassium, which is highest hefbre the start of dialysis, was
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shown to be an independent risk factor for SCD I phatients (K+>6mmol/l; RR

2.74).

1.3.3d Autonomic dysfunction
Autonomic dysfunction, resulting in enhanced syrhpat activity, has been
associated with SCD in post MI and heart failuregoais. Furthermore, autonomic

function in ESRD patients is characterised by syimgtac over activity:

In one study, sympathetic nerve discharge was high&iD patient compared to
normal controls. Interestingly sympathetic activih HD patients with bilateral
nephrectomies was similar to controls, leading itneestigators to believe that
autonomic imbalance arose from the failing kidn@z).

In a prospective study of 228 HD patients, plasnoaephinephrine level was
elevated compared to previously published levet$ significantly associated with

adverse outcome and CV events (93).

Thus it is likely that autonomic dysfunction mayaypla role in promoting cardiac

arrhythmias in ESRD patients.

1.3.3e Factors promoting myocardial fibrosis

As stated above, the creation of a non-uniform \ranwe of myocyte de- and
repolarisation promotes the development of VTA. eDo differences in action
potential conductivity between myocyte plasma membérand collagen fibres,
myocardial fibrosis promotes VTA formation (94).092 mortem endomyocardial

biopsies of ESRD and renal transplant patients hdemonstrated significantly
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elevated levels of interstitial fibrosis comparedrnon diabetic, non hypertensive
controls. In these studies, severity of fibrosasworrelated with dialysis vintage

and was demonstrable years after renal transpiamtggl).

A number of animal models have isolated humoral medhanical factors, some of
which have previously been discussed, that may ptemardiac fibrosis in uraemic
patients including fluid overload, oxidative stressflammation with excess of
cytokines such as cardiotrophin-1 and transformgrgwth factor § (TGH3),

hyperphosphataemia, hyperparathyroidism, anaemémw D deficiency and other

uraemic “toxins” yet to be identified (95;96).

1.3.4 Identification of the ESRD patient at risk ofSCD

Identification of patients at high risk is desiraldh order to implement prophylactic
measures to reduce the rate of SCD in ESRD patiddtavever, this remains very
difficult due to the multifactorial nature of SCOthin this patient group. If criteria
from the heart failure population are applied taRESpatient (i.e. reduced LVEF)
we will not only expose patients to an invasivegaaure (ICD insertion) without
adequate evidence from prospective trials, but pddentially omit patients that may
be at risk (as mentioned above LVSD has been rtoté@ present in only 15% of

patients).

In heart failure/post Ml patients, reduced LVEFredas been shown to have low
sensitivity and specificity for predicting SCD. As adjunct, electrophysiological
(EP) tests have been evaluated to identify heduréapatients at higher risk of SCD

and reduce the number of unused ICDs. It is estichabased on reduced LVEF
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alone, almost 18 ICDs need to be implanted to sawve life in the post Ml

population Furthermore, in early primary preventitrials, EP tests involved
invasive direct cardiac stimulation to induce VTowever more recently non
invasive techniques have been evaluated (97;98)dekce is absent for the use of
EP tests (both invasive and non-invasive) for peotipely assessing risk of cardiac
arrhythmia in ESRD patients since these patientse wexcluded from initial

prospective studies using SCD as the primary emtlpoiSome studies have

attempted to identify high risk ESRD patients.

1.3.4a Ambulatory electrocardiography

Presence of non sustained VT (defined as 3 or wameecutive beats of ventricular
origin with a rate >120bpm and lasting greater tB@s) with structural heart disease
or complex ventricular premature beats (R on Tsrah2 or more, multiform or
bigeminal beats) in patients post Ml has been detnated to increase risk of SCD 2

to 5- fold compared to patients without such athyts(99;100).

In patients with ESRD, ventricular arrhythmias atemmonly observed on
ambulatory ECG especially during and immediatelgraHD sessions when there
are significant changes in patient electrolyte drabmodynamic status (101).
However the role of ventricular arrhythmias detddby ambulatory monitoring for

predicting future arrhythmic events is not welladdished in ESRD patients.

1.3.4b Microvolt T wave alternans
Beat to beat variation in ECG wave amplitude arapshhas been observed for over

a century. Specifically, T wave alternans (TWA)defined as fluctuations in T
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wave shape or amplitude and macroscopic TWA hasdantally associated with
onset of VTA, especially VF, in a variety of cliaicsituations including Ml,

electrolyte derangements, and long QT syndrome)(102

At both cellular and tissue level, TWA has beenvain®o be closely associated with
repolarisation alternans (RA) which describes raguériation between two patterns
of ventricular repolarisation on an every-otheratieasis, each with a constant cycle
length. Repolarisation alternans is thought to eulirel development of TWA.
Pastore et al used optical mapping of the guingahpart to demonstrate that with
increasing atrial pacing, TWA developed on surfe€G with the development of
RA at the level of the cardiomyocyte (103). Magdéuf RA is much larger than
corresponding 12-lead ECG TWA and development oGHEiyital processing has
allowed very small (at the microvolt level) changesT wave amplitude and
morphology (called Microvolt T Wave alternans: MTW# be quantified. It is
important to appreciate that RA is a physiologicale dependent property of
cardiomyocytes that develops during tachycardiastmcturally normal heart, but

develops at much lower heart rates in diseasedshear

The cellular basis of RA is the focus of intens@erknental study and remains
controversial, but aims to provide insight into @iehythmogenic state of different
cardiac conditions. Briefly, generation of RA iglieved to be due to action
potential duration alternans (whereby prematumn@dtition of myocytes that have
altered properties greatly affect their diastoétvactory interval and thus affects
subsequent action potential duration) and abnotmablling of intracellular Ca

(termed calcium transient alternans) (104). PreseycRA is thought to produce
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arrhythmogenicity due to development of discordB®& between neighbouring
cardiomyocytes. Normally, RA develops in a unifofooncordant) fashion that
ensures all myocytes alternate in phase (long-8bong). However, at elevated
heart rates or after ventricular ectopy, some mtggcgnove out of phase, resulting in
discordant alternans between adjacent cardiomyscffteng-short vs short-long)
thus increasing the chance that a cardiomyocyte attémpt to conduct AP to a
neighbouring cell in a refractory state. This affgd any non-uniformity in

ventricular repolarisation and increases risk of Fstructurally normal heart and

VT or torsades de pointes in abnormal hearts.

Initial clinical studies of MTWA during invasive r&l pacing demonstrated an
increase risk of VTA. MTWA is currently performeduring exercise using
commercially available systems (CH2000 or HearTwdalyeCambridge Heart,
Bedford, MA). Exercise ECGs are digitally acquiaddstable heart rate and aligned
according to the start of the QRS complex, allowmgasurement of T wave
amplitude. Spectral analyses are performed totdudluctuations in alternate beat
T wave size. Fast Fourier transformation, a coempuhathematical modelling
system to quantify variations in frequency for eoabus variables, is performed and
T wave alternans is said to be present and reladsitied according to established
electrophysiological criteria.  Tests are clasdifi@as positive, negative or
indeterminate by the commercial system and foricdinpurposes as negative or
non-negative/abnormal (positive or indeterminatsuit¢ depending on the study.
More details for classification of tests are pr@ddn Section 2.6. Presence of atrial
fibrillation does not allow MTWA testing as unequiR wave intervals interfere

with frequency analysis.
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Initial studies showing a significant associatiogtween MTWA result and SCD
were performed in high risk post-MI patients witduced LVEF. More recent
studies assessing the use of MTWA for primary pytaattic ICD insertion have

shown improved efficiency for intervention:

In a prospective US study of 549 patients with oeduLVEF, 49% of patients had
documented CAD and an abnormal MTWA result washdependent predictor (HR
6.5) of the primary end point of all cause morjakind non sustained VT after 2
years (105).

Similarly, Chow et al demonstrated in 768 patiemith ischaemic cardiomyopathy
and LVEF<35%, that an abnormal MTWA result was gniicant predictor of all
cause and arrhythmic mortality (HR 2.24 and 2.2peetively) (106).

The Alternans Before Cardioverter Defibrillator (&B) trial was the first study to
use MTWA to guide prophylactic insertion ICD insent 566 patients were
recruited with ischaemic cardiomyopathy and docusegtnnon sustained VT.
Patients underwent EP studies or MTWA testing abbd were inserted if tests
were positive. One year survival showed that pasénd negative predictive values
for MTWA results were comparable to more invasivi@é &udies. Furthermore
primary end point (ICD discharge or SCD) event satere similar after 1 year.
Interestingly, predictive values were much betfepatients had positive EP and

MTWA tests suggesting that these tests were congaleamy(107).

These studies have suggested that MTWA may impteenefficient practice of

ICD insertion based on reduced LVEF alone. Mogtiss estimate that MTWA
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testing may improve efficiency of number needs¢attto save one life from 18 to 9

103:104).

Two more recent studies have suggested that tlticpue value of MTWA may not

be as encouraging as initial studies suggested:

The MASTER | (Microvolt T Wave Alternans Testing fRisk Stratification of Post
MI Patients) failed to demonstrate an increas€iD tetected VTASs in patients with
abnormal MTWA result. However in this study, abmat MTWA test
independently predicted death (108;109).

A MTWA sub study (n=490) of the SCD-HeFT demonstdatno significant
predictive value of an abnormal MTWA result for V'BAor mortality after 14
months. However in the original study the survieatves did not begin to separate
until 14 months in favour of ICD group suggestihgttthe MTWA sub study may

have been stopped too early (110).

Nonetheless, these two large trials have cast domlhe usefulness of MTWA in
heart failure patients. Some investigators belitat MTWA should only be part of
risk stratification process which also includeseassent of LV function and possible

EP testing.

There have been very few studies investigatingrajheups at risk of SCD. In type 2
diabetics without evidence of CV disease, abnomaallt was found in 25.4% of
patients compared to only 5.7% in healthy age asd matched controls (111).

Similarly, in athletes with previous evidence of A{ventricular ectopics or NSVT)
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referred for EP studies, abnormal MTWA was deteate82% of subjects and there

was significant correlation between EP studiesMmdlVA results (112).

Only one small (n=9) study has been performed in gdibdents immediately before
and after an HD session. This study demonstraigcthhe number of patients with an

abnormal MTWA result increased immediately afteiHih session (113).

1.3.4c QT dispersion

QT dispersion has emerged in recent years as anathreinvasive method of
predicting development of ventricular arrhythmia@T dispersion is defined as the
difference between the shortest and the longest hega corrected QT interval on a
standard 12 lead ECG,; it represents variation intnailar repolarisation (like
MTWA) and predisposition to ventricular tachyartmytias. As with MTWA, a
wide QT dispersion (above 65-74ms) has been shove ta risk factor for cardiac
arrhythmia in patients starting dialysis, with wecular cardiac failure after

myocardial infarction and drug induced VTAs (11411

A study in haemodialysis patients measured QT disp@ over a single

haemodialysis session. Compared to healthy indalgj QT dispersion was
significantly higher in haemodialysis patients 63/- 20.6ms before haemodialysis
vs 36.0 +/- 13.7ms in controls). After haemodiay€T dispersion rose to levels
measured in post Ml patients suggesting that hagtyst patients are at greater
risk of arrhythmias and sudden death in the poslysis period (101)There has

been ambivalence among cardiac electrophysiologesgarding the relevance of

QTD predicting risk of arrhythmia in high risk g (eg.post myocardial
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infarction). However a considerable amount of #tare supports its use and this

technique has not been completely evaluated witlerESRD group.

1.3.4d Heart rate variability

As mentioned above, autonomic dysfunction is assedi with SCD in ESRD
patients. Heart rate variability (HRV) measuremaamic influence on the heart by
guantifying R-R intervals or heart rate changesr avepecified number of cardiac
cycles. The commonest way to assess HRV uses atohyuEECG to determine time
and frequency domain measurements. Time domairwider continuous
measurements of R-R intervals, whilst frequency @osestimates changes in heart

rate as a frequency function using fast Fourierdi@mation.

In healthy individuals HRV is high due to respioati(parasympathetic control) and
higher values are associated with a functionafficient autonomic nervous system.
However, reduced HRV independently predicts mdptaind SCD in patients with
underlying CV disease and healthy controls (11@tudies measuring HRV in
dialysis populations have demonstrated reducedt heste variation as an

independent predictor of all cause or CV mortality.

Oikawa et al assessed 383 HD patients and demtatstitaat decreased HRV on
ambulatory ECG monitoring was an independent ptedaf CV death adjusting for
the presence of diabetes mellitus. A similar st(rdy196) has also shown decreased

HRYV as a predictor of SCD in dialysis patients(11B).
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In these studies the ratio of low frequency (intiiga sympathetic activity) to high
frequency (parasympathetic/vagal activity) HRV pdas an estimate of autonomic
control of the sino-atrial node and has been shtawpredict SCD in the dialysis

population.

Other tests to assess autonomic dysfunction (baepter reflex, heart rate
turbulence) and myocardial impulse conduction @igaveraged ECG) have been
attempted in small studies of dialysis patientsifdttunately, outcome data does not

convincingly demonstrate a discriminatory role hogse tests in ESRD patients.

1.3.5 Prevention of sudden cardiac death in ESRDagients

Primary and secondary prevention of SCD had be&msixvely investigated in high
risk groups such as post Ml and heart failure pédie However, data are absent for
ESRD patients due to their exclusion from interierdl studies and absence of post

hoc sub group analyses. Nonetheless, some intemsrhave been evaluated.

1.3.5a p adrenergic blockers

The use of3 blockers to prevent SCD has been established Imy nméerventional
trials for high risk cohorts (post MI, congestivardiac failure). In a large
retrospective study from the USRDOSblocker therapy was associated with reduced
all cause mortality in haemodialysis patients fota for 7 years (119). Cice et al
demonstrated reduced CV deaths (68% reduction 24enonths) in haemodialysis
patients with dilated cardiomyopathy (n=114) randmd to receive carvedilol
instead of placebo (120). In this study there wasend towards reduced rates of

SCD, but this did not reach statistical significanc In a further study of
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haemodialysis patients who had survived cardiagsain=729) blocker therapy
was significantly associated with improved surviafler 6 months and the effect

was greater at higher doses of treatment (121).

1.3.5b ACE inhibitors/Angiotensin Il receptor blockers

ACE inhibitors and ARBs have been shown to reduaetatity in patients with
significant myocardial diseases and normal renattion (122). Unfortunately, there
have been few adequately powered, randomised indSRD patients, and thus a
significant effect in reducing sudden death hashaa&n convincingly demonstrated.
In dialysis patients, use of ACE inhibitors has heén significantly associated with

improved survival of ESRD in the absence of healtfe.

In a randomised control trial of fosinopril in ESR@tients with normal LV function
on echocardiography (n=397), there was no sigmifigifference in rates of CV
events between treatment and placebo groups, ghhthere was a trend towards

lower CV events in the fosinopril treated arm (123)

AlIRBs have been shown in two prospective trialsirtgprove CV prognosis in

ESRD patients. However numbers of patients reziuitere small:

Takahashi et al showed in 80 haemodialysis, theatriment with candersartan
significantly reduced CV events compared to placétdd3 candersartan vs. 17/37
placebo; p<0.01) (124).

In a larger prospective study (n=366), Suzuki eteahonstrated treatment with ARB

reduced fatal and nonfatal CV events (HR 0.51), wlaeljusted for sex, age,
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presence of diabetes, and systolic blood pressampared to placebo treated
patients. There was a lower mortality rate in theatment group compared to

placebo, however this did not achieve statistigaliBcance (125).

For ACE inhibitors and ARBs, larger prospectiveds#s are needed to establish

their role in reducing SCD in ESRD patients.

1.3.5c Statins

As mentioned in section 1.2.2b, statin therapyatigmts with no renal disease has
been shown to be effective in preventing CV eveamtiiding sudden cardiac death
(126). However, as demonstrated by the 4D and AUR®GIRdies (24; 25), although
therapy with statins significantly reduces totaldamDL-cholesterol serum
concentrations, it does not significantly reduceDS@tes in haemodialysis patients,
highlighting the differing mechanisms of SCD betweeraemic and other

cardiomyopathies.

1.3.6d Implantable defibrillators

No prospective trials have demonstrated beneflCar insertion in ESRD patients
for primary prevention of SCD. These patients wexeluded from original ICD
trials or sub group analyses have not been puldishe addition, it is not clear
whether criteria used in the non renal populatimnglentify high risk groups (e.g.

low ejection fraction) are relevant to ESRD patsent

74



In contrast to results from observational in hdaiture populations, it has been
difficult to demonstrate a statistically signifi¢apenefit of ICD insertion in ESRD

patients due to co-morbid conditions:

In a study of 585 ICD recipients, 19 were previgusceiving haemodialysis and
although dialysis was a significant predictor of A©r ICD discharge (HR 2.30),
median survival was significantly lower in the gtk patients compared to the non-
dialysis cohort. The authors concluded that ott@morbidities contributed to
reduced survival in the dialysis cohort (127).

In retrospective analyses from the USRDS of ESRikep&s that survived a VTA,
ICD insertion was shown to improve survival. Altlyh rates of insertion were low
in patients where ICD was indicated according toAMICC guidelines (8%), ICD
implantation was significantly associated with reeldi mortality (HR 0.58) when
adjusted for other co-morbid conditions (128).

In a smaller, single centre study (n=78) compastage 3 CKD to dialysis patients,
ICD insertion was significantly associated with moyed survival in the non dialysis
population. There was no survival benefit confédog ICD insertion in the dialysis

cohort (n=45) (129).

Although, life table estimates for survival prodapiafter ICD insertion published
by the USRDS have demonstrated a theoretical lefoefiprimary and secondary
prevention of death, sufficient prospective date #cking. The AHA/ACC

guidelines do not exclude ESRD patients from ICBetion for primary prevention

of SCD. Nonetheless, only 15% of ICDs inserte@8RD patients were for primary
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prevention between 1996 and 2003 suggesting uniigation in patients in whom

ICD would be indicated (128).

Overall, there is a reluctance of cardiologistngert these devices because of a lack
of prospective data and high complication ratesdtling, infection) in ESRD
patients (130). ICD insertions may have a rolerimary and secondary prevention
of SCD in ESRD patients and appropriate prospediudies (e.g. ICD2 study) are
currently underway. In addition, appropriate stter of patients based on LV
function +/- EP characteristics may be needed toahstrate a significant effect of

ICD insertion on patient survival.

1.4  Assessment of uraemic cardiomyopathy

In this section clinical methods of assessing aimadities of uraemic

cardiomyopathy will be discussed.

1.4.1 Echocardiography

Echocardiography remains the most convenient, i@esipe and best tolerated
imaging method to assess myocardial function. desuultrasound at wave
frequencies between 2-20 MHz to penetrate throuwghhomogenous tissue. These
waves are reflected at different acoustic impedandech are recorded and
displayed as monochromic dots. The position of detdetermined by location of
the reflecting tissue and intensity of image dep@mhdon acoustic impedance.
Ultrasound energy is generated by a transducer rtbitonly emits but detects

reflected waves to produce an image.
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Since its introduction in 1954, most studies emphMy mode echocardiography
since it is the easiest form of image to producal amalyse. M-mode
echocardiography involves the use of a single befanitrasound to produce a one
dimensional image of the moving heart along th@laf interest. Scrolling images
over the time period of acquisition are generagewl thus allows measurements of
cardiac dimensions and detailed information of omtipatterns depending on
transducer angulation. Time relationship analysesalso performed when ECGs
and heart sounds are collected at image acquisithdthough resolution of images
in M-mode echocardiography is good, it does navaktructural visualisation of the
heart or spatial relationships of the structuresindguthe cardiac cycle. Two
dimensional echocardiography (2DE) scans are daddafrom the transducer in 2
perpendicular planes to give detailed informationcardiac anatomy including LV

geometry.

In both the clinical setting and research studManode images are still used to
calculate LV mass (usually reported as LV massxnalkich is corrected for body

surface area and recorded as 3)/mMeasurements of posterior wall, internal LV
dimensions at end diastole, and interventriculqutadethickness are recorded and
conventional “cube” calculations (see Formula lob@lperformed to estimate LV

mass (131). These calculations have been validatedrmal shaped hearts from
human autopsies, however are not as accuratetortéid ventricles (such as specific
cardiomyopathies) (132). In this situation, it Hasen recommended that more

complex calculations using 2DE images be utilised.
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Formulal Example of “cube” calculation for estimaing LV mass from M

mode measurements (131)

Penn Formulae LV mass = 1.04 ([LVIDD + PWTD + IVSTD > [LVIDD] ¥ -13.6 g

LVIDD= LV internal diameter diastole,
PWTD= posterior wall thickness diastole
IVSTD= interventricular septum thickness diastole

LV function can be estimated from M-mode LV endstidic and end systolic
internal diameters to calculate LV ejection frantio Previously used parameters
such as fractional shortening have been discardade sthis overestimates
contractility in patients with abnormal myocardidie to differential transmural
contractility. Two-dimensional echocardiographgcabllows accurate estimation of
LV function using the biplane method of disc (Simps rule) to calculate end
systolic and diastolic volumes after tracing of Epi- and endocardial borders from
2 and 4-chamber views. Furthermore, left atrialunoé (LAV) can reliably be
determined using similar techniques from 2DE ansl @en validated in coronary
angiography and contrast enhanced CT studies (I33% will be discussed in more

detail in Chapters 2 and 5.

Original studies demonstrating significant cards&cictural changes in patients with
CKD and ESRD used echocardiography. These abnitiesahcluded detection of
uraemic pericardial effusions, valvular calcificatiand ventricular wall thickening.
As mentioned before, studies from Newfoundland, &anby Parfrey and Foley
published in the 1980s and 90s were the first toalestrate a convincing association
with echocardiographic abnormalities and poor omteoin dialysis patients

(47:134).
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However echocardiographic assessment of LV masendispon LV internal
dimensions, which in turn depend on cardiac prelokddialysis patients there are
great variations in volume status during the imbiafytic period resulting in
significant changes in LV chamber dimensions. kemhore, due to the cubed
calculations used to estimate LV mass, any poteeticors may be magnified
(Formula 1). As stated above, calculations basedlemode measurements have
been validated in healthy hearts. Geometric assangof these calculations (such
as cubic shaped LVs) make LV mass estimation irrateun patients with LVH and
thus do not apply to ESRD patients who often haeatures of uraemic
cardiomyopathy (132;135). The inaccuracies of eahdiography to assess LV

mass in ESRD patients will be discussed below.

Newer techniques to assess LV mass in distortedrieis are currently being
assessed including 3D echocardiography (usually tiege) which requires no
geometric assumption to assess LV size and hasdbe®vn to have reduced inter-
observer variation and improved reproducibility §1.3 There have been few studies

using this technique in patients with CKD or ESRD.

1.4.2 Cardiovascular magnetic resonance imaging

Cardiovascular MRI (CMR) is the “gold standard” imed for measuring cardiac
dimensions and function. Due to rapid developnmehardware and software, CMR
has been established as a reliable and clinicalgvant imaging modality in

cardiology.
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1.4.2a Principles of magnetic resonance imaging

MRI is based on the principle of nuclear magnetggonance. Protons and neutrons
spin on their own axis within atomic nuclei. Whannucleus has an odd mass
number, the nucleus is left with a net spin and essult of the (positive) charge and
spin, develops a magnet field (the direction arzk stan be represented by a
magnetic moment). The human body has very higlematntent. When protons
(hydrogen nuclei derived from water) are placednnexternal magnetic field, their
magnetic moments align themselves (either parati@nti-parallel) in line with the
direction of the external magnet. The net magattis vector (NMV) is dependent
on which directions of magnetic moment are in egcehin the field. Each nuclei
begins to precess (or wobble) on its own axis @aedspeed of rotation is dependent

on the size of the external magnetic field.

When a radiofrequency (RF) pulse is applied atsdnme frequency of the specific
precessional frequency of the hydrogen nuclei an@oa to the external magnetic
field, the nuclei begin to resonate (absorb endrgm the RF) which causes the
NMV to rotate to a position towards the plane o géxternal RF. Other nuclei are
not affected because they require RFs pulses dfaaeaht frequency to cause their
nuclei to resonate. Once the RF pulse stops, M¥ Mecovers to its former position

releasing an MR signal that is recorded by a rexeooil. Image acquisition,

contrast, and signal intensity are dependent omafagation of the NMV producing

T1 (longitudinal) recovery and T2 (transverse) geea the same time and the
density of protons in the tissue. In broad terths, properties of air, fat and fluid

allow for sufficient image contrast to provide higdsolution images.
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Images are obtained using pulsed sequences whidist® of a series of RF pulses
applied at different duration, strength and intemg time periods with external
magnetic field gradients adjusted for the tissuentdrest. In CMR, spin-echo and
gradient-echo pulsed sequences are used and intagesidon is gated to the
patient's ECG at different stages of the cardiacleeyo obtain cinematic (cine)
images of the full cardiac cycle. ECG gating carplbospective, where the scans are
acquired and triggered by the R wave at the timgcahning or retrospective, where
ECG and images are acquired at the same time aitdligi reconstructed after data
collection. These gating techniques are requiededuce movement artefacts
caused by cardiac and respiratory movement. Tbasealso partially be removed

by breath holding during image acquisition whichiall/ last 10-15seconds.

1.4.2b CMR and uraemic cardiomyopathy

CMR remains the most accurate, reliable and remiblumethod of assessing LV
function and chamber size available to cardiologmst radiologists (137). Long and
short axis views (Chapter 2) of the LV are obtajnegicardial and endocardial
borders are delineated on thin slices of the shri$ LV images, and using a
Simpson’s rule based algorithm, calculation of Ljéction fraction, chamber size
and mass are obtained without the need for geammatsumptions. Importantly,
these measurements are not dependent on the [sawemtacellular/intravascular
volume status. In a similar way CMR can relialdsesss maximal left atrial volume
by measuring LA area and maximal length at endnenar systole. The CMR

protocol is described in detail in Chapter 2.
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Cardiovascular magnetic resonance imaging canralsbly detect the presence of
myocardial fibrosis using gadolinium for contrashanced CMR. Late gadolinium-
diethylenetriamine- pentaacetic acid (Gd-DTPA) ewesment (LGE) has been
shown to correlate well with endomyocardial biofiagings of interstial myocardial
fibrosis with a sensitivity of 74% and specificioy 81% (138). In ESRD patients,
Mark et al demonstrated that presence of LVSD wigsifantly associated with
presence of a subendocardial pattern of LGE on rasint CMR (139).
Subendocardial LGE represents areas of previousirfmmly silent) myocardial
infarction. Based on these results it was posdlathat LVSD of uraemic
cardiomyopathy is mostly due to atheroscleroticonary artery disease and its
sequelae. Unfortunately, the use of gadoliniumebasontrast agents in advanced
CKD patients has been halted due to the associatithreir use with development of
nephrogenic systemic fibrosis; however newer agargscurrently in development.
Unfortunately, CMR is not as readily available abacardiography in many centres
due to high cost. In addition, many patients arable to undergo scanning due to
claustrophobia, inability to breathe hold, or prese of ferromagnetic implants
(cardiac pacemakers or ICD, intracerebral cligS)ven these reasons, the transition

from research tool to widely available clinicalttbas been slow.

1.4.3 Echocardiography vs. CMR for assessing uraemcardiomyopathy

As stated above, echocardiography derived measutermé LV function and mass
are inherently flawed in ESRD patients and othetiepa groups who have
significant alterations in cardiac shape. = M-med@ocardiography, which is the
most commonly used means of assessing LV massesiwaates LVMI compared

to CMR:
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In ESRD patients, Stewart et al showed in 35 HDepéd assessed within 24 hours
of their last HD session, that as LV mass and clembize increased
echocardiographic measurements overestimated mgssd 1.4) (135).

Similar studies performed in hypertensive patieartd patients with aortic stenosis
and LVH without CKD have also shown that M-mode aadrdiography derived

measurements of LV mass overestimate LV mass cadparCMR values (132).

In HD patients, pre and post dialysis measureméhdomass show small changes
(up to 10g) on CMR (140). Echocardiogram changesim to 45g have been
recorded and it is likely that, whilst some chantgey be due to removal of fluid from
cardiac interstitial tissues, the large disparibesween echocardiography and CMR
are due to changes in chamber dimensions duringhtDultrafiltration (141). These
changes are amplified due to further cubed comioumsiperformed to calculate LV

mass.

Figure 1.4  Comparison of LVMI measurement technique (142)
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Greater precision and reproducibility of CMR toat#tsmall, non artefactual changes
in LV mass allows studies to recruit much smalleharts. For example, Keenan et
al have estimated that to detect a 10g drop in L\RHEr a therapeutic intervention at
a power of 80% and p value of 0.05, the sample wim@ld have to be 505 patients
with 2D echo and only 14 using CMR37). Although these theoretical power
calculations provide significantly exaggerated hssuhey adequately highlight the

benefit that CMR would provide over echocardiogsaph

15 Cardiac magnetic resonance spectroscopy

Magnetic resonance spectroscopy (MRS) uses thepspperty of nuclei to allow
non-invasive assessment of the biochemical componsand metabolic activity of
tissues of interest without the need of externatiest media/tracers. MRS provides
this information for nuclei that contain atoms withclear spin. As stated before, the
nuclear spin of atoms with odd mass numbers resultievelopment of magnetic
fields/moment and thus susceptibility to nuclei cfie (dependent on the
gyromagnetic frequency of the nucleus) radiofregyemwaves to cause wobble of
these nuclei on their axis. In cardiac MR® is the most extensively studied

nucleus. Other nuclei of interest inclut *3C and**Na.

MRS has been used experimentally for over 30 ydawever its use in clinical
practice has been limited due to the very low catreéion of nuclei and subsequent
low resolution of metabolic/biochemical images dcegi Nonetheles$:P MRS of
the human heart has been obtained to study cahnitilicenergy phosphate (HEP)

metabolism.
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1.5.1 Principles of'P MRS
Hydrolysis of adenosine triphosphate (ATP) providese energy for energy
consuming reactions in cells:
ATP & ADP + Pi
ADP= adenosine diphosphate

Pi= inorganic phosphate.

Phosphocreatine (PCr) is a high energy phosphatep@ond which acts as an
energy transfer molecule in the “creatine kinas&)(ECr energy shuttle” (see
Figure 1.5). The high energy phosphate bond issteared from areas of ATP
production (mitochondria) to the myofilaments oheat sites of ATP utilisation by
PCr where the back reaction is performed. Newlyntxd ATP is then used for

cardiomyocyte contraction.
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Figure 1.5  Schematic representation of creatine kase (CK)/PCr energy

shuttle.

/ Myoﬂlanm

ATP PCr ——» PCr ATP

A A
N

ATP+Cr € ADP+PCr+H*

\_ /

This shuttle is required because free intra- c@smic ADP concentrations are too

low to allow adequate diffusion into mitochondraa ATP production. Elevated free
ADP also inhibits intracellular enzyme functionushwhen [PCr] is normal the
shuttle strives to keep [ADP] to as low as poss#ifee the chemical equilibrium
favours ATP production. [ADP] will rise only wheiPCr] are depleted. During
myocardial activity when [ATP] is low, the equilibom shifts to ATP synthesis.
Thus PCr acts as a buffer to resist changes afdeliular ATP concentration (143).
3p_MRS allows examination of relative concentratiofig°Cr, ATP and inorganic

phosphate (Pi).
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1.5.2 Methodology of'P MRS

MR scanners that allow spectra acquisition use shme magnets used for
conventional CMR imaging (usually 1.5T or 3T), hawenucleus specific coils and
software to process specific sequences are needddr to spectra collection, the
magnetic field must be homogenised as much as lpessising shim coils.
Furthermore, to account for cardiac movement duscanning, scans are performed
with cardiac gating. 'H images are obtained of the myocardium to allow

localisation of specific voxels over areas of iatr(Figure 1.6).

After a*'P specific radiofrequency pulse causes spin eiaitathe resulting MR
signal (free induction decay) is recorded. Subestfiast Fourier transformation
splits the time varying decaying MR signal intdréquency components generating
an MR spectrum. Small differences in the MR sidioaldifferent3'P containing
molecules are caused by shielding of the nuclentd#rest by surrounding nuclei
(hydrogen, carbon) -so called “chemical shift”. eTérea under each resonance peak
in the spectrum is directly proportional to the cemtration of eaci'P containing
molecule in the area of interest allowing measurdgnod relative concentrations.
(Figure 1.6) Absolute concentrations are much nadffecult to obtain and involve
calibration against &P containing molecule of known concentration attttre of
scanning. More information regarding acquisitiéri'®-MRS is provided in section

2.5.
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Figure 1.6 Acquisition on*’P spectra in a healthy volunteer
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A typical *P spectrum is shown in Figure 1.6 depicting themaaces of interest:
three®'P atoms of ATP(, B andy), phosphocreatine (PCr), inorganic phosphate (Pi)
and phosphodiesters (PDE)/ membrane phospholipie]. Although not shown
due to its proximity to the Pi resonance, 2, 3-dgpghoglycerate (2,3-DPG)
resonances can be detected due to the presenee taod cells in the voxel of

interest.

The most common way of quantifyingP spectra from the human heart is by
calculating PCr: ATP ratios which are considerademsure of the cardiac energetic
state. The CK/PCr chemical equilibrium favours AQwer PCr synthesis by a factor

of almost 100. Thus ATP concentrations will ongctease when PCr concentration

is substantially depleted i.e. the buffer is exbedisHowever, PCr: ATP ratio is
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limited since it may underestimate changes in RGXTIP levels are reduced and
does not provide information of changes in rela#w concentrations. A further
limitation of P MRS is that the entire heart cannot be investijdue to limitation

in acquisition voxel size. Most studies in patemtith homogenous myocardial
changes (eg valve disease, dilated cardiomyopéatg investigated the LV antero-
apical wall (144;145). Another measurement whichs hbeen evaluated is
phosphodiester/ATP ratio which is believed to measiell membrane integrity in

animal models; however its use in clinical studsdsmited.

1.5.3 Clinical studies or'P-MRS

In healthy volunteers, PCr:ATP ratios have beenswmea with values of 1.0-2.6
(mean 1.8) and this wide range is most likely dualiffering spectra acquisition
systems and analyses software. Nonetheless, PCR:lévels have a reciprocal
relationship with age and have been demonstratéalton healthy individuals after

atropine-dobutamine stress to 85% maximal heae(146).

Patients with stable symptomatic heart failure,ucedl LVEF, and valvular heart
disease have been shown to have reduced PCr: AIDB (445). Furthermore, in

patients with dilated cardiomyopathy, PCr: ATP oatil.6 has been significantly
associated with poorer survival (144). Heart f&lis associated with impaired
energy metabolism due to alteration in substratesemption (fatty acid,

carbohydrate), impaired oxidative phosphorylatiand reduced HEP metabolism
(147). Furthermore, treatments wjtblockers and ACE inhibitors/ARBs have been

associated with elevation of PCr: ATP ratios anthgpmatic improvement in
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patients with dilated cardiomyopathy, suggestingt thmproved cardiac HEP

metabolism may provide one of the pharmacologieakiits of these drugs.

As one would expect, patients with current or pestory of coronary artery disease
have reduced resting and stress PCr:ATP ratiogeasaof myocardial scarring or
regional wall motion abnormalities. Similarly, symptomatic women with normal
coronary arteries and echocardiograms exercise AF@r:ratios are reduced
compared to resting levels and presumed a consegudrmicrovascular ischaemia

(148).

Athletes with physiological LV hypertrophy do nodve reduced PCr: ATP ratios.
However, studies in patients with hypertension teglaLVH have demonstrated
reduced PCr: ATP ratios at rest and during exerciBatients with type 1 and 2
diabetes mellitus and normal LVEF have reduced POP ratios suggesting that
altered cardiac phosphate metabolism (presumaldytaismall vessel myocardial
ischaemia and handling of free fatty acids) mayig@iéy account for higher levels of

heart failure within this population(143).

Two observational studies has investigated resti@g ATP levels in patients with

kidney disease.

In type 1 diabetic uraemic patients. Perseghial €149) studied 43 patients (11
diabetic uraemic patients, 5 non diabetic uraematiepts, 11 diabetic kidney
transplant recipients, and 16 diabetic kidney paagrecipients) and 24 non diabetic

controls (11 non diabetic kidney transplant recipseand 13 healthy controls).
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Patients with uraemia (diabetic and non diabetia)l heduced PCr: ATP ratios
compared to healthy controls and kidney transptagtpients. Diabetic uraemic
patients had the lowest PCr: ATP ratios leadingatiidors to conclude that altered
myocardial HEP metabolism may contribute to acegéet LV dysfunction in
diabetic uraemic patients. The authors also sugde¢bat impaired HEP metabolism
may be partially reversed by successful transpliemta

A small study in haemodialysis patients (n=14) destated a significant reduction
in PCr: ATP in haemodialysis patients comparedadotrol patients with (n=7) and
without LVH (n=7). In this study no associationsMaund between PCr:ATP and

features of uraemic cardiomyopathy (150).

The clinical use of MRS has been limited due todhailability of CMR and noisy

signals obtained at lower magnetic field stren@#is5T). As stronger MR systems
become readily available to clinicians and betesolutions of spectra acquisition
are achieved, MRS may develop into a useful toeMaluate biochemical/metabolic

function in addition to myocardial abnormalitiesetded by CMR.
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1.6 Aims of this thesis

The aims of this thesis are to:

Identify the determinants of LV abnormalities, m@asl by CMR, in haemodialysis
patients from clinical, dialysis and blood charastecs.

Assess the effect of these CMR detected LV abndatisslon all cause and CV
survival.

Establish the effect of left atrial volume, measuby CMR, on survival in ESRD

patients with LVH.

Estimate the prevalence of abnormal MTWA in a colar ESRD patients and

identify associations with features of uraemic gard/opathy.

Establish the effect of LV abnormalities on highemyy phosphate metabolism
measured by'Phosphorus MR spectroscopy in ESRD patients..

Determine whether renal transplantation has anctefi@ LV mass measured by

CMR.

1.6.1 Hypotheses
These studies are designed to test the hypothesisutaemic cardiomyopathy is
associated with specific electrophysiological, hemical, and other cardiac

abnormalities which may have an influence on thte@ue of ESRD patients.
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1.7  Outline of this thesis
Data from six studies are presented in chapters 8 df this thesis. These studies

investigate prognostic and pathophysiological fesgtwf uraemic cardiomyopathy:

Chapter 3 A study of independent predictors of uaemic

cardiomyopathy in haemodialysis patients
Chapter 4 . A study identifying predictors of cardiovascular death in
ESRD patients undergoing screening for renal

transplantation.

Chapter 5 : A study of determinants of mortality in ESRD patients with

LVH: the role of left atrial volume.

Chapter 6 . A study of Microvolt T Wave Alternans in ESRD patients.

Chapter 7 . A study of *}P magnetic resonance spectroscopy in uraemic

and hypertensive cardiomyopathy.

Chapter 8 . A study of changes in left ventricular mass after renal

transplantation.
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Chapter 2

Material and Methods
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2.0 Introduction

The major techniques utilised for this thesis pded information regarding
myocardial structure and electrophysiology of ESpddients. Detailed evaluation
of cardiac structure was obtained using cardiovasecuagnetic resonance imaging
(CMR). *Phosphorus magnetic resonance spectroscoPyMRS) was performed
to evaluate myocardial metabolic activity. Cardehectrophysiology was evaluated
using electrocardiography (ECG) and Microvolt T waalternans measurement
during exercise. In this chapter, the backgroapparatus, and protocols for these

techniques will be described.

2.1 Ethical approval
Ethical approval was obtained from the West Glas@hics Committee for these
studies to be performed at the Western Infirmangs@ow. All subjects provided

written informed consent with forms approved by Etkics Committee.

2.2  Study subjects

2.2.1 Inclusion criteria

Patients with ESRD were recruited from the renat ah the Western Infirmary.
Patients receiving regular haemodialysis and peerb dialysis were assessed.
Haemodialysis patients were studied on a non-dglgay. Since the risk of
cardiovascular death is similar between those ipEti@ho receive and those near to
requiring renal replacement therapy, patients wioold/ require renal replacement
therapy within 6 months were also assessed. Acwrid K/DOQI classification

(151), these patients would be classified as chrkibiney disease stage 5 (CKD 5).
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Eligible patients were identified by the renal splant assessment team for
cardiovascular screening as part of their prepamafor inclusion on the renal
transplant waiting list. Death in renal transplaetipients is most commonly a
result of cardiovascular disease. In keeping Wi#imal Association guidelines (42),
pre- transplant cardiac assessment is necessagsiare recipient survival is not
compromised immediately after transplantation. tlemmore, screening is
recommended to reduce peri- and post operativeiatambmplications. Factors

prompting referral for cardiac assessment in ootreeare:

Age> 50 years of age

Presence of diabetes mellitus

Prior history of ischaemic heart, cerebrovasculgrasipheral vascular disease
Family history of cardiovascular disease in a filsgree relative

Previous abnormal ECG or cardiac stress test itidgggschaemic heart disease
Previous evidence of left ventricular (LV) abnorities on echocardiography

The clinical opinion of the transplant assessmeaint (which includes a consultant

transplant surgeon and nephrologist)

The assessment included clinical history, exanomatistandard 12-lead ECG,
Standard Bruce Protocol exercise test, assessmént structure and function by
CMR and blood sampling. Clinical history of ischaereart disease was defined as
past or current history of angina pectoris, myodréschemia/infarction and/or
coronary revascularisation procedure. After reviek these results by an
independent cardiologist, myocardial perfusion andtoronary angiography

scanning were performed. The decision regardimitiad onto the renal transplant
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waiting list was made at a separate, independant ahvolving a transplant surgeon
and physician. The results of non invasive (andasie, if performed)
cardiovascular assessment tests were availableheéo assessing surgeon and
nephrologists before a final decision was reachethwever, no specific
recommendation was provided regarding the suitgloli an individual patient for

renal transplantation based on cardiovascular sisset results.

2.2.2 Exclusion criteria

Patients were excluded from these studies if magnmesonance imaging was
contraindicated (presence of ferromagnetic implamis permanent cardiac
pacemaker, claustrophobia and pregnancy). Pateete also excluded from
MTWA testing if their underlying cardiac rhythm waarial fibrillation as this

precludes testing using HearTwave Il system (CadgleriHeart, Bedford, Mass.)

(152).

2.3 Cardiovascular magnetic resonance scanning

Patients underwent CMR scanning using a 1.5 Te&&ddanner (Sonata, Siemens,
Erlangan, Germany). As stated before, this teclenigrovides a detailed, reliable,
reproducible and volume independent measurementaadiac structure and is
considered the most accurate method for assessmfyicular dimensions in
patients. Scans were performed and analysed by limgsea trained CMR
radiographer (Tracey Steedman, Glasgow ClinicaleReh Initiative, Western

Infirmary, Glasgow).
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2.3.1 Timing of CMR scan

To reduce the effect of interdialytic fluid accuratibn on ventricular wall thickness,
haemodialysis patients underwent scanning the d#gr a dialysis session.
Peritoneal dialysis patients were scanned at thiy weight” according to their

dialysis clinical records.

2.3.2 CMR image acquisition

2.3.2a Patient position

Patients were placed head first into the scannénansupine position. A handheld
alarm provided patients with the means of contgctite investigator. Headphones
were also used to provide noise protection and epireathing instructions. An

anterior chest 6 channel phase array coil was igsadquire images.

2.3.2b Assessment of left ventricular mass, chambsize and function
An ECG gated fast imaging with steady-state presegsrue FISP) sequence during
end expiratory breath holding was used to acquirte gnages in long axis planes
(vertical long axis, horizontal long axis, left weoular outflow tract) followed by
sequential short axis LV cine loops (8 mm slicekhess, 2 mm gap between slices)
from the atrioventricular ring to the apex. Thenfal protocol was (Figures 2.1-
2.4).

1. An initial multi-slice localiser was performed anhce tidal expiration and the

optimal transverse section of the LV and inter-veatar septum was selected

(Figure 2.1).
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. A vertical long axis (VLA) localiser of the LV wasbtained from the centre of the
mitral valve annulus to the apex. From this lo@alia subsequent horizontal long
axis (HLA) localiser was taken from the mitral valannulus to the apex (Figure
2.2).

. Three short axis (SA) localisers were generatenh filoe HLA localiser. Images
were obtained at the level of the atrio-ventricigesove parallel to the mitral and
tricuspid valve annuli (Figure 2.2).

. These SA localisers were used to plan cine imdgms. and two-chamber, and left
ventricular outflow tract (LVOT) cine scans werengeated (Figure 2.3).

. From the 4 chamber scans, a short axis stack wasmeld. Two mm scans were

obtained at 8 mm intervals from the atrio-ventr@guroove to the LV apex.

Imaging parameters, which were standardized fosalijects, included repetition
time (TR)/lecho time (TE)/flip  angle/voxel size/tlel of view

(FoV)=3.14 ms/1.6 ms/60°/2.2 x 1.3 x 8.0 mm/340 mm.

2.4 Analysis of CMR scans

2.4.1 Measurement of left ventricular mass, functio and chamber size

Short axis cinema loops of the LV were used toss&® function (Figures 2.4 and
2.5). LV mass was measured from short axis @ops using manual tracing of
epicardial and endocardial end-systolic and endtdii@ borders. From these
images, analysis software (Argus, Siemens, Erlangeermany) was used to

calculate left ventricular ejection fraction (LVE&3ing the equation:
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End Diastolic Volume (ml) —End Systolic Volume (ml)

LVEF (%)= X 100

End Diastolic Volume (ml)

Similarly LV mass (LVM), end diastolic volume (ED\Gnd end systolic volume
(ESV) were calculated from these images and indeadrding to body surface
area (LVMI, EDV/BSA, ESV/BSA respectively). Boduréace area was calculated

using the Dubois formula (153):

Body Surface Area= 0.20247 x Height (fy?°>x Weight (kg)’*?

2.4.2 Values used to define left ventricular abnoratities

LV abnormalities were defined by normal publisheglam (+ 2 standard deviations)
LV measurements in healthy volunteers (154). Leftxicular hypertrophy (LVH)
was defined as LVMI >84.1 gfim(male) or >76.4 g/m(female). Left ventricular
systolic dysfunction (LVSD) was defined as LVEF<55%d LV dilatation was
defined as end diastolic volume/body surface geBV/BSA)>111.7 ml/m (male)
or 99.3ml/M (female) or end systolic volume /body surface afESV/BSA)

>92.8 ml/nf (male) or 70.3 ml/f(female).

100



Figure 2.1 Multi slice breath hold localiser in ed expiration
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Figure 2.2  Generation of 3 short axis localisers &m transverse slice

multilocaliser, vertical long axis and horizontal bng axis
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Figure 2.3  Generation of long axis cine images froshort axis localiser
(arrows correspond to planes highlighted in shai$ pilots). Coloured lines (blue,

green, red) correspond to plane of image acquisitio

SA Pilots

2 chamber cine

LvOT
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Figure 2.4  Generation of short axis stack imagesdm 4 chamber cine
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Figure 2.6  Short axis view of left ventricle
(upper panel= basal, lower panel= mid ventriculaih epicardial (green) and

endocardial (red) borders traced using image aisadpdtware
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2.4.3 Measurement of left atrial volume

The bi-plane area length method for ellipsoid bsdias used (155;156) to measure
left atrial volume (LAV). Horizontal and verticabihg axis cine images were used to
obtain images of the left atrium at maximal fillifgigure 2.7). The atrial lengths
and areas were measured from both views using immegesurement tools (Siemens,

Erlangen, Germany), and LAV calculated using thea¢ign:

0.85 x LAArea ; champer(CM?) X LAArea 4 champer (CM?)

Mean LA Length (cm)

LA Volume (ml) =

LAV was corrected for body surface area (LAV/BSAgft atrial appendages were

not included in these measurements.
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Figure 2.7  Measurement of maximal left atrial volune.
Panel A measurement of LA length (white) and LAaafeed) from 2 chamber view.

Panel B, measurement of LA length (white) and Léaafred) from 4 chamber view.
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2.5 *Phosphorus MR spectroscopy

2.5.1 *Phosphorus MR spectroscopy acquisition

3phosphorus MR SpectroscopifR-MRS) was performed using a 1.5 Tesla MRI
scanner (Sonata, Siemens, Erlangan, Germany). dkated spectroscopy surface
coil (dual resonant heart/livétP/H coil) was used. As before, patients were placed
in the supine position and the coil placed overldfieventricle on the anterior chest

wall.

After localisation, pilot scans were performed he tardiac vertical long axis plane
(fast low angle shot (FLASH) images, slice thickhv&é®mm, TR/TE 7/7.37ms, FoV
350mm),*’P-MRS data were obtained with a 2-D chemical shifiging sequence
(CSI). The acquisition matrix size was 25mm x 25@ma TE = 2.3ms, flip angle
=90°, no signal averaging NSA=60. The chemibdt smaging (CSI) grid was
positioned over the left ventricle to ensure ongeya@overed the LV apex and the
remaining voxels provided coverage for the LV sigreand inferior walls (Figure
2.7a). Prospective ECG gating was used with anisitign trigger delay of 100ms
and data was acquired during diastole. An optichisgliofrequency pulse (length
2.4ms) centered betweep and o- adenosine triphosphate (ATP) resonance

frequencies was used to ensure uniform excitati@il spectral peaks (Figure 2.7b).

2.5.2 Data acquisition
Spectra were obtained and areas under the curveseoést were measured using
spectroscopic fitting software (Siemens, Erlang&egrmany). The spectral

resonances fgb-ATP, 2,3- DPG and phosphocreatine (PCr) weredfittsing prior
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knowledge relating to peak frequencies and J- aoggatterns. PC3-ATP ratios

(PCr: ATP) were calculated accordingly.

2.5.3 Caorrection for blood contamination

A correction for intraventricular blood was perfardh In addition to causing scatter,
intracorpuscular ATP prevents accurate estimatibtrue myocardial PCr. ATP.
Blood contains 2,3 diphosphoglycerate (DPG) whixhilats resonances at roughly
5.4 and 6.3ppm relative to PCr. The effect ofodlcATP was corrected using
Equation 2.5, which has been validated in patientis dilated cardiomyopathy and

healthy volunteers (157).

Equatlon 25 B'ATPCorrected = B'ATPHEART - (015)( 2,3'DPC;B|_OOD)
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Figure 2.7 31Phosphorus MR spectroscopy

(a) CSI grid positioned over the left ventriclgostior and inferior walls

PRIm
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2.6 Microvolt T wave alternans

2.6.1 Exercise testing- microvolt T wave alternan@TWA)

All tests were performed by the investigator ondag of CMR scanning. Skin was
prepared by shaving and cleansing with abrasivarelge gel to ensure close contact
with electrodes. Seven standard and seven higHuteso electrodes (Microvolt
Sensors, Cambridge Heart Inc, Bedford, Mass.) vettached to patients in the
standard 12-lead and Frank orthogonal position)(468 connected to a HearTwave

Il System (Cambridge Heart, Bedford, Mass) for MTWéAting.

An initial check was performed by the device touwrsadequate electrode contact
and testing began with acquisition of ECG dataest for 20 seconds. Patients were
then asked to undergo gentle treadmill exercisaltav sufficient elevation in heart
rate (HR). Increase in speed and incline was pmdd to ensure HR elevation to
between 100-110bpm for 150 seconds. If patientsdctolerate more exercise, a
further 90 seconds of walking was performed in ptdeachieve heart rate between
110 and 120bpm. At the end of the exercise pepatients were allowed to sit at
rest until HR was below 90bpm, after which the teas terminated. ECG data was

collected digitally by the HearTwave system (1089)1

2.6.2 Spectral analyses of ECG data

Collected ECG data were interpreted according amdsrd criteria using spectral
analyses and reported using standard automatedifidason (HearTwave I
System, Cambridge Heart, Bedford, Magd3%)is techniqgue measured amplitude of

corresponding points of 128 consecutive T wavesr&vbach T wave was measured
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precisely at the same time point relative to theS@QRemplex start. Beat- to- beat
amplitude fluctuations were plotted and a fast Eyuransformation was performed
to provide quantification of the frequency variatig-igure 2.8). As measurements
were taken every beat, the frequencies were irs whitycles per beat. The point on
the spectrum corresponding to exactly 0.5 cycledpat represents the power of T-
wave front alternation. Significant alternans veatculated from comparison with

the background noise frequency band (0.44 andddi@s per beat) (160).

After MTWA testing, a positive MTWA result was deéd as presence of sustained
alternans (sufficient alternans present for attl@asinute) at heart rates <110bpm
on exercise or at rest (even if higher than 110 )bpgrmegative MTWA test result
was defined as the absence of positive test @iteith a maximum heart rat#05
beats/min. A test that did not satisfy positivenegative criteria was classified as
indeterminate (Figure 2.9). Based on previouslylished studies (161) results were
further classified as “abnormal” (for positive amubleterminate test results) or
“negative” (reported as a negative test). If allyi an indeterminate result was
obtained, immediate retesting was attempted. Readon indeterminate test
provided by the analysis software were:

failure to achieve sufficient heart rate rise

excessive ventricular ectopy during exercise

a noisy recording due to ECG artefact

rapid rise through target heart rate of 105-110bpm

unsustained MTWAS<1 min)
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Figure 2.8  Spectral analyses of ECG and generatioof frequency spectrum

(162)
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Figure 2.9  Classification of MTWA result based on dration of sufficient
alternans and heart rate achieved during exercise.

Modified from (152).

Yes
Significant Alternans

present ?

Alternans =1 min ? HR >105bpm?

Yes

Onse <110bpm?
Yes No

Indeterminate
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2.7 Blood sampling

Thirty millilitres of blood was drawn for biochenacand haematological hospital
laboratory analyses. Blood electrolytes, ureaatanae, glucose, and haemoglobin
were measured. Plasma brain natriuretic peptiddP{Byvas measured using a one
step radio immunoassay (ShionoRIA, Shinogi, Jap#te)y centrifugation of 6 mls of
blood (this was frozen within 20 minutes of collent and stored at -70°C until
measurement). Plasma total cholesterol, triglgesriow density lipoprotein, high
density lipoprotein and high sensitivity C-reactipeotein (CRP) were measured

using standard biochemical methods.

2.8 Patient follow up
Follow- up data, including patient clinical eversisd deaths, were recorded from
date of CMR scan until 30September 2009 using the Western Infirmary, Ghasgo

and Glasgow Royal Infirmary electronic patient melso
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Chapter 3

A study of independent predictors of uraemic cardimmyopathy in haemodialysis

patients.
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3.1 INTRODUCTION

As discussed in the introduction, patients with estalge renal disease (ESRD),
particularly those receiving dialysis have an iasex risk of premature CV disease
(1). The features of uraemic cardiomyopathy, ngmeVH, LVSD, and LV

dilatation independently predict poorer survivabE8RD patients (47).

Studies to date assessing independent predictousaeimic cardiomyopathy have

used echocardiography. Such studies implicate fastach as hypertension, reduced
blood vessel compliance, anaemia, phosphate cabdose of dialysis (134;163-

165). In addition, gadolinium enhanced CMR findingndicating previous

myocardial ischaemia have been associated with L{ASD).

However, as discussed before, echocardiographyiqe®wan inaccurate assessment
of LVMI and chamber size particularly in fluid oWeaded patients where image
acquisition and measurements of LV wall thicknessg.( posterior and
interventricular septum) can be difficult. Measuents obtained by
echocardiography tend to overestimate LV massquaatily at higher values when
compared to CMR (135). Few studies have used amxuvolume independent,
measurements obtained from CMR to assess indivigwetlictors of uraemic

cardiomyopathy.

Thus the aims of the following study were to dentais the predictors of LVH,

LVSD and LV dilatation, measured by CMR, in a cdhot haemodialysis (HD)
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patients. In particular past dialysis and bloodad#an addition to CMR features,

were included in the analyses.

3.2 METHODS

3.2.1 CMR acquisition

Only ESRD patients receiving thrice weekly haemlydia therapy were recruited
into the study. Scans were consistently perforaedhe day after an HD session.
CMR scans were acquired and analysed as previalesgribed. Definitions for

LVH, LVSD and LV dilatation have been presenteimapter 2.

3.2.2 Demographic, dialysis and blood data acquigin

Demographic information and clinical (including dithistory were recorded at the
time of CMR. Retrospective review of the electmopatient record was performed
to retrieve biochemical and haematological blomilits. Haemodialysis information
including immediate pre (preHD) and post (postHlysis systolic and diastolic
blood pressure (SBP and DBP respectively); doséteffiltration (UF) and dialysis

adequacy using urea reduction ratio (URR) were atdtected. Information was
collected at 30 day intervals up to 180 days befoR and mean results were
calculated. Calcium phosphate product (Ca x PO43 walculated from blood

results collected. URR ratio was calculated usstgldished protocol (166).
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3.2.3 Statistical analyses

Statistical analyses were performed using SPSSovetss.0 (SPSS Inc. lllinaois,
USA). Correlations between LV measurements andrdduors were evaluated by
Pearson’s and Spearman’s correlation coefficientappropriate. Variables
identified by univariate linear regression analyses significant predictors were
entered into a backward stepwise linear regressiodel to identify independent
predictors of LVMI, ejection fraction or end diaktovolume/BSA (EDV/BSA).
Similarly, simple followed by multiple logistic regssion analyses were performed
to identify predictors of LVH, LVSD or LV dilatatm Due to significant
interdependence, systolic or diastolic blood presssand only one cardiac parameter
(EDV/BSA, ESV/BSA, or ejection fraction) were ergdrinto the model. The most

predictive regression model was thus generated.

3.3 RESULTS

3.3.1 Patient demographics

Table 3.1 shows demographic, clinical, drug anddlcesult data for 246 patients
who were studied and also highlights the accumaradif traditional cardiovascular
risk factors within such a patient group. Data rdgay dialysis and cardiac

dimensions are also presented in Table 3.1.

The frequencies of isolated and combined cardiaombalities are shown in Figure
3.1. One hundred and fifty seven (63.8%) had L5 (18.3%) had LVSD and 39

(15.9%) had LV dilatation. Eighty two patients (3%) had normal LV structure.
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Variable Total N=246

Age (years) 51.4 (¥12.1)
Male (%) 157 (63.8)
BMI (kg/m?) 25.6 (+4.6)
Primary Renal Disease Diabetic Nephropathy 57 (23.2)
APCKD 25 (10.2)
Glomerulonephritis 52 (21.1)
Renovascular Disease 19 (7.7)
Chronic Pyelonephritis 26 (10.6)
Other 38 (15.4)
Unknown 29 (11.8)
Diabetes mellitus 156 (63.4)
Ischaemic Heart Disease 51 (20.7)
Hypertension 223 (90.7)
Chronic heart failure 15 (6.1)
Cerebrovascular disease 20 (8.1)
Peripheral vascular disease 18 (7.3)
Hypercholesterolemia 113 (46.3)
Smoking Never 124 (50.4)
Current 70 (28.5)
Ex 52 (21.1)
Aspirin 97 (39.4)
ACEI/ARB 61 (24.8)
Diuretic 50 (20.3)
Calcium Channel Antagonist 73 (29.7)
B Adrenoceptor Blocker 106 (43.2)
Epo receptor stimulating agent (ESA) 196 (79.7)
Vitamin D Analogue 99 (40.2)
Statin 93 (62.2)
Haemoglobin (g/dL) 11.3 (#1.3)
Adjusted Calcium (mmol/L) 231 (x0.2)
Phosphate (mmol/L) 1.27 (x0.4)
Albumin (g/dL) 37.3 (£5.9)
CaxP0O4 Product 2.93 (x1.0)
Parathyroid Hormone (pmol/L) 28.8 (20.3,34.0)
Duration on HD (y) 3.0 (x3.0)
Mean Ultrafiltration Volume (L/session) 2.2 (x1.1)
Mean PreHD SBP (mmHg) 142.3 (x21.8)
Mean PostHD SBP (mmHg) 132.3 (x23.1)
Mean PreHD DBP(mmHg) 79.8 (x14.0)
Mean PostHD DBP(mmHg) 73.3 (x13.8)
Mean PreHD PP (mmHg) 62.5 (¥17.1)
Mean PostHD PP (mmHg) 58.9 (x17.6)
Urea Reduction Ratio (%) 70.8 (£7.5)
Ejection Fraction % 64.7 (¥13.3)
LVMI (g/m ?) 99.4 (+30.0)
EDV/BSA (ml/ m?) 77.8 (+31.1)
ESV/BSA (ml/ nf) 29.6 (+¥21.9)
LVH 157 (63.8)
LVSD 45 (18.3)
LV dilatation 39 (15.8)

Table 3.1 Demographic, clinical, drug, blood andardiac data for patients.
Data are number with percentage in parenthesegan m standard deviation except
parathyroid hormone where median and interquartienge are shown.
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Figure 3.1  Frequency of cardiac abnormalities of wsemic cardiomyopathy
in cohort studied.

Note the high prevalence of LVH alone and in corabon with other abnormalities

LVH+LV Dilatation
6.9%

LVSD only

LVSD+LV Dilatation 2.0%

0.4% LV Dilatation only
0.4%
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3.3.2 Left ventricular mass index and hypertrophy

3.3.2(a) Correlates of LVMI

There were strong positive correlations between L\&vid EDV/BSA (Pearson’s
R=0.60, p<0.01), ESV/BSA (Pearson’s R =0.54, p<p&id negative correlation
with LV ejection fraction (Pearson’s R = - 0.37,00&1). In addition, there were
weaker but significant correlations with mean dos$eaultrafiltration (Pearson’s R
=0.18, p<0.01) and Ca x PO4 (Pearson’s R =0.13,0%30 Factors close to
statistical significance were postHD DBP (Pearsd®’s0.13, p=0.06), and mean

preHD SBP (Pearson’s R =0.11, p=0.08).

3.3.2(b) Associations of left ventricular mass indeand hypertrophy
Multivariable linear regression analysis was pemfed to create the most robust
predictive model for LVMI (Table 3.2). Factors siaered in the model were those
identified as significant (or close) correlateshwitVMI or factors identified from
previous studies as predictors of LVMI. Using akward stepwise model, the most
significant model (highest R0.49) generated included EDV/BSA, mean pre
dialysis systolic blood pressure and Ca x PO4 mbds significant predictors of

LVMI.

Patients with or without LVH were compared. HighgeHD systolic blood

pressure, preHD pulse pressure (PP) and Ca x P@4 significantly associated
with LVH (Table 3.3). Serum phosphate and meanddbe were higher in the
LVH group of patients, but were not statisticaligrsficant. When comparing both
groups there were no significant differences in, &g, body mass index (BMI),
past cardiovascular history, duration on haemosiglynean post HD systolic and

diastolic BP, mean pre HD diastolic BP and URR. rtlk@rmore, LVH was not
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significantly associated with a difference in mdaemoglobin, albumin, adjusted
serum calcium, or parathyroid hormone (PTH) meabuoneer the 180 days before
CMR. There was no significant difference in drisquge between both groups. Table
3.3 also shows measured left ventricular cardiaamaters— ejection fraction,
EDV/BSA and ESV/BSA. LVH was significantly assaeid with lower ejection

fraction, higher end diastolic and systolic LV vales, LVSD and LV dilatation.

Univariate followed by multivariate logistic regsésn analyses were performed to
determine predictors of LVH (Table 3.4). Univariaealyses identified EDV/BSA,
mean Ca x PO4 product and mean pre dialysis sydB#i as factors significantly
associated with presence of LVH. Multivariate Kig regression modelling (only
entering one BP variable and cardiac parameter thuetheir significant
interdependence) similarly identified EDV/BSA, pdialysis systolic BP, and

CaxPO4 as the most robustR.50) independent predictors of LVH.
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Standardised p 95% CI

coefficient for B
p
R?=0.49, p<0.01
Constant -13.5 0.40 -45.33, 18.3
EDV/BSA(mI/m2) 0.66 <0.01 0.36,0.91
Mean PreHD SBP (per mmHQ) 0.13 0.01 0.09, 0.42
Ca x PO4 product(mmof/I?) 0.16 <0.01 0.11, 0.24

Table 3.2 Backward stepwise multivariate linear regession analyses model
demonstrating independent associations of LVMI (R= 0.49).

Variables entered into the model were, age, can@ameters (individually), mean
calcium phosphate product, mean haemoglobin, méaman, mean parathyroid
hormone, mean dose of UF per dialysis session,tidaran renal replacement

therapy and pre or post HD systolic or diastolic(Bividually)
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No LVH LVH p
n=89 n=157
Age (years) 51.8(12.2) 51.2(12.1) 0.20
Male (%) 55(61.8) 102(65.0) 0.62
BMI (kg/m?) 25.2(4.2) 25.8(4.8) 0.45
Ischaemic Heart Disease 21(23.6) 30(19.1) 0.40
Diabetes Mellitus 58 (65.2) 98(62.4) 0.67
Chronic Heart Failure 5(5.6) 10(6.4) 0.81
Cerebrovascular Disease 10 (11.2) 10(6.4) 0.18
Peripheral Vascular Disease 7(7.9) 11(7.0) 0.80
Hypertension 79(88.8) 144(91.4) 0.44
Duration on HD (y) 2.9(3.1) 3.0(2.9) 0.89
Mean UF Volume (L) 2.1(0.9) 2.3(1.2) 0.08
Mean PreHD SBP (mmHg) 138.1(24.3) 144.6(20.0) 0.02
Mean PostHD SBP (mmHg) 129.2(24.8) 133.8(21.9) 149
Mean PreHD DBP(mmHg) 79.1(16.4) 80.3(12.4) 0.52
Mean PostHD DBP(mmHg) 72.3(15.9) 73.9(12.5) 0.36
Mean PreHD PP (mmHg) 59.1(17.6) 64.4(16.5) 0.02
MAP PostHD PP (mmHg) 57.1(18.9) 60.0(16.8) 0.22
Urea Reduction Ratio (%) 67.6 (11.9) 70.7 (6.4) (13
Haemoglobin (g/dL) 11.3(1.5) 11.3(1.3) 0.95
Adjusted Ca (mmol/l) 2.29(0.2) 2.31(0.2) 0.61
Phosphate (mmol/l) 1.20(0.40) 1.32(0.5) 0.06
Ca x PO4 product 2.72(0.9) 3.05(1.0) 0.03
Albumin 37.9(6.1) 36.9(5.8) 0.24
PTH 34.3(13.4,48.3)  31.4(15.2,45.7) 0.54
Aspirin 38(42.7) 59(37.6) 0.43
ACEI/ARB 23(25.8) 38(24.2) 0.78
Diuretic 23(25.8) 27(17.2) 0.11
CCA 25(28.1) 48(30.6) 0.68
o Adrenoceptor blocker 9(10.1) 8(5.1) 0.14
B Adrenoceptor blocker 36 (40.4) 70(44.6) 0.53
ESA 74(83.1) 122(77.7) 0.46
Vitamin D analogue 35 (39.3) 64 (40.8) 0.83
Statin 42 (47.2) 51 (32.2) 0.09
Ejection Fraction (%) 68.5(7.9) 62.6 (15.1) <0.01
LVMI (g/m ?) 67.2(10.8) 116.9 (31.3) <0.01
EDV/BSA (ml/ m?) 58.2(18.3) 88.7(34.7) <0.01
ESV/BSA (ml/ nf) 19.7(10.8) 36.5 (27.5) <0.01
LVSD 6(6.7) 39 (24.8) <0.01
LV dilatation 2 (2.2) 37 (23.6) <0.01
Table 3.3 Comparisons between patients with and wibut LVH are
shown.

Data are number with percentage in parentheses) metandard deviation or
median interquartile range for PTH. Tests of sigaifice are t-test and Chi-
square (parametric data) or Mann Whitney (non patamdata). Significant

results are highlighted.
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Univariate Analyses Multivariate analyses

Variable OR 95% ClI p OR 95% ClI P
EDV/BSA (per ml/m?) 1.08 1.04,1.13 <0.01 1.06 1.04,1.08 <0.01
Mean Ca x PO4 (per mmal/l?) 1.37 1.01,1.87 0.04 174 1.17,2.57 <0.01
Mean PreSBP (per mmHg) 1.02 1.01,1.05 0.04 1.02 1.01,1.04 0.01
Age (per year) 0.99 0.99,1.02 0.70

Sex (Male vs. Female) 1.55 0.91,2.65 0.11

BMI (per kg/m?) 0.96 0.89,1.03 0.27

HD duration (per year) 1.01 0.85,1.20 0.88

Ischaemic Heart Disease 1.34 0.67,2.60 0.38

Diabetes Mellitus 1.20 0.69,2.60 0.52

Chronic Heart Failure 0.88 0.28,2.72 0.82

Cerebrovascular Disease 2.76 0.96,6.93 0.09

Peripheral Vascular Disease 0.83 0.29,2.42 0.74

UF volume (per litre) 1.26 0.95,1.66 0.11

Urea Reduction Ratio (per %) 1.06 0.91,1.23 0.45

Mean Post SBP (per mmHg) 0.99 0.97,1.02 0.55

Mean PreDBP (per mmHg) 0.98 0.95,1.01 0.21

Mean PostDBP (per mmHg) 1.01 0.98,1.04 0.49

Mean Pre PP (per mmHQ) 1.02 1.01,1.05 0.05

Mean Post PP (per mmHQ) 0.99 0.97,1.01 0.47

Ejection fraction (per %) 0.95 0.88,1.03 0.21

ESV/BSA (per ml/in¥) 0.93 0.85,1.02  0.12

Mean Haemoglobin (per g/dL) 0.86 0.60,1.23 0.41
Mean Adjusted Ca (per mmol/l) 1.61 0.35,7.48 0.54
Mean SerumPO4 (per mmol/l) 2.10 1.00,4.29 0.06
Mean Albumin (per g/dL) 1.00 0.96,1.05 0.91
Mean PTH (per pmol/l) 0.99 0.99,1.01 0.54

Table 3.4 Simple (left) followed by backward stepvee (conditional)
multiple logistic regression analyses (&0.50) demonstrating independent
predictors of presence of LVH.

Only variables found to be significant on univagianalyses were entered into the
multivariate model.  Cardiac and blood pressureamaters were entered

individually to generate the most predictive model.
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3.3.3 LV egjection fraction and systolic dysfunctn

3.3.3(a) Correlates with LV ejection fraction

LV ejection fraction was used as an indicator fifwentricular function. In addition
to the correlates demonstrated above, there wesagshegative correlations with
ESV/BSA (Pearson’s R= -0.84; p<0.01) and EDV/BSAedRon’'s R= -0.53;
p<0.01) as expected. There was a weak negativeelation with dose of

ultrafiltration during dialysis (Pearson’s R=-0;180.01).

3.3.3(b) Associations of LV ejection fraction and V systolic dysfunction

As before, backward stepwise multivariate lineagression analyses were
performed (Table 3.5). Factors considered infliagéitased on initial evaluation of
correlation data or identified from previous stedés predictors of LV function were
entered into the model. End systolic volume coa@édor BSA and pre HD systolic

BP were the significant independent predictors\#fdjection fraction (R=0.76).

In patients with LVSD, there was a significantlgher proportion of patients with a
past medical history of ischaemic heart diseasesgnptomatic heart failure (Table
3.6) compared to those with normal LV function.aldition, mean dose of UF, pre
HD diastolic blood pressure and therapy with aspwere significantly higher in
LVSD patients. As expected from correlations wajection fraction, LVSD was

significantly associated with higher LVMI, EDV/BSAnd ESV/BSA.

Logistic regression analyses were performed toroete predictors of LVSD

(Table 3.7). Univariate analyses identified ESV/BSBDV/BSA, LVMI, past
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history of ischaemic heart disease, symptomatioribr heart failure, duration
receiving haemodialysis therapy, and mean doseltadfiliration as significant
predictors of LVSD on CMR. Multivariate logistiregression analyses was
performed entering significant factors from uniese analyses and the most
predictive model (R=0.43) included ESV/BSA, past history of ischaerhiart

disease and mean dose of UF.

128



Standardised p 95% CI
coefficient for B
p
R?=0.76, p<0.001
Constant 89.6 <0.01 75.5, 103.6
ESV/BSA(mI/m2) -0.80 <0.01 -1.46, -0.29
Mean PreHD SBP (per mmHQ) -0.17 0.05 -0.29, -0.06

Table 3.5

identify independent predictors of LV ejection fradion (R?*= 0.76).

Backward stepwise multivariate linear rgression analyses to

Variables entered into the model were age, candémameters (individually), mean

calcium, mean phosphate, mean haemoglobin, meamailb mean parathyroid

hormone, mean dose of UF per dialysis session,tidar@n renal replacement

therapy, pre or post HD systolic or diastolic BiRd(vidually).
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No LVSD LVSD p
n=201 n=45

Age (years) 51.1 (11.8) 52.3(13.5) 0.37
Male (%) 124(61.7) 33 (73.3) 0.62
BMI (kg/m?) 25.8 (4.6) 24.8(4.1) 0.14
Ischaemic Heart Disease 37 (18.4) 17 (37.8) <0.01
Diabetes Mellitus 130 (64.7) 26 (57.8) 0.35
Chronic Heart Failure 8 (4.0) 5(11.1) 0.05
Cerebrovascular Disease 17 (8.5) 3(6.7) 0.69
Peripheral Vascular Disease 12 (6.0) 6 (13.3) 0.09
Hypertension 181 (90.0) 42 (93.3) 0.49
Duration on HD (y) 2.88(3.7) 4.30 (7.2) 0.06
Mean UF Volume (L) 2.1(1.2) 2.7 (0.7) <0.01
Mean PreHD SBP (mmHg) 141.4(21.8) 146.0 (21.5) 0.2
Mean PostHD SBP (mmHg) 131.6(23.5) 135.6(21.0) 9.2
Mean PreHD DBP(mmHg) 78.8(13.9) 83.6(13.8) 0.04
Mean PostHD DBP(mmHg) 72.6 (13.9) 83.3(13.8) 0.20
Mean PreHD PP (mmHg) 62.5(17.5) 62.4(15.2) 0.96
MAP PostHD PP (mmHg) 58.9(17.9) 59.1(15.3) 0.94
Urea Reduction Ratio (%) 70.7(7.1) 68.0(9.3) 0.49
Haemoglobin (g/dL) 11.4(1.4) 11.0(1.3) 0.12
Adjusted Ca (mmol/l) 2.31(0.2) 2.32(0.3) 0.77
Phosphate (mmol/l) 1.25(0.4) 1.35(0.5) 0.21
Ca x PO4 product 2.95 (1.0) 2.88(0.9) 0.72
Albumin 37.1(6.2) 38.2(4.7) 0.31
PTH 32.7(11.6,45.3)  31.7(14.2,53.7) 0.87
Aspirin 17 (35.3) 26 (57.8) <0.01
Warfarin 8 (4.0) 3(6.7) 0.43
ACEI/ARB 47 (23.4) 14 (31.1) 0.27
Diuretic 42 (20.9) 8 (17.8) 0.64
CCA 58 (28.9) 15 (33.3) 0.55
o Adrenoceptor blocker 14 (7.0) 3(6.7) 0.14
B Adrenoceptor blocker 85 (42.3) 21 (46.7) 0.59
ESA 157 (78.1) 39 (86.7) 0.19
Vitamin D analogue 80(39.8) 19(45.2) 0.28
Statin 73 (36.3) 20 (44.4) 0.31
Ejection Fraction % 67.1(10.9) 52.0(17.3) <0.01
LVMI (g/m ?) 94.3(31.1) 122.8(50.5) <0.01
EDV/BSA (ml/ m?) 72.7(26.8) 100.9(38.6) <0.01
ESV/BSA (ml/ nf) 25.1(16.7) 49.6(30.4) <0.01
LVH 118 (58.7) 39 (86.7) <0.01
LV dilatation 18 (9.0) 21 (46.7) <0.01

Table 3.6 Comparisons between patients with and wibut LVSD

Data are number with percentage in parenthesessanm standard deviation

or median and interquartile range. Tests of sigaifce are t-test and Chi-

square.
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Univariate Analyses

Multivariate analyses

Variable

ESV/BSA (per ml/n?)
Ischaemic Heart Disease
UF volume (per litre)
EDV/BSA (per ml/m?)
LVMI (per g/m ?)

HD duration (per year)
Chronic Heart Failure
Mean Albumin (per g/dL)
Age (per year)

Sex (ref Female)
Diabetes Mellitus

BMI (per kg/m?)
Cerebrovascular Disease

Peripheral Vascular Disease
Urea Reduction Ratio (per %)

Mean PreSBP (per mmHg)

Mean Post SBP (per mmHQ)

Mean PreDBP (per mmHQ)

Mean PostDBP (per mmHg)

Mean Pre PP (per mmHg)
Mean Post PP (per mmHg)

Mean Haemoglobin (per g/dL)
Mean Adjusted Ca (per mmol/l)
Mean SerumPO4 (per mmol/l)
Mean Ca x PO4 (per mmai/I?)

Mean PTH (per pmol/l)

OR
1.05
2.62
1.47
1.03
1.01
1.03
4.44
1.14
1.02
1.78
0.74
0.95
0.78
2.42
1.06
1.00
1.01
1.02
1.00
1.00
1.00
0.79
0.18
0.93
1.30
1.00

95% CI
1.03,1.06
1.33,5.42
1.05,2.08
1.02,1.04
1.01,1.03
1.01,1.06
1.52,12.9
1.01,1.28
0.98,1.04
0.83,3.51
0.38,1.44
0.85,1.05
0.22,2.76
0.85,6.84
0.95,2.07
0.97,1.03
0.98,1.04
0.98,1.06
0.96,1.05
0.97,1.03
0.97,1.03
0.51,1.21
0.01,6.14
0.26,3.25
0.44,3.81
0.98,1.02

<0.01
<0.01
0.03
<0.01
<0.01
0.04
<0.01
0.10
0.38
0.15
0.39
0.31
0.69
0.09
0.76
0.82
0.63
0.37
0.86
0.89
0.88
0.79
0.34
0.92
0.63
0.94

OR 95% Cl P

1.07 1.04,1.10 <0.01
468 1.60,13.7 <0.01
206 1.02,1.06 0.03

Table 3.7

Simple (left) followed by backward stepvee (conditional)

multiple logistic regression analyses (&0.43) demonstrating independent

predictors of presence of LVSD.

Only variables found to be significant on univagianalyses were entered into the

multivariate model.

most predictive model.

Cardiac parameters were edtardividually to generate the
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3.3.4 End diastolic volume/BSA and left ventriculadilatation

3.3.4(a) Correlates with EDV/BSA

EDV/BSA was used to define LV chamber volume and diMatation. EDV/BSA
was positively correlated with LVMI (Pearson’s R&B; p<0.01) and ESV/BSA
(Pearson’s R=0.84; p<0.01) and negatively corrdlatgh LV ejection fraction as
mentioned before. There was a weaker correlatitim mwean dose of UF (Pearson’s

R=0.22; p<0.01).

3.3.4(b) Associations of EDV/BSA and LV dilatation

Multiple backward stepwise linear regression aredysvere also performed to
provide the most predictive tR0.47) model of EDV/BSA. Independent predictors
of EDV/BSA were LV ejection fraction and mean dadgeJF during dialysis (Table

3.8).

Patients with and without LV dilatation were comgzh Table 3.9). Presence of LV
dilatation was significantly associated with higlieise of UF during haemodialysis
therapy. As demonstrated before, LV dilatation wagificantly associated with
higher LVMI (and presence of LVH), end diastolicdasystolic LV volumes and
lower ejection fraction (and presence LVSD). Inelegient predictors of presence of
LV dilatation were left ventricular ejection fragti and mean dose of ultrafiltration

during haemodialysis (Table 3.9).
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Standardised p 95% CI
coefficient for B
p
R?=0.47, p<0.001
Constant 143.6 <0.01 111.8,175.4
LV ejection fraction (per %) -0.49 <0.01 -0.64, -@2
Mean Ultrafiltration (per L) 0.16 0.05 0.10, 0.78

Table 3.8 Backward stepwise multivariate linear regession analyses model

demonstrating independent associations of EDV/BSARE= 0.47).

Variables entered into the model were, age, cangimameters (individually), mean

calcium, mean phosphate, mean haemoglobin, meamailb mean parathyroid

hormone, mean dose of UF per dialysis session,tidaran renal replacement

therapy, pre or post HD systolic or diastolic BRd{vidually).
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No LV LV Dilatation P
Dilatation N=39
N=207
Age (years) 51.5(12.1) 50.9(12.2) 0.77
Male (%) 130 (62.8) 27 (69.2) 0.44
BMI (kg/m?) 25.7(4.7) 25.2(3.6) 0.65
Ischaemic Heart Disease 43 (20.8) 8 (20.5) 0.97
Diabetes Mellitus 133 (64.3) 23 (59.0) 0.53
Chronic Heart Failure 11 (5.3) 4 (10.3) -
Cerebrovascular Disease 17 (8.2) 3(7.7) -
Peripheral Vascular Disease 16 (7.7) 2(5.2) -
Hypertension 186 (89.9) 37 (94.9) 0.32
Duration on HD (y) 4.98 (6.8) 5.96 (6.7) 0.45
Mean UF Volume (L) 2.1(1.2) 2.8(0.7) <0.01
Mean PreHD SBP (mmHg) 142.7(22.2) 139.7(18.3) 0.43
Mean PostHD SBP (mmHg) 132.4(24.0) 139.7(18.3) D.8
Mean PreHD DBP(mmHg) 79.5(14.1) 131.2(17.3) 0.59
Mean PostHD DBP(mmHg) 73.5(13.9) 72.2(13.9) 0.74
Mean PreHD PP (mmHg) 63.1(17.6) 58.9(13.3) 0.15
MAP PostHD PP (mmHg) 58.9(18.2) 58.8(14.0) 0.96
Urea Reduction Ratio (%) 71.8(34.5) 76.9(33.3) 0.76
Haemoglobin (g/dL) 11.3(1.4) 11.1(1.2) 0.33
Adjusted Ca (mmol/l) 2.31(0.2) 2.31(0.3) 0.99
Phosphate (mmol/l) 1.28 (0.4) 1.22(0.4) 0.48
Ca x PO4 product 2.94(0.9) 2.90(1.1) 0.83
Albumin 37.3(5.9) 37.3(6.2) 0.94
PTH 32.5(12.6,45.3) 31.5(12.0,43.7) 0.98
Aspirin 84 (40.6) 13 (33.3) 0.40
Warfarin 8 (3.9) 3(7.7) -
ACEI/ARB 52 (25.1) 9(23.1) 0.79
Diuretic 45 (21.7) 5(12.8) 0.20
CCA 61 (29.5) 12 (30.8) 0.87
a Adrenoceptor blocker 16 (7.7) 1(2.6) -
B Adrenoceptor blocker 89 (43.0) 17 (43.6) 0.95
ESA 162(78.3) 34 (87.2) 0.20
Vitamin D analogue 85 (41.1) 14 (35.9) 0.55
Statin 80 (38.6) 13 (33.3) 0.53
Ejection Fraction % 68.3(0.7) 45.6(13.3) <0.01
LVMI (g/m 3 93.4(31.8) 131.6(45.4) <0.01
EDV/BSA (ml/ m?) 70.1(23.2) 118.5(36.3) <0.01
ESV/BSA (ml/ nf) 22.5(12.0) 67.1(25.0) <0.01
LVH 120 (58.0) 37(94.9) <0.01
LVSD 24 (11.6) 21 (53.8) <0.01
Table 3.9 Comparisons between patients with and wibut LV dilatation.

Data are number with percentage in parenthesesn mestandard deviation or median
interquartile range for PTH. Tests of significamee t-test and Chi- square (parametric data)

or Mann Whitney (non parametric data).
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Univariate Analyses Multivariate analyses

Variable OR 95% ClI p OR 95% ClI P
Ejection fraction (per %) 0.86 0.83,090 <0.01 0.87 0.83,0.91 <0.01
UF volume (per litre) 1.73 1.18,2.54 <0.01 153 1.09,2.17 0.01
LVMI (per g/m ?) 1.03 1.02,1.04 <0.01

Mean PreSBP (per mmHg) 0.97 0.95,1.00 0.08

Age (per year) 0.99 0.97,1.02 0.77

Sex (Male vs. Female) 0.75 0.36,1.57 0.44

BMI (per kg/m?) 0.98 0.86,1.08  0.65

HD duration (per year) 1.02 0.97,1.08 0.45

Ischaemic Heart Disease 0.98 0.41,2.37 0.97

Diabetes Mellitus 0.81 0.40,1.65 0.81

Chronic Heart Failure 2.15 0.63,7.36 0.22

Cerebrovascular Disease 1.00 0.27,3.74 0.99

Peripheral Vascular Disease 0.57 0.12,3.74 0.49

Urea Reduction Ratio (per %) 1.56 0.76,7.89 0.57

Mean Post SBP (per mmHg) 1.02 0.99,1.05 0.23

Mean PreDBP (per mmHg) 1.04 1.00,1.08 0.06

Mean PostDBP (per mmHg) 0.97 0.93,1.01 0.19

Mean Pre PP (per mmHQ) 0.97 0.95,1.00 0.05

Mean Post PP (per mmHg) 1.02 0.99-1.05 0.20

Mean Haemoglobin (per g/dL) 0.86 0.65,1.12 0.33

Mean Adjusted Ca (per mmol/l) 3.48 0.48,26.5 0.23

Mean SerumPO4 (per mmol/l) 0.62 0.22,1.75 0.36

Mean Ca x PO4 (per mma¥/I?) 0.96 0.66,1.40 0.83

Mean Albumin (per g/dL) 1.00 0.94,1.07 0.99

Mean PTH (per pmol/l) 1.00 0.99,1.02 0.98

Table 3.10

Simple (left) followed by backward stepise (conditional)

multiple logistic regression analyses (&0.55) demonstrating independent

predictors of presence of LV dilatation.

Only variables found to be significant on univagianalyses were entered into the

multivariate model.

most predictive model.

Cardiac parameters were edtardividually to generate the
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3.4  DISCUSSION

Uraemic cardiomyopathy describes a heterogeneaugpgrf cardiac abnormalities
that are very common in patients close to or rengiRRT (167;168). However, our
understanding of its aetiology and thus identifmatf therapies to prevent, slow or
reverse its development have proven difficult. ©umrent understanding is derived
from echocardiography which is inaccurate whenneting LV chamber size and

wall thickness in ESRD patients.

3.4.1 Development of uraemic cardiomyopathy

The development of uraemic cardiomyopathy is believo be initiated and
perpetuated by elevated cardiac preload and adibrisee Table 3.11) (169;170).
LVH develops as an adaptive response to maintaiokestvolume and minimise
ventricular wall stress in the face of volume angspure overload which are
common in advancing stages of CKD. Both of thelsanges increase LV wall

tension due to Laplace’s Law (170; 171):

T = PD

———

4

T = LV wall tension, P= intraventricular pressube; LV internal diameter

Volume overload causes myocardial stretch, stirmgasarcomere proliferation in
series and elongating pre-existing fibres to mans&roke volume. This manifests
as eccentric ventricular remodelling and LV diletat Wall tension rises increasing

oxygen requirements of cardiomyocytes and subsegisérof ischaemia (170;171).

136



Preload Afterload

Intravascular volume expansion Systemic Hypertensio
Arteriovenous fistula Calcific Aortic Stenosis
Anaemia Vascular calcification

Table 3.11 Causes of increased preload and afterldain ESRD patients -

modified from (170)

Systemic hypertension, on the other hand, increeaesac afterload and stimulates
sarcomere production in parallel resulting in LVIMiaickening with preservation or
reduction of chamber size. The ventricle is renleden a uniform and concentric

pattern.

Thus, wall tension increases as intraventriculasgure (systemic hypertension,
aortic stenosis) and intraventricular diameter idflloverload) rise. Adaptive

responses are implemented to reduce wall strefinddeas T: cross sectional area of
LV) redistributing work over a larger area and reidg energy consumption per

muscle fibre.

However, as the LV wall thickens, inadequate angmegis reduces capillary
density, myocardial reserve and subsequently leads/ocyte ischaemia, death and
reparative myocardial fibrosis. This reduces axtile function per unit volume of
myocardium and eventually causes symptomatic lefitnicular failure. Myocyte

death is also facilitated by poor dialysis, pootrition and hyperparathyroidism,

which are common in ESRD (134;171).
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Not all structural abnormalities have been atteouio these haemodynamic factors.
Higher levels of interstitial myocardial fibrosi@ve been demonstrated in autopsy
sections from dialysis patients when compared fmehgnsive and diabetic patients
(50). Furthermore, in vivo studies have demonstra potential role of angiotensin
II, aldosterone, PTH, catecholamines, and endathstimulating cardiac interstitial

fibroblasts (61;172).

3.4.2 Predictors of uraemic cardiomyopathy on CMR

This study is the first to use CMR to define indival abnormalities of uraemic
cardiomyopathy in a cohort of haemodialysis paterd use past clinical, blood and
dialysis data, collected over 180 days prior tonagag, to assess the trends that

predict presence of LVH, LVSD and LV dilatation.

In ESRD patients, the presence of one myocardiab@bality is predictive of other
features of uraemic cardiomyopathy. Figure 3.1 alstrated that abnormalities
often occur in combination and correlation analydes cardiac parameters
demonstrated significant relationships between LAl measurements. In our
regression analyses, only the most predictive nsogele presented after adding one
cardiac abnormality. However, when other cardiamoamalities were included (e.g.
ejection fraction for LVMI) similarly significant t less robust models were
generated. Given the close association of caralmmrmalities in patients with
uraemic cardiomyopathy and the processes descaitbeek, it is likely that different
combinations of structural changes represent vgrystages of the same

adaptive/disease process.
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In addition, this study demonstrates that clinicbhlpod and dialysis features
previously proposed as predictors of uraemic canglpathy detected by

echocardiography, are not associated with LV ababties detected by CMR.

3.4.2 Predictors of LVH

LVH is the most common abnormality of uraemic candyopathy and is estimated
to be present in approx 67% of haemodialysis petiassessed by CMR. A cross
sectional study of patients with varying degree€KD demonstrated a progressive
increase in the prevalence of LVH with deteriorgtienal function (173). LVH has
been demonstrated as an independent predictor aft Hailure, ventricular
tachyarrhythmia and sudden cardiac death (47)esdkdata show that LVH assessed
by CMR is common (63.8%) but is lower than previ@ehocardiography studies
highlighting the tendency for echocardiography terestimate LV mass in ESRD
patients (132; 139). These data also show thdt bdMI and presence of LVH are
associated with, and independently predicted byagéel end diastolic LV volume,

pre-dialysis systolic blood pressure and Ca x Pdyrct

3.4.2(a) Hypertension and LVH

A number of different studies, using echocardiobgygphave demonstrated a
significant association between LVH and hypertemsio

Harnett at al studied haemodialysis patients witlogpessive LVH. They
demonstrated that age and pre-dialysis systoliodbjoressure were associated with

increased LV mass (174).
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Parfrey et al showed in 432 patients with a medi&r8.3 months from starting
haemodialysis, that presence of concentric LV hypphy was independently

predicted by systolic blood pressure and femalelge@7).

Data from this thesis using CMR assessment sugaolier studies suggesting that
systolic hypertension acts as a major determindntaodiac afterload and thus

significantly predicts LVMI and presence of LVH.

Previous studies have demonstrated that LVMI aatysis BP measurements (pre-
and post- HD) are usually only weakly (r=0,15-0.2@rrelated (175). This is
unsurprising given inaccuracies of blood pressumasurement at the time of
dialysis. A number of studies have demonstrated pna and post dialysis blood
pressures provide misleading estimates and lesodegble measurements in

haemodialysis patients.

In a comparative study between dialysis and 48 laoubulatory BP measurements
(ABPM), Coomer et al demonstrated that predialyBR overestimated mean
intradialytic systolic BP by 10mmHg and post digdyBP underestimated systolic
measurements by 7mmg (176).

Peixoto et al investigated 21 haemodialysis paiemho had pre- and post-HD
measurements compared with 2 separate 48 hours ABfNitoring readings.

Their results showed that ABPM provided less vdeadnd more reproducible

results (177).

140



Despite these studies, ABPM monitoring remains popo because the
methodology is not universally available, time aoméng and uncomfortable for
dialysis patients. In this study, ABPM was offettedpatients, but many refused as

they did not wish to wear the monitor overnight.

The cause of hypertension in haemodialysis patisntsultifactorial but is mostly
due to volume overload (178). Elevated intravemcwiolume stimulates higher
cardiac output (due to Starling’s Law of the heamyd inappropriately increases
systemic vascular resistance (believed to be cabgedecretion of oubain like
ATPase inhibitors which increase vascular smoothsateu intracellular C&

concentration). In addition, inappropriate aciivatof the sympathetic nervous
system by uraemic metabolites, vascular stiffnesse dto calcification,

vasoconstriction caused by abnormal endothelialctton and erythropoietin

administration may contribute to elevated BP in ESftients (175).

3.4.2(b) Ca x PO4 product and LVH

Elevated Ca x PO4 product is a risk factor forraatecalcification and consequently
contributes to elevated blood pressure and thelalevent of LVH (60;179). It has

been shown to be an independent predictor of camdeular and sudden death in
patients with ESRD:

In the Dialysis Outcomes and Practice Patterns yS{IDPPS), all cause and
cardiovascular mortality was directly and indeperilyepredicted by serum calcium,

phosphate, PTH and Ca x PO4 product(180).
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In a study of 134 patients (only 80 of these weeiving haemodialysis) assessed
twice by multi slice spiral CT, independent predistof mortality included elevation

of vascular calcification score (181).

Other measurements and markers of vascular catdit, such as pulse wave
velocity and electron beam CT, have demonstratecasaociation with LVH in

ESRD patients.

Nitta et al investigated 49 haemodialysis patiargsg applanation tonometry to
assess pulse wave velocity and abdominal CT totdyaortic calcification index.
LVMI was significantly correlated and independentlgredicted by both

measurements (182).

3.4.2(c) End diastolic volume and LVH

In our study, EDV/BSA was the strongest predictér L&YMI and LVH after
multivariate analyses supporting an associatiowéen elevated LV mass and long-
term volume overload and ventricular stretch. ddion, brain natriuretic peptide,
whose production is stimulated by myocardial stretcas been used to predict
presence of LVH in ESRD patients with sensitivitle87% (183). Unfortunately,

we did not have samples available for measurenfdBiN® in this cohort.

142



3.4.2(d) Anaemia and LVH

Our study did not demonstrate a predictive roldh@émoglobin concentration for

LVMI. The potential aetiological role of anaemradevelopment of LVH remains

uncertain in ESRD patients. In theory, haemodiluincreases myocardial work to
ensure adequate oxygenation of tissues resultingypervolaemia (xworsening

hypertension) and increased cardiac preload. &uasing echocardiography have

demonstrated a strong predictive role of anaemia/if:

In a study of 51 dialysis patients studied by $egahocardiography, lower
haemoglobin independently predicted LVMI. Howewaly 8 of these patients were
receiving erythropoietin therapy (184).

Levin et al showed that left ventricular growth wiaslependently predicted by

haemoglobin concentration and systolic blood pressu246 dialysis patients (185).

These earlier studies, however, were performed réefine routine use of
erythropoietin to correct anaemia in patients ngngi renal replacement therapy.
Erythropoietin receptors are present in myocartiésiues and in vivo studies have
demonstrated that stimulation alters cellular tuerg(186). Studies demonstrating
correction of moderate anaemia using erythropoistimulating agents have not

shown significant reversal of LVH.

In a 2009 meta-analysis pooling data from 15 stdigth 1731 erythropoietin

treated patients, regression of LVH was observdy iarpatients treated with severe

anaemia (Hb<10g/dL) Patients with moderate ana€éme&an Hi10g/dL but <12
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g/dL) had insignificant changes in LVMI. Thesedings were consistent in dialysis

and predialysis patients (187).

The absence of significant association in our siadikely due to higher values and
narrower range of haemoglobin in this cohort (méwm@moglobin = 11.3g/dI,
standard deviation= 1.3) compared to other studiesaddition, echocardiography
overestimates LVMI at lower haematocrit and higimravascular volumes (135).
Thus any therapy that reduces haemodilution (eogection of anaemia) could
provide artefactual reduction in LVMI measured lohecardiography. The use of
CMR to assess change in LVMI after correction ofemia in ESRD patients

remains to be studied.

3.4.3 Predictors of LVSD
As in the general population, symptomatic heatufai predicts early mortality in
ESRD patients and increasing severity, definedneyNew York Heart Association

(NYHA) classification, is associated with increasedrtality:

In a study from the United Stated Renal Databasste8y comparing 310456
haemodialysis patients admitted to hospital forfirst time with symptomatic heart
failure, fluid overload or pulmonary oedema, 5alaurvival rates were 12.5%,
20.2% and 21.3% respectively (188).

Postorino et al demonstrated that NYHA classifmagi 1-4 were independently

associated with increasingly poorer survival in ESgatients (189).
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Previous echocardiography studies have demonstd#tedng prevalence of LVSD
in ESRD patients (between 18-62%) (167;190). TVisability is presumably due,
in part, to the difficulty obtaining accurate araproducible images in patients with
varying intraventricular cavity diameters. Howevelata presented here are

consistent with previous CMR studies in this pat@hort from our research group:

In a pilot study using CMR to assess myocardiaicstire in 134 ESRD patients,
Mark et al demonstrated LVSD prevalence of 8.2%haaigh this included
peritoneal dialysis and predialysis patients (139).

In a cross sectional study, LVSD was present ir6%5o0f patients undergoing

cardiovascular assessment for renal transplantatimnunderwent CMR (135; 191).

LVSD is more common in ESRD patients compared &déneral population and
has historically been attributed to the accumutatbtraditional cardiovascular risk
factors (192) including ischaemic heart diseasepehgnsion, older age, and
anaemia. In addition, factors found only in ESR&tignts have been shown to
reduce LV function including chronic fluid overloadraemia and calcific aortic

stenosis (190).

3.4.3(a) LVSD and fluid retention

Our data show that lower LV ejection fraction andesence of LVSD are
independently associated with higher ESV/BSA. Aggested previously, this is
most likely due to intravascular volume expansielevated diastolic LV filling,

inadequate LV systolic emptying and subsequent rdpenasated heart failure.

Independent predictors of LVSD also included measedf ultrafiltration consistent
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with a recent study that demonstrated an associdtdween elevated interdialytic

weight gain and adverse outcome:

Data from a large (n=34107), retrospective study hafemodialysis patients
investigated weight gain between dialysis sessiamd outcome. Mortality was
highest in patients with 3 month averaged inteytiaweight gain greater than 4kg
and lowest in patients with gains less than 1kde investigators concluded that
higher fluid retention (especially >4kg) was asaten with greater all-cause and

cardiovascular mortality independent of other cadmbconditions (193).

It is impossible to determine whether elevated dufsdtrafiltration may be a cause
or sequela of LVSD from the results presented abold®se of ultrafiltration is
calculated from a patients “dry weight” and detered by the nephrologist on the
basis of his/her clinical assessment. Howeves, thay not represent an accurate
measure of patient’s ideal oedema free, normotensreight. More objective
methods of assessing patients’ fluid status and tlase of ultrafiltration, such as
bioelectrical impendance analysis and radionuclagging are currently being
investigated to determine their effect on myocdréliaction and patient outcome

(194).

3.4.3(b) LVSD and hypertension

These data demonstrate a close relationship betlleed pressure and LV systolic
function: higher pre-HD SBP was significantly asated with lower LV ejection
fraction. This finding is in keeping with previostudies in the general population

and ESRD patients:
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In the NHANES 1| follow up study in patients with rogestive cardiac failure,
hypertension was identified as an independent gi@diof reduced LV ejection
fraction and symptomatic chronic heart failure (195

Harnett et al demonstrated hypertension as an emdigmt predictor of congestive
cardiac disease in patients with ESRD. Diastolaobl pressure predicted presence

of de novo and recurrent congestive heart failure (192).

3.4.3(c) LVSD and ischaemic heart disease

Consistent with other studies in the general pdmriaand ESRD patients, these data
show that past history of symptomatic occlusiveonary disease independently
predicted presence of LVSD. The definition of &semic heart disease included
patients with history of myocardial infarction, coary artery intervention (surgical
or percutaneous) or current symptoms of anginaopect Mark et al previously
showed that presence of LVSD is significantly agsed with presence of
subendocardial pattern of myocardial fibrosis hugjited by late gadolinium-
diethylenetriamine- pentaacetic acid (Gd-DTPA) ewesent (LGE) on contrast
CMR (139). Subendocardial LGE represents aregzafious (commonly silent)
myocardial infarction and based on these resulisag postulated that LVSD in
uraemic cardiomyopathy is mostly due to CAD and oaydial ischaemia/infarction.
These data support the association of ischaemit bease and LVSD in ESRD

patients.

3.4.4 Predictors of LV dilatation
LV dilatation, when assessed by echocardiographycommon in haemodialysis

patients with a prevalence reported between 28-86%fmost cohorts (134). As
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discussed previously, echocardiography providescunate measurements of LV
chamber size in fluid overloaded patients. In sttt CMR assessment of our
cohort demonstrated prevalence of LV dilatation18t9% of patients and is
consistent with other CMR studies within this patigroup (135). LV dilatation has

previously been shown to be an independent pradittdeath in ESRD patients:

Parfrey et al demonstrated that presence of LMalian in patients assessed by
echocardiography within a year of starting haemgsis had a higher mortality after
2 years on ESRD therapy (HR=1.86; p=0.02). LVtdiian independently predicted
death of patients in this cohort (47).

Further analysis of these patients investigated dedmetry and outcome after 2
years on ESRD. The results separated the effettvéf and LV dilatation on
outcome. In patients with normal cavity size amesprved systolic function, high
LV mass and mass: volume ratios were independestgciated with late mortality.
Cavity volume did not have any effect on mortalityn patients with elevated cavity
size and preserved systolic function, high caviae @andlow mass: volume ratios
independently predicted death with LVMI having nffeet on prognosis. The
authors concluded that the effect of mass: voluat® ron patients survival was

dependent on LV cavity size (134).

These data demonstrate that independent predicfde©V/BSA and presence of
LV dilatation were lower LV ejection fraction andgher mean doses of UF. As
demonstrated before, fluid retention and its subbsetgeffect on LV function plays a
pivotal role in determining myocardial abnormabstiand it is most likely that poor

LV ejection fraction and higher mean UF doses a®okgical and perpetuating
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agents of LV dilatation. Thus, potential reversélLV dilatation may involve
attempts to improve LV function and more stringadherence to fluid restriction in

an attempt to break this cycle.

Other factors have been identified as predictorsLgf dilatation assessed by

echocardiography:

In the two studies mentioned above, Foley et alatetrated advancing age, male
sex, low haemoglobin, serum calcium and albumin dmgh phosphate as

independent risk factors for presence of LV dilata(47;134).

This CMR study did not demonstrate such associstpyasumably highlighting the
inaccurate estimation of LV chamber size in ESRep#s by echocardiography. In
particular, the inclusion of haemoglobin and alburare most likely the artefactual
result of haemodilution, elevated intravasculauved, and imprecise measurement

of chamber dimensions.

3.4.5 Modifying uraemic cardiomyopathy

Previous studies have identified potentially madthfe factors to reverse the
abnormalities of uraemic cardiomyopathy and improaediovascular prognosis in
ESRD patients. Unfortunately, these studies haklimited success due in part to
the many facets of cardiovascular disease in ESRflergs and inaccuracy of

echocardiography when measuring cardiac chambesrdiions.
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Based on the data presented in this thesis, regness uraemic cardiomyopathy in
ESRD should be directed at reducing cardiac prelad afterload. The most

amenable factors are:

* Blood pressure control
* Minimisation of fluid retention

» Aggressive management of bone mineral disorderyvascular calcification

Blood pressure control should be achieved in haghmis patients by maintenance
of euvolaemia and anti-hypertensive medication.nuinber of promising studies

have illustrated a reduction of LV mass using thatventions:

In an early study, Wu et al investigated 39 pasieom long term haemodialysis
before and after treatment of blood pressure wetlimmens of ACE inhibitorsp-
blockers, or calcium channel blocker. This siguifitly reduced the prevalence of
LVH and LVSD. Responders, defined by a drop in maderial blood pressurel0
mmHg, had most regression of LVH (196).

Studies that demonstrate improved BP control duendoe frequent dialysis also
demonstrate regression of LV mass. Fagugli et@l'\ compared the effect of short
daily dialysis or standard thrice weekly dialysis ldood pressure management and
LVMI in 12 patients over a year. Blood pressuriegMI and extracellular fluid
were significantly lower in daily dialysis patients LVMI was measured by
echocardiography. More recently, a randomised otlett study using CMR to
determine changes in LVMI was performed by Culleteinal (20) comparing

standard haemodialysis regimen (n=25) and freq&rGtimes/week) nocturnal
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haemodialysis (n=26). Results demonstrated afgignt reduction in need for BP
medication and LVMI. However, in both of thesedséis, investigators were unable
to determine whether regression of LV mass waspedéent of blood pressure

control.

Unfortunately there is a lack of studies that shaweonvincing improvement in

myocardial function or LV dilatation in haemodialypatients:

In a small study (n=30) assessing cardiac chamizess oefore and after renal
transplantation using echocardiography, Peteircaleshowed a trend towards
euvolaemia as demonstrated by reduction of LV EBY BDV but no improvement

in LV systolic function (198).

Pharmacological intervention in dialysis patientg@ymprovide further survival

benefit:

ACE I/ ARB. Suzukiet al demonstrated a significant reduction in fatal and fatal
cardiovascular events in 360 hypertensive dialyatgents treated with ARBs (125).
Beta Blockers. In 114 dialysis patients with dilated cardiomyopattreatment with
carvedilol significantly reduced cardiovascular ttisaand hospital admissions
compared to placebo (120). In addition, a retrospecohort study showed that beta

blockers reduced the risk of new onset heart failarESRD patients (199).

Alterations in haemodialysis conditions may alspiiave myocardial function:
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Intradialytic hypotension and subsequent myocartiehaemia, characterised by
regional wall motion abnormalities (RWMA) on echatiagraphy, are recognised
complications of haemodialysis therapy and are aatad with LVSD and poorer
survival (70). However, biofeedback dialysis (wétey significant reductions in
blood pressure are counteracted by reducing uttedfon rates) and cooled dialysis
(35°C rather than 37°C) are associated with a fsogmt reduction of new
intradialytic RWMA. The long term effect on progi® of both of these

interventions is awaited (72;73).

Despite these studies, pharmacological treatment heért failure remains
underutilised in ESRD patients. Data from the USRi38mated that less than 25%
of patients with ESRD and heart failure are treatedh beta blockers or
ACEI/ARBs (200). The use of beta blockers was @rghn this cohort and is
presumably a reflection of the extensive cardiouksc history and greater
awareness of appropriate drug prescribing in tpesents. However, as more well
controlled and randomised studies are performedjcaemanagement may change

in the future.

3.4.6 Limitations of current study

The current study has some limitations. Data framrhodialysis patients only has
been presented. This was due to the large amdubtood and dialysis data
available for these patients from our electronitguat record. One would hope that
the data presented here could be extrapolatedritoqeal and pre-dialysis patients.
In addition, these patients were referred, by ahrapgist, for cardiovascular

assessment and may not represent a cross sectiath d@ilysis patients due to
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referral bias. Finally no record of vascular acdesshaemodialysis was presented.
Arterio- venous fistulae has previously been asdedi with development of LVH

due to increased cardiac preload.

3.5 CONCLUSIONS

In conclusion, pathophysiological changes assatiadéh advancing kidney disease
(hypertension, vascular calcification, expandedavdscular volume) are implicated
in the development of the early features of uraerarciomyopathy. These initially

adaptive but subsequently pathological processegepmte the development of
other cardiac abnormalities. In this study thersest predictor of each abnormality
was another cardiac measurement. Prevention mag teabe achieved by more
aggressive management of the aetiological factoesrlier stages of chronic kidney
disease since LV abnormalities are very commorrédiplysis patients. Hopefully

new guidelines that identify and allow treatmentcafdiovascular risk factors in

early chronic kidney disease (e.g. by aggressigedpressure control) may reduce

the development of uraemic cardiomyopathy.
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Chapter 4

A study identifying predictors of cardiovascular death in ESRD patients

undergoing screening for renal transplantation
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4.1 INTRODUCTION

As discussed in the introduction, cardiovascula¥)(@isease is the commonest
cause of death in ESRD patients, including thoséherrenal transplant waiting list
and those who have received a renal transplanem&ure CV death may be the
result of high prevalence of conventional risk damst (such as hypertension,
smoking, dyslipidaemia and diabetes mellitus) e telationship between these
risk factors and CVD is much less clear than in geeeral population (1;5). For
example, lower blood pressure and cholesterol ell@ed to adverse outcome in
patients on haemodialysis. In addition, a numbemnaf-traditional and uraemia
specific risk factors (such as endothelial dysfiom;t oxidative stress, volume

overload, hyperparathyroidism) have been assocwitbdadverse CV outcome.

Previous studies have assessed the effect of abhetracture and function assessed
by echocardiography on patient survival (47). Hesvethere have been no studies
using CMR to identify these abnormalities, whichoypdes a more accurate,
reproducible, volume independent method of meagumardiac function and
dimensions. In addition, as has been shown prelyidosthis thesis, these CMR
measured cardiac abnormalities commonly occur mkapation. The Transplant
Unit at the Western Infirmary, Glasgow has emplo@dR for pre-transplant CV

assessment since 2001.

The aims of this study were to determine whether:
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 The features of uraemic cardiomyopathy defined bBWMIRC namely left
ventricular hypertrophy (LVH), left ventricular ggéic dysfunction (LVSD),
and left ventricular dilatation (LV dilatation), guaticted CV death.

e The accumulation of such cardiac abnormalitiesipted CV death.

* These features act independently of other estaulisEV risk factors such as

past clinical history.

4.2 METHODS

4.2.1 Patient recruitment

Patients were recruited consecutively from the \festinfirmary, Glasgow as
described in Chapter 2. To achieve greater statighower, 123 patients assessed
by Dr Patrick Mark were added to those assesseprdwide a larger cohort of

patients. However analyses were performed withdiolg to patient outcome.

4.2.2 Cardiovascular assessment

All patients were recruited after referral from tihansplant assessment team using
criteria described in Chapter 2. As part of theeening visit, ECG was recorded and
classified as “abnormal” by the investigator if arfefollowing criteria were present

in standard limb leads or pre-cordial leads, exéafR or V1:

ST depression1lmm or ST elevatighlmm

T wave inversion

Left bundle branch block

LVH by Sokolow-Lyon criteria or Cornell index
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» Pathological Q waves.

CMR scans were acquired for assessment of LV magduaction and analysed as
previously described. Patients were classifiedhasing LVH, LVSD or LV

dilatation based on previously described normaliesl In addition the number of
abnormalities was also recorded. Serum haemoglatmrected calcium and

phosphate were measured on the day of screening.

4.2.3 Follow up

Data on patient outcome, including cause of deatre obtained from the date of
CMR to 30" September 2009 using the EPR of the Western lafymGlasgow and
Glasgow Royal infirmary Renal Units. Deaths weaegorised as “cardiovascular”,
“malignancy”, “infective” and “unknown/other”. Caa of death was reported by the

attending nephrologist and recorded in the EPR.

Deaths were classified as CV if primary cause @BRR was reported as:

* Myocardial ischaemia/infarction

Cardiac arrhythmia

» Cardiac arrest (cause uncertain)

» Cardiac failure

e Sudden death at home- presumed cardiac

+ Cerebrovascular accident
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4.2.4 Statistical methods

Data are described as mean (tstandard deviatiomddomally distributed data or
median (interquartile range) for non-normal datamparisons between patients who
died and those that did not were performed by 3itslé test (for normal data),
Mann-Whitney U test (for non-normal data), Chi sgaatest or Fisher’s exact test

as appropriate.

Survival data including survival time (meanz stamdaeviation) are shown as
Kaplan-Meier curves (with statistical comparisomgghe log rank test). These data
were also analysed by Cox multivariate survivallgsia to assess the influence of
multiple clinical and cardiac variables on death.trAnsplant censored survival
analyses was performed to remove the beneficiacefif renal transplantation on
outcome (201;202). Variables identified as sigaifity influential on outcome by

Cox univariate analysis were entered into a bacttv&epwise regression model.
Left ventricular abnormalities (LVH, LVSD and LV ldtation) or the “number of

abnormalities present” were entered individuallfoithe model due to significant

interdependence between these variables. All aeslysere performed using SPSS

v15.0 (SPSS Inc, lllinois, USA).
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4.3 RESULTS

4.3.1 Patients demographics

Patient demographics are shown in Table 4.1. Bmiw& January 2002 and 31
August 2009, 446 were recruited into the study. aMage was 53.0+11.8years.
Two hundred and thirty nine (53.6%) were receivihgce weekly maintenance
haemodialysis, 62 (13.9%) were on peritoneal digly$34 (30.0%) were pre-
dialysis (i.e. within 6 months of requiring renaptacement therapy), and 11 (2.5%)
had failing renal transplants. The total follow tume was 7.6 years (median 4.0

years IQR 1.5, 5.7).

One hundred and fifty six patients (35.0%) had rarroardiac structure and
function. Two hundred and seventy six patients9&) had LVH, 85 (19.0%) had
LVSD and 62 (13.9%) had LV Dilatation on CMR (Figut.1). The accumulation
of these abnormalities was examined, 194 (43.5%l) dv&@ abnormality and 96
(21.5%) had 2 or 3 abnormalities. LVH only was tleenmonest single abnormality
present (n=183, 41% of all patients) with only 21506) patients having LVSD
alone. Fifty nine (13.2%) patients had two abnditiea and 37 (8.3%) had all

three.
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Variable Total % or #SD

N=446
Deaths 95 (21.3)
Transplants 114 (25.6)
Age (years) 53.0 ¢11.8)
Male (%) 297 (66.6)
Body Mass Index (kg/nf) 26.1 ¢5.1)
Primary Renal Diabetic Nephropathy 98 (22.0)
Diagnosis ADPCKD 50 (11.2)
Glomerulonephritis 88 (29.7)
Pyelonephritis 41 (9.2)
Renovascular disease 29 (6.5)
Unknown/Other 140 (31.4)
Systolic BP (mmHg) 140.3 424.6)
Diastolic BP (mmHg) 81.8 £13.2)
RRT time (years) 1.0 (2.1)
RRT Haemodialysis 239 (53.6)
Peritoneal dialysis 62 (13.9)
Pre-dialysis 134 (30.0)
Failing Renal Transplant 11 (2.5)
Diabetes mellitus 147 (32.9)
Ischaemic Heart Disease 90 (20.2)
Hypertension 412 (92.3)
Cerebrovascular disease 41 (9.2)
Peripheral vascular disease 42 (9.4)
Smoking Never 219 (49.1)
Current 125 (28.0)
Ex 102 (22.9)
Dylipidaemia 195 (43.7)
Ischaemic ECG 151 (33.9)
Ejection Fraction (%) 64.9 *13.3)
Myocardial mass/BSA 96.0 £33.4)
EDV/BSA (ml/ m?) 74.5 ¢31.1)
ESV/BSA (ml/ nf) 28.2 (23.0)
LVSD (EF<55%) 85 (19.0)
LVH 276 (61.9)
LV dilatation 62 (13.9)
Number of abnormalities 0 156 (35.0)
1 194 (43.5)
2o0r3 96 (21.5)
Haemoglobin (g/dL) 115 (x1.7)
Adjusted Calcium (mmmol/l) 2.38 ¢0.3)
Serum Phosphate (mmmol/l) 1.64 (x0.5)
Calcium Phosphate Product (mmd¥I?) 3.88 (#¥1.2)

Table 4.1 Clinical, blood and cardiac information br patients.
Data are number with percentage in parenthesegan m standard deviation except
renal replacement time and CRP where median aedjumrtile range are used.
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LVSD only
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LVH only
41%

Figure 4.1 Distribution of abnormalities in patiert cohort
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4.3.2 Patient survival- all cause mortality

There were 95 (21.3%) deaths during the follow wgriqu. Eighteen deaths

occurred after transplantation. Figure 4.2 shadwes dauses of death. CV causes
accounted for 53 (55.8%) deaths, with infective amalignant causes recorded for
29 (30.5%) and 5 (5.3%) respectively. The causdeath was unknown or due to

other causes in 8 (8.4%) of cases.

Comparisons between patients who were alive and dethe end of the study are
shown in Table 4.2. Patients who died during teyswere significantly older, and
more likely to have a past medical history of diakemellitus, ischaemic heart
disease and cerebrovascular disease. In addi#dients who died had significantly
poorer LV systolic function and more likely to hali@ dilatation on CMR and an

abnormal screening ECG. There were fewer transpland a lower mean diastolic
blood pressure in the group that died, but thisraitireach statistical significance.

Patients with 2 or more abnormalities were moreljiko die during follow up.

Transplant censored survival analyses were perfdriog removing transplant
recipients from the study at the time of operatidiis was performed to account for
the beneficial effect of renal transplantation aricome. Patient survival was not
significantly affected by the presence of LVH on BMFigure 4.3a). However,
presence of LVSD and LV dilatation were signifidgnassociated with reduced
mean patient survival (Figure 4.3b and 4.3c respelg). Furthermore, presence of
2 or more cardiac abnormalities was significantbgaiated with poorer survival

compared to patients with normal hearts or 1 ababtyn(figure 4.3d). Survival was
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poorer in patients with 3 abnormalities compared2tgmean survival times 2

abnormalities 6.4+2.0y vs. 3 abnormalities 4.8+3#30.01, graph not shown).
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Other/Unknown
8.4%

Malignancy
5.3%

Cardiovascular
55.8%

Figure 4.2  Pie Chart showing causes of death. CanVascular death is the

commonest cause of death in this cohort.
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Variable Alive Deac p
N=351 N=95
Transplants 96 (27.4) 18 (18.9) 0.09
Age (years) 52.1 (£11.9) 56.3 (¥10.8) <0.01
Male (%) 238 (67.7) 59(62.1) 0.30
BMI (kg/m ?) 26.1 (+4.9) 25.7 (+4.7) 0.25
Primary Renal Diagnosis
Diabetic Nephropathy 73 (20.8) 25 (26.3) 0.36
ADPCKD 37 (10.5) 13 (13.7)
Glomerulonephritis 72 (20.5) 16 (16.8)
Pyelonephritis 37 (10.5) 4 (4.2)
Renovascular disease 23 (6.6) 6 (6.3)
Unknown/Other 109 (31.1) 31 (32.6)
Systolic BP (mmHg) 141.1 (+24.8) 137.4 (24.1) 0.22
Diastolic BP (mmHg) 82.5(13.2) 80.8 (12.6) 0.09
RRT Time (HD and PD only) 1.5(4.3) 1.9 (4.4) 0.51
RRT HD 190 (54.1) 49 (51.6)
PD 44 (12.5) 18 (18.9) 0.37
Predialysis 107 (30.5) 27 (28.4)
Failing Trans. 10 (2.8) 1(11)
Diabetes mellitus 105 (29.9) 42 (44.2) 0.03
Ischaemic Heart Disease 61 (17.4) 29 (30.5) 0.01
Hypertension 321 (91.5) 91 (95.8) 0.16
Cerebrovascular disease 27 (7.7) 14 (14.7) 0.04
Peripheral vascular disease 34 (9.7) 8 (8.4) 0.71
Smoking Never 172 (49.0) 47 (49.5)
Current 99 (28.2) 26 (27.4) 0.99
Ex 80 (22.8) 22 (23.2)
Dyslipidaemia 151 (43.0) 43 (45.3) 0.70
Abnormal ECG 108 (30.8) 43 (45.3) <0.01
CMR Ejection Fraction (%) 65.6(+12.5) 62.3(£15.3) 0.02
Findings Myocardial mass/BSA 95.2 (+33.5) 97.2 (+33.1) 0.67
EDV/BSA (ml/ m?) 73.5 (+30.5) 78.4 (£#33.5) 0.18
ESV/BSA (ml/ nf) 27.0(x21.2) 32.8(+28.5) 0.07
LVSD(EF<55%) 60 (17.1) 25 (26.3) 0.04
LVH 211 (60.1) 65 (68.4) 0.14
LV dilatation 43 (12.3) 19 (20) 0.05
Number of abnormalities 127 (35.2) 29 (30.5)
155 (44.1) 39 (41.1) 0.02
69(19.7) 27(28.4)
Haemoglobin (g/dL) 115 (#1.7) 11.3(x1.5) 0.24
Adjusted Calcium (mmmol/l) 2.38 (x0.3) 2.37(x0.2) .87
Serum Phosphate (mmmol/l) 1.66 (£0.5) 1.70(x0.5) 60
Calcium Phosphate Product (mmd¥1?) 3.94 (+1.2) 1.70 (+0.5) 0.53

Table 4.2
study.

Comparison between patients alive or deadt the end of the

Data are number with percentage in parenthesegan m standard deviation except
for RRT time where median and interquartile range shown. Tests of significance
are t-test and Chi-square except RRT time where nMahitney U Test is
performed

165



Figure 4.3a Mean survival: No LVH (n=170) 6.5 +2.5ws. LVH (n=276) 6.3
+2.7y; p=0.56.
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Figure demonstrating no significant difference umvéval between patients with and

without LVH
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Figure 4.3b Mean survival: No LVSD (n=361) 6.5 +2ypvs. LVSD (n=85) 5.6
+3.2y; p=0.01
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Figure demonstrating association of LVSD with reztlpatient survival.
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Figure 4.3c Mean survival: No LV Dilatation (n=384) 6.5 +2.5y vs. LV

Dilatation (n=62) 5.7 £2.9y; p=0.04.

No LV Dilatation

0.6 LV Dilatation

Survival

0.4+

0.2+

o p=0.04
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Transplant Censored Follow Up (years)

Figure demonstrating association of LV dilatatioithweduced patient survival.
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Figure 4.3d Mean survival for number of abnormalities:

None (n=156) 6.6
2.2y, 1 abnormality (n=94) 6.6 £2.5y, 2or 3 abnoralities (n==97) 5.6 +3.0y
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z
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0.4
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0.0+ p<0.01
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Transplant Censored Patient Follow Up (years)

Figure demonstrating reduction in survival of paitse with higher frequency of
cardiac abnormalities
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A Cox backward stepwise regression model was peddrto indentify the most

robust model for transplant censored patient satviVable 4.3). Increasing age,
past history of ischaemic heart disease and presefnclVSD on CMR were

significant independent predictors of death. Inagkr 3, it was shown that
combinations of myocardial abnormalities are oftegsent. To this end, the number
of abnormalities was entered into the multivarim®del, as opposed to the
abnormality present. Similarly, older age, clihibestory of ischaemic heart disease

and presence of 2 or 3 abnormalities independendiglicted poorer survival.
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Univariate Analyses Multivariate Analyses
Variable HR 95% ClI p HR 95% CI p
Age (per year) 1.05 1.02,1.07 <0.01 1.05 0.97,1.07 <0.01
Ischaemic Heart Disease 2.18 1.353.51 <0.01 1.63 1.07,2.72 0.05
No. of 0 1.00 1.00
abnormalities 1 0.75 0.52,1.50 0.75 1.01 057,1.76 0.88
2o0r3 1.97 1.12,3.43 0.01 1.98 1.09,3.58 0.02
LVSD (EF<55%) 2.02 1.23,3.32 <0.01 T
LV dilation 1.72 1.01,2.96 0.05 T
Abnormal ECG 1.99 1.273.11 <0.01
BMI (per kg/m?) 0.98 0.94,1.02 0.99
Systolic BP (per mmHg) 0.82 0.99,1.01 0.82
Diastolic BP (per mmHg) 0.99 0.97,1.01 0.10
RRT Time (per year) 1.03 0.911.18 0.62
RRT HD 1.00
PD 1.83 1.02,3.30 0.06
Predialysis 1.17 0.67,1.97 0.55
Failing Trans. 0.46 0.06,3.36 0.44
Diabetes mellitus 1.29 0.78,2.10 0.30
Hypertension 1.27 0.47,3.50 0.64
Cerebrovascular disease 1.72 0.80,3.67 0.16
Peripheral vascular disease 0.75 0.29,1.92 0.55
Smoking Never (ref) 1.00
Current 1.05 0.60,1.83 0.86
Ex 0.93 0.48,1.77 0.82
Dyslipidaemia 1.33 0.88,2.09 0.21
Ejection fraction (per %) 0.98 0.96, 1.03 0.87
LVMI (per g/m?) 1.00 0.98,1.01 0.40
EDV/BSA (per ml/ m?) 0.99 0.99, 1.06 0.27
ESV/BSA (per ml/ nf) 1.03  0.99,1.05 0.12
LVH 1.23 0.79,2.05 0.32
Haemoglobin (per g/dL) 0.94 0.78,1.14 0.56
Adjusted Calcium (per mmmol/l) 1.04 0.01, 4.50 0.99
Serum Phosphate (per mmmoll) 0.87 0.01, 7.04 0.89
CaPO4 Product (per mmof/I?) 1.04 0.40, 12.6 0.96

T Multivariate model when number of abnormalities replaced by LVSD and LV Dilatation

Variable HR 95% ClI p
Age (per year) 1.05 1.13,3.27 <0.01
Ischaemic Heart Disease 1.59 0.95,2.69 0.07
LVSD (EF<55%) 2.10 1.23,3.43 <0.01
LV dilatation NS

Table 4.3 Results of univariate and multivariate C& regression survival
analyses of all patients screened; all-cause moriylis the dependable variable
Hazard ratios (95% confidence intervals) are showAlternative model with
individual LV abnormalities entered is also shown.



4.3.3 Patient Survival- cardiovascular mortality

Similar survival analyses were performed to betiefine variables associated with
transplant censored CV mortality only. There wa3eCV deaths during the follow
up period. Six of these deaths occurred afterlrgaasplantation and thus were

censored at the time of transplantation.

Table 4.4 shows comparison of patients who expee@rCV death compared to
those who died due to other causes or were alitteeatnd of the study. As before,
CV death was significantly more common in olderigras and those with a history
of ischaemic heart disease and diabetes mellltuaddition, patients who died from
CV causes were more likely to have an abnormalesing ECG, and were more
likely to demonstrate poorer LV function, LVH and/Ldilatation on CMR. CV

death was significantly associated with 2 or m@eliac abnormalities. There were
no significant differences in the presence of oty risk factors assessed
(hypertension, cerebrovascular and peripheral Vasdisease, dyslipidaemia and

smoking history).

Transplant censored survival analyses demonstsigedicantly poorer CV survival
when LVH, LVSD and LV dilatation were present on Mat the time of
recruitment into the study (Figure 4.4 a, b, c eesipely). Similarly, survival was
significantly reduced when 2 or all 3 abnormalitigere present. Presence of a
single abnormality did not significantly affect Gdéath (Figure 4.4d). CV survival
was poorer in patients with 3 abnormalities comgare 2 but this did not reach
statistical significance (mean survival times 2 @abmalities 6.8+2.1y vs. 3

abnormalities 5.8+2.8y; p=0.07, graph not shown).
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Variable Alive/Non CV CV Death p
Death N=53
N=393
Transplants 106 (27.0) 8 (15.1) 0.06
Age (years) 52.5 (¥11.9) 56.6 (+10.2) 0.02
Male (%) 256 (65.1) 41(77.4) 0.08
BMI (kg/m ?) 25.9 (¢4.9) 259 (+4.8) 0.92
Primary Renal Diagnosis
Diabetic Nephropathy 84 (21.4) 14 (26.4) 0.12
ADPCKD 43 (10.9) 7 (13.2)
Glomerulonephritis 77 (19.6) 11 (20.8)
Pyelonephritis 41 (10.4) 0
Renovascular disease 26 (6.6) 3(.7)
Unknown/Other 122 (31.0) 18 (34.0)
Systolic BP (mmHg) 140.8(x24.7) 137.0 (+24.3) 0.32
Diastolic BP (mmHg) 82.1(+13.1) 79.6(x13.7) 0.21
RRT Time (HD and PD only) 1.6(4.3) 1.4(4.5) 0.51
RRT HD 211 (53.7) 38 (52.8)
PD 53 (13.5) 9 (17.0) 0.59
Predialysis 118 (30.0) 16 (32.0)
Failing Trans. 11 (2.8) 0
Diabetes mellitus 117 (29.8) 30 (56.6) 0.04
Ischaemic Heart Disease 70 (17.8) 20 (37.7) <0.01
Hypertension 361 (91.9) 51 (96.2) 0.26
Cerebrovascular disease 35 (8.9) 6 (11.3) 0.57
Peripheral vascular disease 36 (9.2) 6 (11.3) 0.61
Smoking Never 194 (49.4) 25 (47.2) 0.58
Current 112 (28.5) 13 (24.5)
Ex 87 (22.1) 15 (28.3)
Dyslipidaemia 169 (43.0) 25 (47.2) 0.57
Abnormal ECG 124 (31.6) 27 (50.9) <0.01
Ejection Fraction (%) 65.7 (£12.6) 58.7 (¥16.4) <0.01
Myocardial mass/BSA 95.3(233.2) 101.5 (x4.7) 0.20
EDV/BSA (ml/ m) 73.4 (¥30.4) 83.0(x32.7) 0.04
ESV/BSA (ml/ nT) 26.9 (¥21.1) 38.3 (¥32.7) 0.02
LVSD (EF<55%) 69 (17.6) 16 (30.2) <0.01
LVH 236 (60.1 4((75.5) <0.01
LV dilatation 48 (12.2) 14 (26.4) <0.01
Number of abnormalities 0 144 (36.6) 12 (22.6) <0.01
1 171 (43.5) 23 (43.9)
2o0r3 78 (19.9) 18(33.9
Haemoglobin (g/dL) 115 (#1.7) 11.3(+1.6) 0.33
Adjusted Calcium (mmmol/l) 2.37 (x0.2) 2.37 (x0.2) 0.78
Serum Phosphate (mmmol/l) 1.67 (x0.5) 1.65 (x0.4) .80
Calcium Phosphate Product (mmd¥1?) 3.97 (+1.2) 3.93(x1.1) 0.88

Table 4.4 Comparison between patients who experieed CV death and

those who did not at the end of the study.

Data are number with percentage in parentheseseanm standard deviation except for RRT time
where median and interquartile range and shown.
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Figure 4.4a Mean survival: No LVH 7.2+1.3y vs. LVH6.8+2.1y; p=0.05
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Figure demonstrating reduction in CV survival ofigats with LVH
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Figure 4.4b Mean survival: No LVSD 7.2 £1.3y vs. L¥D 6.1+2.8y; p<0.001
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Figure demonstrating reduction in CV survival ofigats with LVSD
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Figure 4.4c Mean survival: No LV Dilatation 7.1+1.¢¢ vs. LV Dilatation

6.2+2.6y; p=0.003
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Figure demonstrating reduction in CV survival ofipats with LV dilatation
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Figure 4.4d Mean survival for number of abnormalities: None= 7.3+1.3y, 1

abnormality = 7.1+1.7y, 2 or 3 abnormalities= 6.4+8y; p=0.002

1.0
-L_H}_l:‘_‘—'—“—ﬁ‘.l———‘m
--1_L.____
pE— L

.g 2or3 -
[
3 06
|
=
= |
(%]
n
]
3 0.4-
2
1
[
[

0.2

0.0 p<0.01

0o 20 40 60 80
Transplant Censored Follow Up (years)

Figure demonstrating reduction in CV survival ofigats with higher frequency of

cardiac abnormalities
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As before, a Cox backward stepwise regression madsl performed to identify
factors associated with transplant censored CViwir¢Table 4.4). Increasing age,
past history of ischaemic heart disease and presaincV dilatation on CMR were
significant independent predictors of CV death. eWhentering number of
abnormalities into the multivariate model, oldereagnd presence of 2 or 3

abnormalities independently predicted CV death.
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Univariate Analyses Multivariate Analyses
Variable HR 95% ClI p HR 95% Cl p
Age (per year) 1.05 1.02,1.08 <0.01 | 1.06 1.03,1.09 <0.01
No. of 0 1.00 1.00
abnormalities 1 1.43 0.64,3.18 0387 | 1.46 0.65,3.26 0.36
20r3 3.39 153751 <0.01 | 3.80 1.71,8.41 <0.01
Ischaemic Heart Disease 2.18 1.19,3.99 0.01
LVSD (EF<55%) 2.77 1.515.10 <0.01 *
LV dilatation 251 1.324.78 <0.01 *
Ejection Fraction (per %) 0.96 0.95,0.98 <0.01
Abnormal ECG 2.00 1.12,3.56 0.02
ESV/BSA (per ml/ nf) 1.04 1.01,1.06 <0.01
LVH 2.00 0.99/4.03 0.05
BMI (per kg/m?) 1.02 0.96,1.08 0.53
Systolic BP (per mmHg) 1.00 0.98,1.02 0.72
Diastolic BP (per mmHg) 0.99 0.96,1.02 0.57
RRT Time (per year) 0.99 0.92,1.05 0.66
RRT HD 1.00
PD 1.26 0.57,2.81 0.56
Predialysis 1.07 0.55,2.09 0.85
Failing Trans. 0.98 0.46, 2.07 0.97
Diabetes mellitus 0.94 0.52,1.71 0.84
Hypertension 1.39 0.34,5.76 0.65
Cerebrovascular disease 1.36 0.54,3.45 0.51
Peripheral vascular disease 1.70 0.67,4.31 0.2y
Smoking Never (ref) 1.00
Current 1.06 0.53,2.15 0.87
Ex 1.07 0.53,2.16 0.86
Dyslipidaemia 1.40 0.78,2.51 0.26
LVMI (per g/m?) 1.01 0.97,1.02 0.34
EDV/BSA (per ml/ m?) 1.98 0.96,2.08 0.71
LV dilatation
Haemoglobin (per g/dL) 0.77 0.56, 1.07 0.11
Adjusted Calcium (per mmmol/l) 0.45 0.08, 2.67 0.38
Serum Phosphate (per mmmol/) 0.69  0.30,1.59 0.38
CaP04 Product (per mmof/I?) 0.89 0.62,1.27 0.51

** Multivariate model when number of abnormalities redaced by LVSD and LV Dilatation

Variable HR 95% ClI p
Age (per year) 1.05 1.02, 1.08 0.001
Ischaemic Heart Disease 1.89 1.01, 3.46 0.04
LVSD (EF<55%) NS
LV dilatation 2.46 1.27,4.78 0.008

Table 4.4 Results of univariate and multivariate ©x regression survival
analyses of all patients screened; CV mortality ithe dependable variable.

Hazard ratios (95% confidence intervals) are showiternative model with individual
LV abnormalities (**) entered are also shown



4.5 DISCUSSION

The determinants of uraemic cardiomyopathy werecrttesd in Chapter 3. The
development of LV abnormalities was described agracess initiated and
perpetuated by elevated cardiac preload and aidnohich are very common in
ESRD patients due to fluid overload, vascular ¢aktiion and systemic
hypertension. Furthermore, due to these persisiartiac stressors it was very
common for ESRD patients to have more than one bWoemality presumably
representing different stages in the patho-phygiodd process. The rationale of
therapeutic intervention would be to disrupt thieogess thus halting and/or

reversing abnormalities and improving CV outcom&8RD patients.

The aim of this study was to investigate the effettmyocardial abnormalities
detected by CMR on CV survival in ESRD patientdthdugh, similar studies have
demonstrated reduced survival in ESRD patients vidtfH, LVSD and LV

dilatation detected by echocardiography, no suaig lterm outcome data are

available for measurements recorded by CMR.
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4.5.1 Uraemic cardiomyopathy and outcome

Examining the cohort as a whole, there were onlyd8aths (21.3%) deaths over a
median follow up time of 4.0 (IQR 4.2) years. Thieortality rate was lower
compared to other studies investigating outcomallifreSRD patients where rates
between 30-50% have been observed over a similamnfaip time. However, the
patients of this cohort were referred for CV assesg as part of their preparation
for renal transplantation and thus were deemedefibugh by their referring
nephrologist to undergo renal transplantation. eD#tudies in the pre-transplant
group have demonstrated similar rates of deathotiow up (203). As in other
studies, transplant censored survival was assdssail cause and CV mortality to
remove the beneficial bias conferred by renal ptmgation from the analyses

(134;167).

4.5.2 LVH and outcome

These data demonstrate that presence of LVH andatetk LVMI were not

significantly associated with higher all cause ralitg. In addition, presence of LVH
was not associated with reduced survival timesdidahot independently predict all
cause mortality on Cox proportional survival anabs Although, presence of LVH
was significantly associated with a higher CV miitstaand significant reduction in
CV survival, multivariate Cox survival analyses dmbt demonstrate LVH as

independent predictors of CV death.

This result was unexpected given previous publisti@izh demonstrating elevated

LV mass and presence of LVH as significant predgtof all cause and CV
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mortality in ESRD patients (47;48). There are uanber of reasons for these

discrepancies of results.

Previous studies have used M Mode echocardiographgssess LV mass and
chamber size. LVH has been reported to be praseb0-80% of patients with
ESRD. The methodological inconsistencies of ectthography, particularly at
higher LVMI (>120g/m?) have been highlighted previously. Parfrey et(4¥)

performed a large prospective trial in 432 patiémtsating dialysis therapy and their

echocardiography results compared to these dathaven in Table 4.5.

Parfrey et al (%) These Data (%)
Echocardiography CMR

Normal 16 35

LVH 41 (concentric) 61.9

LVSD 15 19

LV Dilatation 28 13.9
(preserved LV function) 7.6% with preserved LV

function

Table 4.5 Comparison between Parfrey et al and tise data.

These differences highlight the importance of hiidrastatus on timing of cardiac
scanning. When echocardiography is used, ideatifin of chamber borders can be
inaccurate especially in fluid overloaded patieraad errors in calculation of
chamber size and LV mass magnified due to the ctatipns performed. As a
result, there is a greater likelihood for patietatde incorrectly classified as having
LVH (when LV mass is overestimated) or LV dilataiqwhen end diastolic
chamber size is overestimated). CMR data presdm@ezidemonstrate a much larger

proportion of patients with normal cardiac struetiand fewer patients with LV
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dilatation compared to echocardiography data. shtiuld be noted that no formal

distinction between eccentric and concentric LVHswaade.

Serial echocardiography has provided some insigtd the effect of worsening

cardiac changes and patient outcome. Paolettidetraonstrated that progression of
LVH is a much stronger predictor of sudden cardieath than the absolute value of
LVMI at inception echocardiogram (89). It is mdikely that these studies included
ESRD subjects with chronic fluid overload and ie fbture, repeat CMR of patients

in this cohort may help to support this hypothesis.

In summary, although presence of LVH has a sta#ilyi significant effect on CV
survival in this study, it did not have as great effect as has previously been

demonstrated in echocardiography studies.

4.5.3 LVSD and outcome

From previous late gadolinium enhanced CMR studidsSRD patients, LVSD has
been significantly associated with (usually silergghaemic heart disease. As
described in Chapter 3, micro- and macrovasculesrary disease, which are very
common in ESRD patients, are significant causesngbcardial ischaemia and

subsequent LVSD.

These data confirm previous echocardiography ssugienonstrating a significantly
poorer survival (all cause and cardiovascular)atigmts with impaired LV function.
The determinants of LVSD have previously been desdr in Chapter 3.

Interestingly presence of LVSD was a significanedictor of all cause, but not
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cardiovascular, mortality independent of a pasticdil history of ischaemic heart
disease (Tables 4.3 and 4.4) and is most likelytdue

Presence of LVSD also being associated with higis&rof non cardiac causes of
death. This has been demonstrated before (188;20W) is due to the close
association of LVSD with other co-morbidities inding peripheral and
cerebrovascular disease and diabetes mellituseiratisence of clinically apparent
ischaemic heart disease (139).

A close association between clinical history ohesemic heart disease and LVSD in
patients who died from CV causes thus removing peddent associations on

multivariate Cox survival modelling.

Nonetheless, these data demonstrate a significaottyer survival, including CV

survival, in patients with LVSD on CMR.

4.5.4 LV dilatation and outcome

From these data, presence of LV dilatation wasaatsa with significantly reduced
all cause and CV survival. Presence of LV dilatatalso independently predicted
CV death adjusted for age and past history of scha heart disease. As has been
discussed previously in this thesis, LV dilatatisnindependently associated with
LVSD and chronic fluid overload (represented byvated mean doses of
ultrafiltration in haemodialysis patients) in thesance of an adequate compensatory
increase in LV mass. LV dilatation has previousgen independently associated
with poorer prognosis in ESRD patients (134). krtipular, in patients with
established LV dilatation and preserved systoliccfion, survival has been shown to

be worse in patients with higher LV cavity volumesd inadequate compensatory
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increase in LV mass.  Moreover, isolated LV ditaein was not recorded in any
patients from this cohort, and it is likely that Iddatation is a marker of significant
global LV disease thus explaining poor CV outcomepatients who develop this

abnormality.

4.5.5 Accumulation of myocardial abnormalities ancdbutcome

Unsurprisingly, patients who had two or more cardihnormalities had poorer all
cause and CV survival. In addition, number of cadfeatures independently
predicted all cause and CV mortality in ESRD pa#ienThe presence and number of
cardiac abnormalities were not entered simultangant the Cox survival model
due to their close association. Survival (fromaaitl CV causes) was also worst in
patients with all 3 abnormalities compared to thagh a combination of two (LVH

and LVSD, LVH and LV dilatation or LVSD and LV diiaion).

Presence of one abnormality did not have a sigmifieffect on Kaplan Meier or
Cox multivariate survival analyses. LVH accounfed 94% of patients with one
abnormality and this reflects our earlier findimgt LVH did not have as significant
an influence on survival of ESRD patients as pnesiyp demonstrated. It would be
interesting in the future to repeat this analysssng more patients with isolated

LVSD.
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4.5.6 Potential targets for intervention

The main aim of this study was to determine whetfeatures of uraemic
cardiomyopathy measured by CMR had an effect omemaCV outcome. In
addition, by identifying poor prognostic featurdsallows targeting of potential

therapeutic interventions.

As discussed in Chapter 3, it is likely that theelepment of cardiac abnormalities
is progressive and accounts for the common findingore than one abnormality in
ESRD patients. Thus to reverse these abnormalkties improve CV prognosis,
interventions should be aimed at reducing cardieglopd and afterload (i.e.
hypertension, fluid overload, vascular calcificalio that propel the

pathophysiological process. Early studies, ingatihg the effect of

pharmacological and dialysis interventions on mydied structure and function

have been described in Chapter 3.

Myocardial structure has been shown to change evemilder stages of CKD and
continue to progress as renal function deteriordfie®; 173). Given that the
prognosis in this study was not significantly diéfiet between patients with normal
hearts and one abnormality, aggressively targepiagents at an early stage to
prevent progression to more than one structurahgdanay be beneficial. It is
essential that measures employed to prevent dewelopor reverse LVH, LVSD

and LV dilatation in ESRD patients be employed yearlFurthermore, slowing or

regressing these abnormalities has not been cangigachieved using adequately

powered, randomised controlled studies and it il st known whether

186



intervention will improve CV outcome. This studyllvhopefully provide data to

power such studies in the future.

4.5.7 Limitations of current study

There were differences, particularly in mortaligtas between these and previously
published data. As stated previously, this is niksty due to recruitment from the
pre-transplant population. However, it is likelyat these results are relevant to

other CKD 5 patients with more significant co-maiibes.

4.6 CONCLUSIONS

In conclusion, LVSD and LV dilatation detected byIR are associated with higher
all cause and CV mortality in ESRD patients. Aligb LVH significantly reduces
cardiovascular survival, this is not to the extsoggested by echocardiography
studies in this patient group. Although presenicena cardiac abnormality did not
significantly affect survival, accumulation of tva® more cardiac abnormalities was
associated with a significantly poorer prognosighese findings suggest that
measures should be assessed to aggressively reahesse changes and improve

cardiovascular outcome in ESRD patients.
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Chapter 5

A study of determinants of mortality in ESRD patierts with LVH: the role of

left atrial volume.
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5.1 INTRODUCTION

As previously mentioned, echocardiography studegehdentified abnormalities in
left ventricular structure and function, termed demic cardiomyopathy”, that

independently confer a poorer prognosis in ESRIEpt (47).

Of these, left ventricular hypertrophy is presantapproximately 67% of patients
with ESRD and the most common manifestation of mraecardiomyopathy.
Moreover, it is an independent risk factor for senl@dardiac death, heart failure, and
cardiac arrhythmias in both the general populatimnd patients receiving
haemodialysis. The presence of LVH alone has abfiprognosis. Furthermore,
reversal of LVH in ESRD patients has proven diffi@and attempts have been made
to identify additional cardiac abnormalities thaiegict death and are amenable to

intervention (53;205;206).

The strengths of CMR over echocardiography to aslsésmass in ESRD have been
described in Chapter 1. In addition, elevated d#fial (LA) volume (corrected for
body surface area (BSA) or height) is an indepengeszdictor of mortality in the
general population, and in hypertensive and ESRfems, when measured by
echocardiography (207;208). Causes of increaseadtigdl volume (LAV) in ESRD,
include mitral valve disease, fluid overload andoamed left ventricular diastolic
relaxation and filling (called LV diastolic dysfuman) (209). LAV can be reliably
and reproducibly measured on echocardiography aviR @sing the biplane area-

length method described in Chapter 2 (155;156).
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The aim of this prospective study was to accuratégntify a cohort of ESRD
patients with LVH on CMR and to identify additioniatures that would confer
poorer survival. Given the findings from previaiadies, LAV was included in the

analyses.

5.2 METHODS

5.2.1 Patients

ESRD patients were recruited from the renal traargphssessment clinic from the
Western Infirmary as described in Chapter 2. Haatgsis data, including doses
of ultrafiltration, were recorded at 30 day intdsvap to 180 days prior to CMR.
Only patients with evidence of LVH on CMR were entkinto the study. All

patients were in sinus cardiac rhythm at the tifngcanning.

To ensure that only non valvular causes of LA dilah were assessed, patients with
grade 1l to IV mitral valve regurgitation (i.e. @ter than mild) on colour Doppler
echocardiography were excluded from the study. efgv of mitral valve
incompetence was assessed using American Heartiasea/ American College of
Cardiology criteria of (210):

» Colour Doppler jet area.

» Vena contracta diameter (defined as point in alfitieam where the diameter of the

stream is the least).

To obtain a large cohort of patients and achieweatgr statistical power, previous
CMR scans (n=46) performed by Dr Patrick Mark wadsgled to current studies.
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These scans, however, were analysed separatehelpuestigator (RKP) who was

blinded to patients’ characteristics and outcome.

5.2.2 CMR acquisition and analyses
CMR scans were acquired as part of assessment ofmh¥s and function and
analysed as previously described. In addition, L& measured using the bi-plane

area length method for ellipsoid bodies which waviously described in Chapter 2.

5.2.3 Mitral valve inflow Doppler velocity measurenent

Echocardiography was performed by an experiencdtboacdiographer (Tony
Cunningham, Clinical Research Iniative, Westernrimdry, Glasgow). Diastolic
function was assessed using pulsed-wave Dopplet;422) from apical four
chamber views to measure the ratio of early (Hate (A) mitral inflow peak flow

velocity (E/A ratio).

5.2.4 Follow up

Patient follow up data were collected from the daefeCMR scan to the 30
September 2009 from the electronic patient recartisthe Western Infirmary,
Glasgow and Glasgow Royal Infirmary Renal unitseaib from all causes was the

study end point.

5.2.5 Statistical methods
Data are described as mean and standard devi&ionarmally distributed data) or
median (interquartile range) for non-normal datamparisons were made between

those patients with high or low LAV by student’'sest (for normal data), Mann-
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Whitney U test (for non-normal data) and Chi sqdamst or Fisher's exact test.
Survival data including survival time (meanz stamdaeviation) are shown as
Kaplan-Meier graphs (with statistical comparisoingghe log rank test). These data
were also analysed by Cox multivariate survivallgsia to assess the influence of
multiple clinical and cardiac variables on outcorfis study included transplant
censored survival analyses. Variables identified saificantly influential on

outcome by univariate analysis were entered intzackward stepwise regression

model. All analyses were performed using SPSS VISRES Inc, lllinois, USA).

5.3 RESULTS

5.3.1 Patient demographics

From 312 ESRD patients assessed for renal trantgfiamwith CMR, 201 patients
with LVH were identified. Median follow up and trgplant censored follow up were
3.62 years (IQR 1.2- 5.2 years) and 1.69 years (I(QR3.9 years) respectively. The
mean age of patients was 51.6 (+ 11.8) years; 2.fvere male. Seventy one
patients received a renal transplant during theogesf study. Table 5.1 shows the

mode of renal replacement therapy, past medictdryisind cardiac drug history.

5.3.2 Cardiac parameters

Examining the whole cohort (Table 5.1), the meaartheate during MRI was 77
beats per minute (£26). Mean ejection fraction Bas1% (£14.4), LVMI was
117.3g/Mi (+31.1), EDV/BSA was 86.3 ml/m(+31.4) and ESV/BSA was 34.1
ml/m? (+25.3). Fifty (24.9%) patients had LVSD and 49.@®%) had LV dilatation.

Doppler mitral valve inflow velocity measurementosled a mean peak E wave
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velocity of 0.74 cm/s (£0.2), mean peak A wave B0cm/s (+0.2) and E:A ratio of
1.04 (+0.5). Median LAV/BSA was 30.4 ml//{IQR 26.2, 34.1) and distribution of

corrected LAV measurements is shown in Figure 5.1.

5.3.3 Left atrial volume

5.3.3 (a) Correlates
There were no significant correlations between LAWd patient age, dialysis
vintage, LV ejection fraction, LVMI, EDV>BSA, meaitose of ultrafiltration during

haemodialysis, or E:A ratio.

5.3.3 (b) Comparison dependent on median LAV

To further identify determinants and consequendeslavated LAV, patients were
divided into high LAV & median LAV/BSA; n=100) or low LAV (LAV\BSA
<median; n=101) groups (Table 5.2). There was aifgigntly higher mortality in
the high LAV group (low LAV 18 deaths vs. high LAY deaths; p<0.01). High
LAV was significantly associated with treatmenttwitigher doses of ultrafiltration
during haemodialysis. Low LAV was significantlysasiated with male sex. There
were no significant differences in age, number afignts transplanted, BSA and
type of renal replacement therapy or duration behweigh and low LAV groups.
Furthermore, there were no significant difference@snumber of patients with
diabetes mellitus, smoking history and cardiovaacuyhamely ischaemic heart
disease, cerebrovascular and peripheral vascudaasis and chronic heart failure)

history. On comparison of cardiac medications, éhefere no other significant
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differences between the low and high LAV groupsegtdor statin usage which was

higher in the high LAV group.

5.3.3 () Predictors of LA\®> median

To further identify predictors of elevated LAV, Istic regression analyses were
performed with LAV/BSA median as the outcome variable. Female sex a@ath me
dose of ultrafiltration during haemodialysis wergngficant, independent predictors

(R?=0.27) of high LAV on CMR after logistic regressianalyses.
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Figure 5.1  Distribution of LAV/BSA in patient cohort
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Variable Total

N=201
Deaths 54 (26.9)
Transplants 71 (35.3)
Age (years) 51.6 (x11.8)
Male (%) 145 (72.1)
Body Surface Area (M) 1.76 (+0.2)
Left Atrial volume (ml) 56.3 (£9.7)
Systolic BP (mmHg) 136.9 (x24.6)
Diastolic BP (mmHg) 80.9 (x12.9)
RRT Haemodialysis 108 (53.7)
Peritoneal dialysis 52 (25.9)
Predialysis 41 (20.4)
Mean Ultrafiltration (HD only) 2.3 (x0.9)
Diabetes mellitus 121 (60.2)
Ischaemic Heart Disease 54 (26.9)
Heart failure 12 (6.0)
Cerebrovascular disease 12 (6.0)
Peripheral vascular disease 16 (8.0)
Smoking Never 107 (53.2)
Current 54 (26.9)
Ex 40 (19.9)
Epo receptor Agonist 151 (75.1)
B Adrenoceptor Blocker 87 (43.3)
Aspirin 83 41.3)
Warfarin 7 (3.5)
ACEI/ARB 54 (26.9)
Diuretic 60 (29.6)
Calcium Channel Blocker 58 (28.9)
o Adrenoceptor Blocker 21 (10.4)
Statin 83 (41.3)
Heart Rate 76.8 (x26.1)
Ejection Fraction (%) 63.1 (x14.4)
Myocardial mass/BSA 117.3 (£31.1)
EDV/BSA (ml/ m?) 86.3 (+31.4)
ESV/BSA (ml/ nf) 34.1 (+25.3)
LVSD on MRI (EF<55%) 50 (24.9)
LV dilatation 49 (24 .4)
Peak E wave (cm/s) 0.74 (x0.2)
Peak A wave (cm/s) 0.75 (x0.2)
E:A ratio 1.04 (x0.4)

Table 5.1 Clinical and cardiac information for patents.

Data are number with percentage in parenthese®an m standard deviation.
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Variable Low LAV High LAV p
N=101 N=100
Deaths 18(17.1) 36 (36) <0.01
Transplants 40(39.6) 31(31) 0.20
Age (years) 50.4(%12.6) 52.8(x10.9) 0.14
Male (%) 82(81.2) 63(63) <0.01
LA volume (ml) 50.4(6.8) 62.3(x8.4) <0.01
Systolic BP (mmHg) 135.6 (x26.2) 138.4 (£22.8) 0.51
Diastolic BP (mmHg) 82.2 (¥13.5) 79.3(x12.1) 0.20
RRT HD 56(55.4) 52(52)
PD 23 (22.8) 29(29) 0.58
CKD 5 22(21.8) 19(19)
Mean Ultrafiltration (HD only) 2.2(x0.9) 2.8(x1.2) 0.01
Diabetes mellitus 61(60.4) 60 (60) 0.95
Ischemic Heart Disease 24(23.8) 30(30) 0.41
Heart failure 6 (5.9) 6(6) 0.96
Cerebrovascular disease 6(5.9) 6(6) 0.96
Peripheral vascular disease 6(5.9) 10(10) 0.27
Smoking Never 56(55.4) 51 (51)
Current 23 (22.8) 31 (31) 0.40
Ex 22 (21.8) 18 (18)
Epo receptor Agonist 72 (71.2) 79 (79) 0.10
B Adrenoceptor Blocker 45 (44.6) 42 (42) 0.81
Aspirin 38(37.6) 45(45) 0.23
Warfarin 4(4.0) 33 0.67
ACEI/ARB 28 (27.7) 26 (26) 0.85
Diuretic 31(30.7) 29 (29) 0.87
Calcium Channel Blocker 33(32.7) 25(25) 0.26
o Adrenoceptor Blocker 13(12.9) 8 (8) 0.28
Statin 35(34.7) 48 (48) 0.05
Heart Rate 76.3(x26.1) 77.4(x26.1) 0.31
Ejection Fraction (%) 63.4(x£13.9) 62.8(x15.0) 077
Myocardial mass/BSA 115.7 (x29.8) 119.0 (£32.5) 0.44
EDV/BSA (ml/ m%) 86.9 (£30.5) 85.8 (£32.4) 0.81
ESV/BSA (ml/ nv) 33.7(¥25.0) 34.5 (£25.7) 0.82
LVSD on MRI (EF<55%) 23(22.8) 27(27) 0.50
LV dilatation 23(22.8) 26(26) 0.59
Peak E wave (cm/s) 0.77 (¥0.2) 0.71(20.2) 0.29
Peak A wave (cm/s) 0.76 (#0.3) 0.72 (x0.2) 0.32
E:A ratio 1.06 (+0.4) 1.02+ (0.4) 0.72
Table 5.2 Comparison between patients according tmedian LAV/BSA (low <

median, high> median).

Data are number with percentage in parenthesesean + standard deviation. Tests of

significance are t-test and Chi-square.
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Univariate Analyses

Multivariate analyses

Variable OR  95% CI p OR 95% CI P
Mean ultrafiltration(per L) 1.64 1.09,2.46 0.02 | 1.68 1.09,2.57 0.02
Male Sex 0.40 0.21,0.75 0.01 | 0.35 0.19,0.76 0.04
Age (per year) 1.01 0.99,1.04 0.14
Duration on RRT (per year) 112 088,142 0.34
RRT Predialysis 1.00

Haemodialysis 146 0.64,3.32 0.37

Peritoneal Dialysis 1.08 0.52,3.32 0.84
LV ejection fraction (per %) 0.98 0.98,1.02 0.77
LVMI (per g/m 2 1.00 0.99,1.01 0.44
EDV/BSA (per ml/m?) 099 0.99,1.01 0.82
ESV/BSA (per ml/nr) 1.00 0.99,1.01 0.82
LVSD 1.25 0.66,2.38 0.48
LV Dilation 1.19 0.63,2.27 0.59
Diabetes Mellitus 1.16 0.55,2.45 0.7C
Ischaemic Heart Disease 249 0.90,6.91 0.08
Chronic Heart Failure 094 0.22,5.15 0.94
Peripheral Vascular Disease 2.19 0.50,9.71 0.30
Hypercholesterolaemia 166 0.81,3.41 0.17
Smoking Never 1.00

Current 224 0.99,5.05 0.05
Ex smoker 0.99 041,241 0.9
Ischaemic ECG 1.04 051,214 0.9]
E:A ratio 0.81 0.25,259 0.72
Table 5.3 Simple (left) followed by backward stepveie (conditional)

multiple logistic regression analyses (&0.27) demonstrating independent

predictors of presence LA\> median.

Only variables found to be significant on univagianalyses were entered into the

multivariate model.
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5.3.4 Survival Analyses
There were 54 (26.9%) deaths over a 6.65 yearwollp period. Eleven of these

deaths occurred after renal transplantation.

5.3.4 (a) Factors associated with death

Clinical and cardiac factors were compared betwssients who were alive and
dead at the end of the study (Table 5.4). Remakplantation and male sex were
significantly associated with lower mortality. dwdldition, LA volumes (corrected
for BSA) were significantly higher in the group tidied compared to those that
survived. Similarly, LVSD on CMR and past histarfyischaemic heart disease
were significantly associated with a higher numbérdeaths.  Patients who
survived were more likely to have never smokedless likely to have stopped
smoking compared to those that died. When drugeuseas compared, patients

that died were more likely to be receiving aspihiarapy.

5.3.4 (b) Clinical indicators of outcome

The effect of left atrial and ventricular abnorntieb on patient survival was
investigated (Figure 5.2). Left atrial volume abahe median was significantly
associated with a poorer prognosis (Figure 5.2a, UlAV 5.6+2.1years vs. high
LAV 4.7+2.6 years; p=0.01). Similarly, LVSD (n=50)as associated with a
significant reduction in mean survival time (Fig&b, no LVSD (n=151) 5.4+1.8
years vs. LVSD (n=50) 4.4+3.9years; p=0.01). bLefntricular dilatation was
associated with a non-significant reduction in gattisurvival (Figure 5.2c, no LV
dilatation (n=152) 5.2+1.9 years vs. LV dilatatiom=49) 4.7+3.7 years; p=0.18).

Past history of ischaemic heart disease conferreidraficant reduction in survival
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(Figure 5.2d, no IHD (n=147) 5.3+2.3 years vs. I>54) 4.5+2.5years; p=0.02).
Patient sex did not have a significant impact otiepa survival (male 5.3+2.4 years

vs. female 4.7£2.5 years; p= 0.11; graph not shown)

Given the survival benefits of renal transplantatia transplant censored survival
analyses was performed (Figure 5.3). As before alefal volume>median (Figure
5.3a) and LVSD (Figure 5.3b) were significantly asated with reduction in
transplant censored patient survival (low LAV 5.5&2ars vs. high LAV 4.5+2.9
years; p=0.01; no LVSD 5.3+2.7 years vs. LVSD &.2years; p=0.02). Similarly,
left ventricular dilatation was also associatechvatnon-significant effect on patient
prognosis (Figure 5.3c, no LV dilatation 5.2+2.8sgevs. LV Dilatation 4.3+3.0
years; p=0.07). Ischaemic heart disease did rgmifeantly affect transplant

censored survival (Figure 5.3d).
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Variable Alive Deac p
N=147 N=54

Transplants 60 (40.8 11 (204 0.01
Age (years 51.1+11.4 52.9+12.8 0.3
Male (%) 112 (76.2) 33 (61.1) 0.04
LA volume (ml/m?) 29.8 (16.2, 32.5) 33.0(26.9,42.8) <0.01
Systolic BP (mmHg 137.1 +26.7 135.6£17.3 0.8¢
Diastolic BP (mmHg] 81.0+13.9 80.4(+9.5) 0.7¢
RRT HD 79 (53.7) 29 (53.7) 0.17

PD 34 (23.1) 33.3(18)

CKD 5 34(23.1 7(13.0
Mean Ultrafiltration (HD only) 249 1.1 2.6(#1.1 0.74
Diabetes mellitus 91 (61.9) 30 (55.6) 0.42
Ischaemic Heart Disease 32(21.8) 22(40.7) 0.01
Heart failure 8 (5.6 4 (7.4 0.74
Cerebrovascular diseas 6(4.2 6 (11.1 0.07
Peripheral vascular disease 10 (7.0) 6 (11.1) 0.35
Smoking Never 83 (56.5 24 (44.) 0.04

Current 41 (27.9 13 (241

Ex 23(15.6 17 (315
Epo receptor Agonist 110 (77.5) 41 (80.4) 0.66
B Adrenoceptor Blocker 65 (45.8 22 (431 0.7¢
Aspirin 55 (38.7 28 (54.9 0.0t
ACEI/ARB 39 (27.5) 15 (29.4) 0.79
Diuretic 43 (30.3) 17 (33.3) 0.69
Calcium Channel Blockel 44(31.0 14 (275 0.64
a Adrenoceptor Blocker 14 (9.9 7(13.7 0.4
Statin 58 (40.8) 25 (49.0) 0.31
Heart Rate 75.2 +20.1 77.1+22.9 0.8¢
Ejection Fraction (%) 63.3(x13.5) 61.6(+16.7) 0.39
Myocardial mass/BSA 117.3 +31.3 117.2+16.7 0.97
EDV/BSA (ml/ m?) 84.2+30.6 92.3+30.9 0.11
ESV/BSA (ml/ nf) 32.4(x22.8) 38.8(+£30.8) 0.12
LVSD on MRI (EF<55%) 32(21.8) 18 (33.3) 0.05
LV dilatation 32(21.8 17 (315 0.1€
PeakE wave (cm/s 0.74 +0.36 0.74 0.2 0.97
Peak A wave (cm/s) 0.74 (£0.2) 0.75(x0.42) 0.97
E:A ratio 1.03 (x0.3) 1.06 (x0.4) 0.34

Figure 5.4 Comparison of patients alive and dead dhe end of the study
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Figure 5.2

Kaplan Meier survival curves accordingto (a) LAV median, (b)

LVSD
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Figure 5.2  Kaplan Meier survival curves accordingo, (c) LV dilatation and

(d) past history of ischaemic heart disease
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Figure 5.3  Kaplan Meier transplant censored survivacurves according to

(&) LAV median, (b) LVSD
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Figure 5.3  Kaplan Meier transplant censored survivAcurves according to

c) LV dilatation and (d) past history of ischaemicheart disease

(©)

1.0
0.5
No LV Dilatation
0.6
w . .
= LV Dilatation
=
5
7]
0.4
0.2+
0.0+ p=0.07
| | | I
0.0 20 40 6.0
Transplant Censored Follow Up (years)
(d)
1.0
0.5
No IHD
0.6
s IHD
z
=5
W
0.4
0.2
0.0 p=0.23
| I I I
0.0 20 40 6.0

Transplant Censored Follow Up (Years)

205



5.3.4 (c) Predictors of death

Table 5.5 shows univariate and multivariate Coxvisal analyses for patient
clinical and cardiac characteristics. As before,imtally performed non-transplant
censored analyses. Univariate analyses showedLW&D, LAV/BSA (absolute
value or categorised according to the median) aast pistory of ischaemic heart
disease were significantly associated with deattivadcing age increased risk of
death but this did not reach statistical signifmanMultivariate analysis (Table 5.5)
was performed only entering one measurement of LAVV >median or
LAV/BSA). Independent predictors of mortality wet&SD, LAV/BSA or LAV

>median and past history of ischaemic heart disease.

Transplant censored Cox survival analyses was pdstormed (Table 5.6). The
factors significantly associated with death were SD/ and left atrial volume

(corrected for BSA or categorised according to rmediAV). Older age was also
associated with death, but did not reach statisigaificance (p=0.06). Independent

predictors of death were LVSD and LAV/BSA.
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Univariate Analyses Multivariate Analyses

Variable HR 95% ClI p HR  95%ClI p
LV Systolic Dysfunction 1.98 1.12-350 0.02 186 1.05-3.28 0.03
LAV/BSA greater/=median 20¢ 11&3.67 0.01 204 1.1€3.6z 0.01
Ischaemic Heart Disease 1.88 1.09-3.23 0.02 202 1.13-3.52 0.01
Mean Dose of Ultrafiltration 1.01 06316 0.9€
LAV/BSA (per ml/m?)** 1.07 1.03-1.12 <0.01  **
Ejection Fraction (per %) 0.9¢ 09%1.0C 0.1C
LVMI (per g/m ?) 1.0 0.9¢1.01  0.5¢
LV Dilatation 1.4¢ 08z2.6: 0.1¢€
Systolic BP (per mmHg 1.0 0.9¢1.0z 0.94
Diastolic BP (per mmHg) 0.99 095-1.03 0.76
Age (per year, 1.0z 0.9¢1.08 0.0¢
BSA () 0.28 0.08-1.10 0.10
Male Se» 0.6¢ 03%*1.1C 0.11
Diabetes Mellitus 0.83 048-1.41 0.48
Heart Failure 1.0¢ 0.3¢2.9¢ 0.8¢
Cerebrovascular Disease 197 084-462 0.12
Peripheral Vascular Diseas 1.2z 05228/ 0.6%
Smoking Never (ref) 1.00

Current 1.2¢ 0.6424¢ 0.4¢

Ex smokel 1.91 0.8¢3.5 0.0

*x Entering LAV/BSA instead of LAV/BSA median

LV Systolic Dysfunction HR 1.81 95% CI 1.02-3.23 p=0.04
LAV/BSA (per ml/m?) HR 1.07 95% CI 1.03-1.12  p<0.01
Ischaemic Heart Disease HR 2.23 95% CI 1.27-3.92 p<0.01

Table 5.5 Results of univariate and multivariate C& regression survival
analyses of all patients with LVH
All-cause mortality is the dependable variable. &tdzratios (95% confidence

intervals) are shown.
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Univariate Analyses Multivariate Analyses

Variable HR 95% CI p HR  95%ClI p
LV Systolic Dysfunction 212 1.13-397 0.02 | 190 1.01-3.58 0.05
LAV/BSA greater /=mediar 22¢ 1.1¢43C 0.01 | 221 115427 0.0z
LAV/BSA (per ml/m ?)** 1.08 1.03-1.13 <0.01 *
Mean Dose of Ultrafiltration 1.27 0.7222% 041
Ejection Fraction (per %) 0.98 0.96-1.00 0.11
Systolic BP (per mmHg 1.01 0.9¢1.0¢ 0.2¢
Diastolic BP (per mmHg 0.9¢ 0910z 0.27
LVMI (per g/m ?) 1.0 0.9¢1.01 0.62
LV Dilatation 1.77 0.9:-3.3z 0.0¢
Age (per year) 1.02 0.99-105 0.06
BSA (m?) 0.2t 0.06¢121 0.1z
Male Sex 1.30 0.67-244 0.46€
Diabetes Mellitus 0.91 0.5C¢17C 0O.77
Ischaemic Heart Disease 151 0.77-297 0238
Heart Failure 1.5C 0.54427 04:<
Cerebrovascular Disease 229 090586 0.1p
Peripheral Vascular Diseas 204  0.8¢484 0.11
Smoking Never (ref) 1.00

Current 1.4¢ 0.723.0&¢ 0.2¢

Ex smoker 1.8¢ 0.8¢3.7¢ 0.0¢

*x Entering LAV/BSA instead of LAV/BSA median

LV Systolic Dysfunction HR 2.00 95% CI 1.06-3.76=0.03
LAV/BSA (per ml/m?) HR 1.08 95% CI 1.03-1.18 p<0.01

Table 5.6 Results of univariate and multivariate C& regression transplant
censored patient survival analyses of all patientsith LVH.

Results of univariate and multivariate Cox regm@ssurvival analyses of all patients
with LVH; all-cause mortality is the dependable ighte. Hazard ratios (95%

confidence intervals) are shown
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5.4 DISCUSSION

As has been stated before, LVH develops early morob kidney disease, with a
roughly reciprocal relationship existing betweenalefunction and LV mass (173).

Most echocardiography studies indicate LVH as tbenmonest abnormality of

uraemic cardiomyopathy, being prevalent in 70-80Pgpatients who commence

dialysis. This figure may be an overestimate duensxcurate measurement and
calculation of LV mass using echocardiography. Mingess, CMR has also

estimated LVH to be present in approximately 60-6#%SRD patients confirming

these early echocardiography findings (142). Iditawh, presence and progression
of LVH are associated with poorer outcome and isralependent risk factor for

cardiac tachyarrhythmias, sudden cardiac deathsgntptomatic heart failure in

ESRD patients (89).

Whether regression of LVH in ESRD is possible, as heen demonstrated in the
general population, remains controversial (213).y #e identification and
intervention of specific variables (such as intsowdar volume, hypertension,
calcium and/or phosphate), a number of small stuchave demonstrated a
significant reduction in LVMI. However, applicatioof these data into clinical
practice is limited due to lack of adequate costantd randomisation, small sample
sizes and use of echocardiography. A greater bafdgvidence demonstrates
persistence or worsening of LVH despite more intenglialysis or better blood

pressure and fluid control (214).

Thus, to improve cardiovascular survival in ESRDigrds with LVH, alternative

targets have been sought which may be amenabtageivéntion. In this way, well
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controlled, adequately powered and randomisedetuzhuld be performed to better

tailor therapeutic strategies.

Bearing this in mind, the following study was perm@ed using CMR to assess
cardiac morphology and performance. To identifyeijpendent prognostic factors of
ESRD patients with LVH, clinical history and otheardiac abnormalities were
included in the survival analyses. Ultimately, #teength of this study lies with the
use of CMR to most accurately identify a cohort ptients with LVH for

subsequent analyses. Left atrial volume was alsasored and included in the

prognostic modelling.

5.4.1 Left atrial volume
The left atrium performs three functions during tdaediac cycle (209) and its size
changes accordingly:
Isovolumetric contraction and LV systole: receive and store blood from the
pulmonary circulation.
Early Diastole: transfer blood into the left ventricle after mitvalve opening
via a pressure gradient (this is represented by'Ehevave” on mitral valve
colour Doppler.
Late Diastole: atrial contraction augments LV stroke volume by@2(his is

represented by the “A wave” in mitral valve coldwppler.

5.4.1(a) Measurement of LA volume
In practice and in this study, maximum LAV (justfire mitral valve opening) is

routinely measured. This can accurately and repnibtly be performed using 2D
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echocardiography and accordingly, the American &gadf Echocardiography has
recommended quantification of LA volume using biga2D echocardiography
using the area-length method. Similarly, CMR aately estimates of LA volume

using similar cine images from vertical and horiabihog axis views (156;210).

5.4.1(b) Determinants of LA size

Body size is a major determinant of LA volume, bButorrection can be performed
using body surface area. Gender differences irvelame are usually accounted for
by variation in body size. Furthermore, age reldtédenlargement and impaired
diastolic conduit function have been reported (208% in ventricular remodelling,

the atria enlarge in response to excessive preasgrgolume:

Pressure overload: LA enlargement has been denatedtm patients with mitral
valve stenosis and LV dysfunction (i.e. increas@daliterload).

Volume overload: conditions with chronic volume dead, (valvular regurgitation,
arterio-venous fistulae) and high cardiac outpatest (anaemia) are also associated

with LA enlargement.

However, in the absence of an atrial or valvulaodier, LA volume usually reflects
ventricular filling pressures. As ventricular neddion and compliance are reduced
during diastole, LA pressure rises to maintain LNMnfy and is accompanied by
increased atrial wall tension, chamber dilatationd ayocyte stretch. Thus, LA
volume may be representative of the magnitude ofdidstolic dysfunction (see

below). The value of LAV has been shown to repneske average effects of
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chronic LV diastolic dysfunction (and hence haemmayic control) rather than the

immediate effect at the time of the study (215).

In this study, elevated left atrial volume (abovedian) was less common in male
patients. Furthermore, female sex was an indep¢ruedictor of high LAV %
median) on CMR however neither sex nor BSA had effgct on survival in these
analyses. Previous studies have shown removagofredated difference in LAV
when corrected for body size (see above). Theseiqu® studies had a higher
proportion of females in the study cohort (betw&6r67%) compared to this study

(27.9%) which may have affected this analysis.

There was no significant difference in cardiovaaculisease history between both
groups (above or below median LAV) and heart rhké,ejection fraction, LVMI
and LV chamber size (at end diastole and systokreveimilar in both groups.
Similarly, E:A ratio was not significantly differémetween groups. This suggests
that LA size was not a marker of delayed diastfililmg time or impaired LV
systolic emptying. However, mean dose of ultnatlon was significantly
associated with high LAV and a significant predictd LAV in haemodialysis
patients. As discussed before, mean dose of Uitediion is a crude marker of fluid
overload and patients with large interdialytic diugains most likely receive higher
doses. Unfortunately, no other assessments of #tatus, such as radionuclide
tagging or bio-impedance analyses, were availatehis cohort especially those
patients not receiving haemodialysis. Howeverséhéndings confirm previous
studies, in the general population, that demorestaignificant relationship between

elevated LAYV and chronic fluid overload.
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5.4.2 Left ventricular diastolic dysfunction in ESRD patients

LV diastolic dysfunction can be defined as an abradity of diastolic relaxation,
filling or compliance that impairs ventricular diakc filling. Diastolic function can
be assessed using Doppler echocardiography to necade of LV pressure decline
(isovolumetric relaxation time: IVRT) or rate angtent of LV filling (commonly
using mitral inflow early (E) and late (A) ratios more recently tissue Doppler
myocardial velocity, strain and strain rate.). Klonvasive studies using cardiac
catheterisation and angiography can be used tanotdadiac cycle pressure-volume

loops.

Expanded intravascular volume and LV hypertrophegfstitial fibrosis are common
in ESRD patients and predispose to developmendodiiastolic dysfunction. Most
studies have used Doppler echocardiography to duashtstolic dysfunction in

ESRD patients:

Josephs et al demonstrated significantly impairadyediastolic filling in 100

haemodialysis patients using Doppler E:A ratio asaaker of diastolic function. In
particular, older (>60 years) haemodialysis pasiemere at higher risk of diastolic
dysfunction and diastolic function was significgnttorrelated with dialysis

adequacy and higher blood pressure (216).

Similarly in 25 CAPD patients, Huting et al demoattd impaired LV diastolic

dysfunction especially in patients with more sevievi#, using trans-mitral inflow

velocities and colour tissue Doppler measuremeXitg)(
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Using more invasive cardiac pressure measureméfiteman et al demonstrated
elevated LV end diastolic pressure in 29 haemosiiglgatient compared to healthy
controls. Most patients had preserved systoliction and the authors concluded
that reduced LV compliance and subsequent impairastolic filling predisposed

patients to symptoms of congestive cardiac disEHs®).

The data presented in this chapter do not supposteaof diastolic dysfunction in
LA enlargement within this patient group since &harere no significant difference

in E:A ratios between high and low LAV groups.

5.4.3 Left atrial volume and outcome

A number of studies in the general population hderonstrated the predictive role
of elevated LA volume for adverse cardiovasculaicome. Of these, two of the
largest are described below:

Data from the Cardiovascular Health Study lookihgiaMode echocardiographic
measurements and outcome in 5888 patients demtaastnigher left atrial size as an
independent predictor of all cause mortality, straknd coronary artery disease
(219).

In a sub analyses from the Framingham Heart Stuneh3(q99), Gajewski et al
demonstrated that LA enlargement predicted highiesrof stroke and death in men,

however the effect was attenuated when correctedManass (220) .

In ESRD patients, two studies have demonstratedgnpstic role of LAV:
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Tripepi et alused echocardiography to measure cardiac paransténelated them
to patient outcome. LAV was predicted by LVMI, L¥E E:A ratio and

antihypertensive therapy. In addition, elevated VLA orrected for height
independently predicted death in this patient pagoh (207). There was no
difference in the results presented in this chaptesn LAV was corrected for height
as opposed to BSA.

In a subsequent study from the same group, patiemderwent repeat
echocardiography. Rise in LAV/height between soamas predictive of fatal and
non-fatal cardiac events compared to patients whé3&height remained the same.
Similarly, a 1ml/nf increase in LAV/height was associated with a 12¥dase in

relative risk of a cardiovascular event (221).

5.4.4 Prognostic findings

From these data female sex, higher LAV corrected B&A, past history of
ischaemic heart disease, and LVSD on CMR werefggntly associated with death
during the follow up period. Aspirin use was highe those patients who died,
presumably due to the higher proportion of patiemith a cardiac history in this

patient group.

In the survival analysis, elevated LAV and LVSD weaignificantly associated with
poorer survival (transplant and non transplant eets Figure 5.2 and 5.3).
Multivariate analysis showed that elevated LAV/B@&presented as an absolute
value or divided according to the median) and LVis&@ependently predicted death
(even when censored for renal transplantation) $RE patients with LVH. Past

history of ischaemic heart disease was a signifjcadependent predictor of non
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transplant censored mortality and significantly uegtl non transplant censored
survival. Presence of LV dilatation did not havstatistically significant effect on
survival. These data confirm the findings of poes studies investigating LAV and

survival. However this study differs in two asgect

Previously, all ESRD patients were included in gea$. This study only includes
patients with pre-existing features of LVH.

This cohort has been examined using CMR to proaidaccurate assessment of LV
mass whereas the previous studies have used edlomraphy. One should note,

however, that there is no difference in assessofdnlAV between both methods.

5.4.4 (a) Left atrial volume and survival

In the present study, LAV was not significantly mdated with LV mass, suggesting
that elevated LA volume is not solely due to imediatrial emptying into a large,
poorly compliant LV. LAV was not associated withastolic dysfunction in our
population as measured by E:A ratio, however, nteasent of other markers of LV
diastolic dysfunction, such as pulmonary venous fl@locity or LV tissue Doppler
would have been useful to confirm these mitral gadtudies. In addition, E:A ratio
is a limited marker for diastolic function at great. A pressures due to a tendency

back to normal values (also known as “pseudonosatdin’).

Thus, based on these results in ESRD patients WMith, left atrial enlargement is
largely caused by chronic fluid overload, and thesoaiated expansion in
intravascular volume. This hypothesis is suppotdgdthe finding that dose of

ultrafiltration (acting as a crude marker of fluietention) independently predicted
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LAV in haemodialysis patients. Reduction of LA wole has been achieved in
patients with mitral valve disease and atrial fiation (222;223); however its effect
on overall prognosis remains unknown. Whether taginttrol of fluid-volume status

in patients with ESRD patients similarly reduces t@&ume and mortality requires

controlled clinical trials in the future.

5.4.4.(b) Left ventricular systolic dysfunction andsurvival

Left ventricular systolic dysfunction has been assted with (often asymptomatic)
ischaemic heart disease and, in turn, with poarerigl (139). This is presumably
due to occlusive large vessel disease and inadeguaivth of penetrating epicardial
vessels in response to cardiac myocyte hypertroplentricular action potential
propagation and recovery are impaired in the p@sehLVH and LVSD increasing
the risk of ventricular re-entrant tachyarrhythm(as;224). The potential benefits of
improving systolic function on prognosis of patenwith ESRD, has been
demonstrated in a number of small studies usingnp&eological approaches or
modification of dialysis regimens (20;124). Howevthese interventions are not
commonly used in ESRD patients due to poor tolexarigatients or the opinions of
the treating nephrologist. Hopefully, as more sihdata becomes available medical

practice may change in ESRD patients with myocadiisfunction.

5.4.4 (c) Ischaemic heart disease and survival

As has been shown before, a clinical history of @istase also reduced survival,
since non-transplant censored multivariate Cox igalvanalyses identified past
history of ischaemic heart disease as a signifjcandependent predictor of death.

Clinical history of ischaemic heart disease did, nawever, significantly, affect
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transplant censored survival. These differencesvden transplant and non-
transplant censored survival can be explained bydisproportionately high number
of patients with ischaemic heart disease who sulesdty underwent renal
transplantation (IHD 53.7% vs. No IHD 28.6%) insthtohort. As a result of
transplant censoring, there was not a statisticsithpificant difference in survival
despite Kaplan-Meier analyses demonstrated sepgratirvival curves (Figure 5.2).

This is presumably due to fewer patients in the iHBup.

5.4.5 Limitations

As before, patients recruited to this study werdndpeassessed for renal

transplantation and may not be representativel @&IRD subjects. However, since
these patients are considered healthy enough tofsdered for transplantation, it

is likely that these results would be relevant tioeo patients with more significant

co-morbidities. In addition, limited informationas obtained regarding ventricular
diastolic function in this cohort and hopefully, m®re detailed methods (e.g. tissue

Doppler) are utilised, these data will become add.

5.5  CONCLUSIONS

In conclusion, in ESRD patients with LVH, elevatedV and presence of LVSD
are independent predictors of death and may prommesl factors that may be
amenable to modification to improve cardiovascydaeygnosis. Elevated LAV is

due, in part, to fluid overload which may be a us&rget in the future.
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Chapter 6

A study of Microvolt T Wave Alternans in ESRD patients
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6.1 INTRODUCTION

As has been discussed in Chapter 1, patients withstage renal disease (ESRD),
including those receiving or close to requiringlgbes, have a significantly increased
risk of premature cardiovascular death. In contradshe general population, where
myocardial ischaemia and infarction (MI) are thadeg cause of cardiovascular
death, ESRD patients are significantly more likedydevelop cardiac (commonly
ventricular) tachyarrhythmias and sudden cardisathdéSCD). Factors associated
with SCD include myocardial structural abnormatitief uraemic cardiomyopathy
and accelerated coronary artery disease. In addiactors such as large electrolyte
fluctuations, bone mineral disease, uraemia, aumino dysfunction and
inflammation have also been implicated in the dewelent of SCD. However,
despite elucidation of potential risk factors f@ntricular tachyarrhythmias (VTA),
identification of high risk ESRD patients and primn@revention of SCD has proven
difficult. Furthermore, treatment of traditional rdeovascular risk factors (eg

dyslipidemia) has shown little survival benefit {26).

A similar problem exists in patients with symptorodteart failure and impaired LV
systolic function. Results from MADIT Il and SCHeart Failure Trial show

significant survival benefit using implantable cakcerter defibrillators (ICD) for

primary prevention of SCD in patients with ischaemand non-ischaemic
cardiomyopathy (82; 83). However many of these I€&wain unused and current
estimates suggest that to prevent one SCD, 18 ekewviequire to be inserted.
Additional electrophysiological tests have beenl@tad to better identify higher

risk patients who would benefit from ICD insertion.
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Microvolt T Wave Alternans (MTWA,; HearTwave |l sgsh, Cambridge Heart,
Bedford, Massachusetts) is a novel, non-invasigbrtigjue of assessing VTA risk in
patients. The principles of MTWA have been discdsse Chapter 1. MTWA
measures beat-to-beat variations in standard I2-EB@G T-wave morphology,
indicating unstable ventricular repolarisation. &aV large prospective trials have
demonstrated that MTWA analysis is superior or caraple to other more invasive
electrophysiological methods of independently priag (negatively and positively)
patients at risk of VTA or SCD. These studies udeld patients with ischaemic
heart disease, biventricular cardiac failure andlamtable cardiac defibrillators. In
patients with symptomatic ischaemic cardiomyopathg, prevalence of abnormal
MTWA result varies between 64 and 72% (105;161;225)rthermore, in diabetic
patients with no symptoms of cardiovascular disealseormal result has been found
in 25.4% of patients which is significantly highghen compared to normal healthy

controls (5.7% ) (111;226). No such studies Haaen performed in ESRD patients.

In this study, two hundred patients with ESRD ar@l ®ntrol patients with
hypertensive LVH were assessed using MTWA. Thesafithis study were to:
Determine prevalence of abnormal MTWA in ESRD pdecompared to patients
with hypertensive LVH and normal renal function.

Determine associations between features of uraearndiomyopathy and MTWA

result.
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6.2 METHODS

6.2.1 Patients

ESRD patients already established on or within énthm of requiring renal

replacement therapy (RRT) were consecutively asdestn addition, hypertensive
patients with evidence of LVH on echocardiographyECG and normal renal

function (measured within 6 months of recruitmemére also entered into the study

as controls (termed LVH patients).

All patients underwent cardiovascular risk facamsessment including history,
clinical examination, ECG as well as routine haeroaiical, biochemical and lipid
profile. CMR was performed to measure left veniac (LV) mass and function
followed by MTWA testing. Patients with contraindtion to CMR (e.g. presence
of permanent pacemaker or ferromagnetic implantsyere claustrophobia,
pregnancy) were not entered into the study. Furibee, patients with atrial
fibrillation were excluded as irregular R-R intelsyadonfound frequency analysis

during MTWA testing.

6.2.2 CMR acquisition and analyses
CMR scans were acquired for assessment of LV masduenction and analysed as
described in Chapter 2. Patients were classifedaving LVH, LVSD or LV

dilatation based on previously described normalesl
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6.2.3 MTWA testing

Preparation, acquisition, analyses and classifinatf MTWA testing have been
described in detail in Chapter 2. Based on preshopublished studies, we further
classified results as “abnormal’ for positive amlaterminate test results and
negative tests as “negative”. If initially an ineleninate result was obtained,
immediate retesting was attempted. The reason ridetérminate test was also

provided by the analysis software (227).

6.2.4 Statistical analyses

Statistical analyses were performed using SPSSovetss.0 (SPSS Inc. lllinaois,

USA). Data are described as meanzstandard deviab@ta were compared by chi-
squared or Fisher’s test for categorical data aamde@ t-test for continuous data.
Simple followed by multivariate logistic regressi@malyses were performed to
identify individual predictors of abnormal MTWA mds BNP underwent

logarithmic transformation to allow parametric sttdtal comparison. Survival data
including survival time (meant standard deviati@arg shown as Kaplan-Meier

graphs (with statistical comparison using the kaxgkrtest).

6.3 RESULTS

6.3.1 Patient demographics

Two hundred ESRD patients and 30 LVH patients vessessed. Table 6.1 shows

the clinical and cardiac data for ESRD and LVH gaiis.
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6.3.2 Comparison between ESRD and LVH patients

There were no statistically significant differencestween age, sex, BMI, and
systolic blood pressures between each group. estiagly, diastolic blood pressure
was significantly higher in the LVH group comparéte ESRD group. As one
would expect, there was a significantly higher ¢reigcy of traditional

cardiovascular risk factors in ESRD patients corag@do patients with LVH. This

difference is also reflected in the medicationséheatients were taking.

LV systolic function was preserved in both groupSardiac data demonstrated a
lower ejection fraction and higher LVMI and LV chber size in the ESRD group
compared to LVH patients, although these did naichestatistical significance.
Presence of LVH was high in both groups and dedprte patients being recruited
based on previous echocardiography and ECG, onl{6Q%) had LVH on CMR.
LVSD and LV dilatation was also more common in ESpddients, but similarly this

did not reach statistical significance.

Microvolt T wave alternans result was negative 8 (42.5%), positive for 44
(22%) and indeterminate in 71 (35.5%) in ESRD pdsie In the LVH group of
patients, MTWA was negative in 22 (73.3%), posiiive3 (10%) and indeterminate
in 5 (16.7%) of patients (Figure 6.1). On compamisabnormal MTWA result was
significantly more common in ESRD compared to LVéatients (ESRD 57.5% vs.

LVH 26.7%; p=0.002; Table 6.1).

Reasons for indeterminate tests in ESRD patiengsi(& 6.2) were failure to achieve

heart rate between 105 and 110bpm>fbmin (50.7% of all indeterminate results),
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excessive ventricular ectopy during exercise (23,%oisy recording (21.1%) and
rapid rise through target heart rate of 105-110lmgpransustained MTWA<L min;
4.2%). In LVH patients, 5 indeterminate tests wewe to failure to achieve heart

rate rise (2 patients) and to noisy recording (epés).
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Variable ESRD LVH Only p
N=200 N=30
MTWA abnormal 115(57.5) 8 (26.7) <0.01
Age (years) 56.3(x12.7) 53.1 (x10.7) 0.21
Male (%) 142 (71) 25 (83.3) 0.16
BMI (kg/m?) 26.5(4.7) 27.1(4.9) 0.19
Systolic BP (mmHg) 146 (+24.1) 152 (£22.5) 0.17
Diastolic BP (mmHg) 82 (x14.2) 89(x11.1) 0.01
Renal Replacement Therapy
HD 118 (59.0) -
PD 17 (8.5) -
CKD 5 65 (32.5) -
RRT Time 1.14 (2.1) -
Primary Renal Disease
Diabetic Nephropathy 46 (23.0) -
APCKD 20 (10.0) -
Glomerulonephritis 42 (21.0) -
Renovascular Disease 16 (8.0) -
Chronic Pyelonephritis 20(10.0) -
Other 26 (13.0) -
Unknown 30 (15.0) -
Clinical History
Diabetes mellitus 54 (27.0) 0 <0.01
Ischemic Heart Disease 49 (24.5) 2(9.5) <0.01
Heart failure 15 (7.5) 1(3.3) 0.70
Cerebrovascular disease 26 (13) 1(3.3) 0.22
Peripheral vascular disease 35 (17.5) 0 0.01
Dyslipidaemia 117 (58.5) 10 (33.3) 0.01
Smoking Never 89 (44.5) 19 (61.9) 0.08
Current 54 (27.0) 3 (10)
Ex 57 (28.5) 8 (26.7)
Drug History
Epo receptor Agonist 162 (81.0) 0 <0.01
B Adrenoceptor Blocker 92 (46.0) 10 (33.3) 0.15
Aspirin 102 (51.0) 3 (10) 0.01
Warfarin 13 (6.5) 0 0.23
Clopidogrel 17 (8.5) 0 0.16
ACEI/ARB 91 (45.5) 12 (40.0) 0.51
Diuretic 58 (29) 6 (20.0) 0.54
Nitrate 15 (7.5) 8(26.7) <0.01
Calcium Channel Blocker 76 (38.0) 8(26.7) 0.19
o, Adrenoceptor Blocker 24 (12.0) 1(3.3) 0.09
Statin 125 (62.5) 9(30.0) <0.01
CMR Results
Ejection Fraction (%) 61.9 (x15.3) 65.8(x11.5) 0.19
Myocardial mass/BSA 93.3 (+38.2) 82.0(x32.9) 0.13
EDV/BSA (ml/ m?) 68.9(+35.6) 67.1(x13.7) 0.79
ESV/BSA (ml/ nf) 28.7(+26.2) 23.5(x12.4) 0.08
LVH on MRI 124 (62.0) 18 (60.0) 0.87
LVSD on MRI (EF<55%) 45 (22.5) 4 (13.8) 0.34
LV dilation 19 (9.5) 2(6.9) 0.65

Table 6.1

Clinical, drug and cardiac data for patiats.

Comparisons between ESRD and LVH patients are shd»ata are number with
percentage in parentheses or mean * standard ideviatcept for RRT time where median
and interquartile range are shown .
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Figure 6.1 @ Comparison of MTWA result of ESRD and L\H patients. Data

labels are percentage in each patient group.
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B |nufficient rise in HF @ Excessive VE
B Noisy recordin: B Rapid rise/unsustained MTW

Figure 6.2  Cause of Indeterminate MTWA result in ERD patients only.

HR= heart rate, VE= ventricular ectopics
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6.3.3 Factors associated with abnormal MTWA result

In the ESRD group, abnormal MTWA (Table 6.2) resudis significantly associated
with older age and receiving haemodialysis as RAFLirthermore, those patients
with current or past cardiovascular morbidity warere likely to have an abnormal
MTWA result. There was a significant associatiotmsen an abnormal result and
diabetic nephropathy or renovascular disease aspyirenal disorder, past medical
history of diabetes mellitus, ischaemic heart, lsereascular or peripheral vascular
disease, and dyslipidaemia. In addition, abnormslilt was significantly associated

with statin therapy.

To assess the effect of blood parameters on MTWulte venepuncture was
performed 10- 15 minutes before testing (Table.6.2here was no significant
difference between measured serum cations (nametgsgium and calcium),
haemoglobin, fibrinogen, inorganic phosphate, PTilammatory markers, and
troponin | between both groups. Random plasma gkicand glycosylated
haemoglobin were significantly higher in patientdshwan abnormal MTWA result,
presumably as a result of higher proportion of dimbpatients in this group. Brain
natriuretic peptide was also significantly higher the abnormal MTWA group.
Total plasma cholesterol was significantly lower patients with an abnormal

MTWA result.

The associations between LV structural abnormalioé uraemic cardiomyopathy
and MTWA result were assessed (Table 6.3). AbnbrM@WA result was
significantly associated with abnormalities of umée cardiomyopathy: higher LV

mass, lower ejection fraction and higher EDV/BSAI &8SV/BSA. In addition,
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there were significantly higher proportions of pats with LVH and LV dilatation
in the abnormal MTWA group. More patients had ID/B the abnormal MTWA

group but this did not achieve sufficient statetisignificance (p=0.08).

6.3.4 Variables associated with abnormal MTWA resulin ESRD patients
Logistic regression analyses were performed torote variables independently
associated with abnormal MTWA result in ESRD paseonly (Table 6.4). In our
model (R=0.40), entering only factors found to be significafter univariate
analyses, increasing age and past clinical higsibopronary, peripheral vascular and
cerebrovascular diseases were independently atstcwith abnormal MTWA
result. In addition, increasing LVMI (or presenoé LVH) was independently
associated with abnormal MTWA result. Presence\ofdilatation was associated

with abnormal result but did not achieve statistsgnificance.

6.3.5 Effect of abnormal MTWA result on patient outome

There were 16 deaths during a median follow up.8fykars (IQR 1.5, 2.6 years).
Abnormal MTWA was associated with a higher numbérdeaths compared to
negative MTWA result (12 deaths vs. 4 deaths; p50although this did not reach
statistical significance. Furthermore, abnormalWHK result was associated with a

trend toward reduced survival compared to negMivVe&VA (Figure 6.3).
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Variable MTWA MTWA p

Negative Abnormal
N=85 (42.5) N=115 (57.5)
Age (years 52.4(12.8 59.1(12.C <001
Male (%) 59 (69.4 83(72.2 0.67
BMI (kg/m?) 26.9 (4.8) 26.2(4.6) 0.29
BSA (nf) 1.89(0.2) 1.87(0.2) 0.45
Systolic BP (mmHg 144 (23.2 147(24.8 0.2¢
Diastolic BP (mmHg 83(12.9 82(15.2 0.5Z
Renal Replacement Therapy 1.17 (1.7) 1.1(2.4) 0.67
HD 41 (48.2) 77(67.0) <0.01
PD 11 (12.9) 6 (5.2) 0.09
Predialysis 33 (38.8) 32 (27.8) 0.10
RRT Time (years) 1.2(0.6,2,4 1.2 (0.6, 2.£ 0.97
Primary Renal Diseas
Diabetic Nephropathy 13 (15.3) 33(28.7) 0.02
APCKD 12 (14.1) 8(7.0) 0.10
Glomerulonephritis 23(27.1) 19(16.5) 0.07
Renovascular Diseas 3(3.5 13(11.3 0.0t
Chronic Pyelonephritis 11(12.9 9(7.8 0.2¢
Other 9 (10.6) 17 (14.8) 0.38
Unknown 14 (16.5) 16 (13.9) 0.62
Diabetes mellitus 16 (18.8 38 (33.0 0.0¢
Ischaemic Heart Diseas 8094 41 (35.7 <0.01
Hypertension 73(85.9) 105 (91.3) 0.23
Heart failure 4 (4.7) 11 (9.6)
Cerebrovascular diseas 3(3.5 23 (20 <0.(1
Peripheral vascular diseas 4 (4.7 31 (27 <001
Dyslipidaemia 42 (49.4 75(65.2 0.0z
Smoking Never 45 (52.9) 44 (38.3) 0.12
Current 20 (23.5) 34 (29.6)
Ex 20 (23.5) 37 (32.2)
Epo receptor Agonist 64 (75.3) 98 (85.2) 0.08
B Adrenoceptor Blocker 26 (30.6) 46(40) 0.10
Aspirin 41 (48.2) 61 (53.0) 0.50
ACEI/ARB 41 (47.1 51(44.3 0.2t
Diuretic 29(34.1 29 (25.2 0.17
Nitrate 335 12(10.4 0.07
Calcium Channel Blocker 28 (32.9) 48 (41.7) 0.21
o Adrenoceptor Blocker 12 (14.1) 12 (10.4) 0.43
Statin 46 (54.1) 79 (68.7) 0.04
Haemoglobin (g/dL) 11.4 (1.8) 11.4 (1.8) 0.96
Fibrinogen (g/L) 4.34 (1.1 4.25 (1.0 0.5¢
ESR (mm/h) 28(9.549.C 31(14.5, 44.( 0.74
CRP (mg/L) 4.9(2.0,9.9) 533 14 0.08
Adjusted Ca?*(mmol/L) 2.39 (0.4) 2.40 (0.2) 0.87
PO, (mmol/L) 1.69 (0.5 1.56 (0.5 0.0¢
PTH (pmol/L) 27.1(14.7, 50. 28.6(15.2,46 .« 0.9¢
Glucose (mmol/L) 5.3(2.4) 5.9 (2.7) 0.02
HbAlc (%) 5.2 (1.0) 5.4 (1.5) 0.03
Potassium (mmol/L] 4.7(0.7 4.7 (0.8 0.7¢
BNP (ng/L) 174(45, 34C 335 (129,134( <0.(1
LogBNP 2.21(x0.6) 2.61(0.7) <0.01
Cholesterol (mmol/L) 4.61 (1.3) 4.23 (1.1) 0.04
Triglyceride (mmol/L) 1.7 (0.9 1.6 (0.9 0.4¢€
HDL - Chol (mmol/L) 1.4(0.8 1.4(0.8 0.2¢
LDL- Chal (mmol/L) 2.4(1.3) 2.2 (1.3) 0.14
Troponin | (ng/L) 0.01(0.05 0.03( 0.07 0.2¢

Table 6.2 Comparisons of clinical and blood resultbetween patients are shown

based on MTWA result.

Data are number with percentage in parenthesesmaean * standard deviation except for ESR, CRP,

PTH and BNP where median and interquartile rangesaown



Variable MTWA MTWA p

Negative Abnormal
N=85 (42.5) N=115 (57.5)

Ejection Fraction (%) 65.1 (11.4) 59.5 (17.3) 0.01
Myocardial mass/BS# 84.9 (33.1 99.7 (40.6 <0.01
EDV/BSA (ml/ m?) 60.6 (22.6 75.2 (41.8 <0.01
ESV/BSA (ml/ n) 22.4 (14.2 33.5 (31.7 <0.01
SV/BSA (ml/m?) 38.2 (13.5 41.6 (21.9 0.21
LVH on MRI 46 (54.1 78 (67.8 0.0t
LVSD on MRI (EF<55%) 14 (16.5 31(27.0 0.0¢
LV dilation 2.4 17 (14.8 <0.01

Table 6.3 Comparisons of CMR data between patientare shown based on

MTWA result.

Data are number with percentage in parentheseseannt standard deviation.
Tests of significance are t-test and Chi-square.
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Univariate Analyses Multivariate analyses

Variable OR 95% ClI p OR 95% ClI P
Age (per year 1.04 1.02,1.00 <0.01 1.04 1.01,1.0 0.01
Ischaemic Heart Disease 6.19 2.741394 <0.01 |[3.24 1.31,8.02 0.01
Cerebrovascular Disease 6.83 1.98,2360 <0.01 |5.81 1.56,12.87 <0.01
Peripheral Vascular Disease 7.47 2.5322.11 <0.01 |5.34 1.68,16.96 <0.01
LVH 1.79 1.01,3.18 0.05 t2.01  1.01,4.03 0.05
LV Dilation 7.2C 1.62,32.0 0.01 4.34 0.98,21.9 0.0€
Log BNP 2.66 1.45,4.87 <0.01
Glucose (per mmol/L 1.1c¢ 1.02,1.1! 0.01
Ejection fraction (per %) 0.98 0.95,0.98 0.01
LVMI (per g/m ?) 101 1.00,1.02 0.01 t1.02 1.01,1.02 0.02
LVSD 1.87 0.93,3.79 0.08
Diabetes Mellitus 212 1.09,4.15 0.03
Hypercholesterolemia 1.92 1.08,3.40 0.03
Renal Replacement Therapy

Predialysis 1.00

PD 0.57 0.19,1.70 0.31

HD 1.9z 1.05,3.5! 0.04
RRT Time (per year) 1.10 0.91,1.33 0.30
Sex (Male vs. Female) 1.06 0.59,1.90 0.84
BMI (per kg/m?) 0.97 0.92,1.03 0.36
Systolic BP (permmHg) 1.01 0.99, 1.0: 0.07
Diastolic BP (mmHg) 0.97 0.95, 1.00 0.06
Pulse Pressure 1.02 0.99,1.03 0.07
Chronic Heart Failure 214 0.65,6.97 0.21
Smoking Never 1.00

Current 1.73 0.88,3.47 0.12

Ex 0.70 0.95,3.75 0.09
Haemoglobin (per g/dL) 1.0z 0.86,1.1! 0.9¢
Fibrinogen (per g/L) 0.92 0.70,1.23 0.58
ESR (per mm/h’ 0.9¢ 0.98,1.0: 0.8:
CRP (per mg/L) 101 0.99,1.02 0.62
Adjusted Ca**( per mmol/L) 1.0¢ 0.41,2.8! 0.8¢€
PO, (per mmol/L) 0.60 0.34,1.07 0.08
PTH (per pmol/L) 0.9¢ 0.98,1.0: 0.4z
HbAlc (per %) 0.99 0.98,1.01 0.48
Potassium (per mmol/L) 0.94 0.63,1.40 0.76
BNP (per ng/L) 1.02 1.01,1.04 <0.01
Cholesterol (per mmol/L) 0.60 0.32,1.17 0.13
Triglyceride (per mmol/L) 112 0.69,1.81 0.67
HDL- Chol (per mmol/L) 1.34 0.70,2.57 0.38
LDL - Chol (per mmol/L) 1.17 0.63,2.11 0.6z
Troponin | (per pg/L) 12.15 0.02,32.8 0.26
EDV/BSA (ml/ m?) 1.0C 0.98,1.0: 0.64
ESV/BSA (ml/ ) 1.02 0.98,1.04 0.21

Table 6.4 Simple (left) followed by backward stepvee (conditional)
multiple logistic regression analyses (&0.40) demonstrating independent
predictors of abnormal MTWA result.

Only variables found to be significant on univagianalyses were entered into the
multivariate model. TLVMI or LVH were entered indiually in the model.
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Figure 6.3  Kaplan Meier survival curve of ESRD patents based on MTWA

result based on (a) abnormal/negative classificatoand (b) automated result
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6.4  DISCUSSION

As has been discussed in Chapter 1, premature ovpastiular death is the
commonest cause of death in patients with ESRidhiey those receiving or within
6 months of requiring renal replacement therapyoiding to the USRDS (4, 228),
the commonest causes of death in ESRD and digdgsisnts are cardiac arrhythmia
and cardiac arrest accounting for between 60-65%aodfliac and 20-25% of all

deaths.

Findings from the “Deutsche Diabetes Dialyse Staid#D)” and “A Study to
Evaluate the Use of Rosuvastatin in Subjects onuRegHemodialysis: An
Assessment of Survival and Cardiovascular Eventty RARA)” trial have
highlighted significant differences in cardiovasouldisease between dialysis

patients and the general population (25;26).

The 4D study was a prospective randomised contraikal investigating the effect
of atorvastatin therapy on cardiovascular outcome 1R25 type 2 diabetic
haemodialysis patients. Although LDL cholesterchswreduced, there was no
statistical significant reduction of the compogitieémary endpoint (death from all
cardiac causes, fatal stroke, non fatal Ml, or fetal stroke). Post hoanalyses,
however, revealed that adjudicated deaths due tonaoy artery disease only
accounted for 9% of deaths and sudden death asmbuot 26% of all cause
mortality (25).

In the AURORA trial, a prospective randomised gtuavestigating therapy with

rosuvastatin in 2776 haemodialysis patients, LDblesterol was reduced by 43% in
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the therapy arm but there was no significant eftecprimary outcome (adjudicated
death from cardiovascular causes, non fatal Ml, fatad stroke). In the rosuvastatin
treated group, death from cardiovascular causermxtat a rate of 7.2 events/100
patient-years compared to 7.3 events/100 patieatsyén the placebo group
(p=0.97) and death from definite coronary hearte@s® was not significantly

different (26).

Both of these studies, in combination with previttgrventional studies, suggest
that in non-ESRD population, coronary atheroscisrosauses myocardial
ischaemia/infarction which may lead to sudden eardieath. However in ESRD
patients, sudden cardiac death is not as gredtheimced by coronary artery disease
compared to the general population. Alternativeéhgse data may suggest that

CAD in ESRD patients does not respond to statittnent.

6.4.1 Factors associated with sudden cardiac deathESRD

The presence of stable VTAs on ambulatory ECG mang has been shown to
increases risk of SCD in the general population.(99entricular tachyarrhythmia
development is commonly due to the interaction lwicamal myocardial substrate
and aetiological triggers which interfere with nalmuniform cardiac action
potential propagation and myocardial repolarisatiom the general population,
transient myocardial ischaemia or areas of possd®dtring commonly produce areas
of slowed ventricular  action potential  conduction, non-uniform
depolarisation/repolarisation, and increase risieegntry and VTA. In patients with

preserved LV function, these arrhythmias have @nmall haemodynamic effect.
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However, if patients have compromised myocardiatfion, haemodynamic effects
may be great and may lead to degeneration of depat@n wavefront and
ventricular fibrillation. ESRD patients are atkrief unique factors that affect
substrate (myocardium) and triggers that have kshsoussed in more detail in

Chapter 1. Briefly these features include:

1. Changes in myocardial structure and function (substte):
Including features of uraemic cardiomyopathy, a&@dkd coronary artery

disease and fluid overload induced myocardial ctiag.

2. Changes in myocardial environment (trigger)
Including fluctuations/imbalances in extracellulalectrolyte concentrations,

uraemia, anaemia, inflammation and autonomic intlzaa

6.4.2 Reducing risk of sudden cardiac death in ESRpatients

Ideally, reduction of sudden cardiac death in ESRlents should be achieved by
identification of individuals at high risk and ingphentation of therapy shown to
reduce cardiac events with randomised prospedtiaks.t Unfortunately, studies in

this area have provided limited data due to unasvegping, absence of sufficient
controls, or the retrospective nature of their giesi However, a number of

promising studies have identified therapeutic agé&mat may reduce VTA and SCD
in ESRD patients.

Beta adrenergic receptor blockers

In a small prospective study, Cici et al randomi$dd haemodialysis patients with

dilated cardiomyopathy to receive carvedilol or celso. Prevalence of
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cardiovascular death after 2 years was 29.3% incéimeedilol group compared to
67.9% in the placebo group. In addition, there vaasrend to reduced SCD
(carvedilol 3.4% vs placebo 10.6%) but did not eghistatistical significance due to
inadequate numbers (120). Further studies areiregfjio determine whethe
blockers similarly reduce SCD in ESRD patients wmbrmal LV function and

structure.

In post MI studies (CAPRICORN and COPERNICUS), @ats with mild to
moderate CKD also showed marked reduction in caedicular death when treated
with carvedilol compared to placebo suggesting thimickade of sympathetic

nervous system at early stages of CKD may provoteesbenefit (229;230).

Renin angiotensin system blockers

There are no studies to prospectively evaluate rtdle of ACE inhibitors or
angiotensin receptor blockers (ARBs) in ESRD pasienith SCD as a primary
outcome. In addition, no interventional studievéhdeen performed in ESRD
patients with reduced LV function. Small observa#l studies have demonstrated a
significant reduction in mortality, independentiddod pressure reduction in dialysis
patients treated with ACE inhibitors (231). Howevea prospective trial with
fosinopril found no difference in fatal and nonallatardiovascular events between
treatment and placebo group. A small prospectivdysof candersartan showed a
reduction in cardiac arrhythmias and cardiovasceNants in haemodialysis patients.
However, this result was not statistically sigrafi¢ due to small event numbers

(123;125).
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Nonetheless, ACEI/ARBs are attractive therapiesplérated, due to their multiple
effects demonstrated in non renal populations (ef#ects on neurohumoral
activation, vascular haemodynamics, myocardialitecture, vascular inflammation

and oxidative stress).

Aldosterone receptor blockers

In patients with severe symptomatic heart failsmranolactone has been shown to
significantly reduce cardiovascular death and SGIALES study) (232). In
addition, aldosterone may contribute to myocyteenypphy and fibrosis in ESRD
patients and earlier stages of CKD (233) and iatnactive target for intervention.
Most clinicians will not prescribe these agentsdtalysis patients due to risk of
hyperkalaemia. In a recent prospective study ohsplactone in 30 haemodialysis
patients, no patients developed seruf® K.0mmol/l and only two patients required
alteration in dialysate suggesting that this recsgph side effect can be
accommodated if necessary. Unfortunately this stddsnonstrated no effect on

LVMI measured by CMR after 9 months of spiranolaettherapy (234).

Implantable cardioverter defibrillators (ICD).

In patients with reduced LV ejection fraction, sedary prevention with ICD
insertion has been associated with reduced mortéd2). Studies which have
investigated beneficial effects of ICD in dialysmgatients have already been

discussed in Chapter 1.

In addition, some investigators believe that thevisal benefit afforded by primary

ICD insertion patients may be negated in patientth wignificant co-morbid
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conditions such as ESRD. For example, in a retcspe study of 585 patients
(235) who received ICDs, survival in dialysis patge was significantly reduced
compared to patients with normal renal functiongras, despite receiving dialysis

being a significant predictor of ICD discharge (ER0 95% CI 1.20-4.50).

In secondary prevention of VTA, data from the USRD&se demonstrated a
significant (42%) reduction in mortality in dialgspatients who receive ICDs (128).
Unfortunately, this study also reported that ontg 8f dialysis patients who met
criteria for ICD insertion as secondary preventmin SCD had a device fitted.
Underutilisation of ICDs may be due to recent d&jaorting higher complication
rates (bleeding, infection) in dialysis patientsl gmoblems when dialysis access and

insertion site are ipselateral (such as subclaveam stenosis and occlusion) (130).

Intervention in ESRD patients, particularly formary prevention of SCD, remains
controversial necessitating more studies. Simitarthe therapeutic approach of
patients with heart failure, intervention should dieected and intensified to well
characterised groups of ESRD patients that have meEntified as higher risk of

VTA and SCD.

6.4.3 ESRD patients at high risk of sudden cardiageath- role of MTWA

A large number of studies have demonstrated stnegative and positive predictive
power (similar to invasive electrophysiologicaltbeg) of MTWA test results for all
cause mortality in ischaemic and non-ischaemicicargopathy (105;106). Based
on these initial findings, MTWA was considered a®al method of identifying

those patients with reduced LV function (ejecticaction<30-35%) who would have
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survival benefit from primary ICD implantation. ©Dwmore recent prospective
studies (MASTER and TWA SCD-HeFT) have suggestetliged specificity and
sensitivity of MTWA for risk stratifying heart faite patients (109;110). These
studies used cardiac arrhythmia, ICD discharge wden cardiac death as a
composite end point compared to all cause or ceaadular mortality used in
previous studies. Further investigations are atliyeunderway to elucidate the
setting in which MTWA would be useful for prediagity TA in heart failure patients

and other patients at risk of SCD.

To this end, this study was performed in ESRD péieising MTWA testing to
assess the prevalence of and significant assatsatrdth an abnormal MTWA
result. CMR measurements were obtained in subjectssess relationship with

features of uraemic cardiomyopathy.

These data show that abnormal MTWA test resultscaremon (57.5%) in ESRD
patients and this prevalence is similar to previtwsrt failure studies (236).
However, the patients in our cohort had preservedfunction (ejection fraction

61.9£15.3%) suggesting that the aetiology of cardgiechythmias differs between
ESRD patients and patients with ischaemic and somaemic cardiomyopathy. On
comparison of these results with diabetics andthgalthletes, abnormal MTWA

result was more common in ESRD patients (111).

6.4.4 Comparison between ESRD and hypertensive LVH
Patients with hypertensive LVH and normal renalction were used as controls in

this study. Hypertensive LVH differs from uraemiagrdiomyopathy both in extent
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and pattern of sarcomere expansion and intersfibabsis (49;51). This control
group was used to provide an indication of the taaltal risk afforded by uraemic
cardiomyopathy and the abnormal myocardial enviremnn ESRD patients. These
data show that prevalence of abnormal MTWA was isaggmtly higher in ESRD
patients compared to hypertensive LVH patients iteespmilar LV size and function

between both groups.

An earlier study comparing MTWA results betweenigyas with hypertrophic
cardiomyopathy and hypertensive LVH patients foanghuch higher prevalence of
positive test result (31%) in LVH patients compatedata presented in this chapter.
However different MTWA exercise protocols (only H&p to 110 bpm were
performed) and older classification criteria (iretetinate tests were not reported)

were employed in this study (237).

Abnormal MTWA result has been associated with rapsédtion alternans, which is
defined as discordant and alternating action pi@tedtiration between neighbouring
cardiomyocytes. Biopsy proven cellular changes @yi® hypertrophy) and
arrangement (disarray) in conjunction with myocaldibrosis have been associated
with abnormal MTWA result and may contribute widpolarisation alternans (103).
Endomyocardial biopsies have demonstrated incrgasgocardial fibrosis and
more heterogeneous histology with worsening CKD).(50ne would expect with
higher inter-myocyte deposition of collagen (usy#ipe 1), and greater changes in
tissue arrangement, there would be greater fluchst in AP
depolarisation/repolarisation, leading to non- amf depolarisation and increasing

risk of abnormal MTWA result and SCD.
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However, there are some limitations in this congmari Prior to recruitment,
hypertensive patients were eligible for inclusiormséd on prior ECG or
echocardiographical evidence of LVH. UnfortunateBMR results showed that
only 18 (60%) of patients had LVH using previouslgfined cut offs for LVMI

(154). Furthermore there were no significant ddferes between myocardial
abnormalities of both groups since this study wawigred only to determine a
difference in MTWA result. On examination of thetalahowever, ESRD patients
had more extreme cardiac abnormalities (represehtedhigher LVMI, greater

variability in LV chamber size, and reduced ejetticaction) and a greater number

of cardiovascular risk factors compared to LVH pats.

6.4.5 Implications for an indeterminate MTWA test

The rate of indeterminate tests was high (35.5%l) ararge proportion (51%) of

these patients were unable to achieve adequatdd¥Btien reflecting poor exercise

tolerance of ESRD patients. A proportion of thpadients were able to attempt a
repeat test but this did not affect final MTWA risuPoor exercise tolerance in
ESRD patients has been demonstrated by other stadig is due to high levels of
co-morbidity including peripheral vascular diseagmbetic peripheral neuropathy
and pulmonary oedema (238). In heart failuregoas$i, pharmacological attempts to
elevate heart rate have been used, however etifppabval for this approach was not
obtained. Nonetheless, an indeterminate result beesn demonstrated as a
significant independent predictor of death (botthyhmic and non-arrhythmic) in

heart failure patients in a small prospective t(@27) and the relevance in ESRD

patients remains to be assessed.
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6.4.6 MTWA and uraemic cardiomyopathy

This study also demonstrates a strong associagbmelen the features of uraemic
cardiomyopathy (LVH, LVSD and LV dilatation) andraddmal MTWA result (table
6.3). In patients with other cardiomyopathies fsas dilated or hypertrophic),
abnormal MTWA result rate is high (between 65-788b6y it follows that non
uniform repolarisation is associated with atypioalocardial cytoarchitecture (e.g.
LVH, myocardial fibrosis) (105). Unfortunately, eluo the association between
gadolinium based contrast agents and nephrogestemic fibrosis (NSF), further

assessment of myocardial fibrosis could not beoperéd (239).

6.4.7 Factors associated with abnormal MTWA

ESRD patients with an abnormal test were significantigeo, which is similar to
findings of previous studies in patients with iseimc and non ischaemic
cardiomyopathy (225). Diabetic patients with ESR&¥ a significantly higher rate
of abnormal test resulind this most likely represents the additional, amuially
silent, cardiovascular morbidity that diabetics dd@ompared to non-diabetic ESRD
patients. In addition, presence of abnormal MTWsguiewas significantly higher in
ESRD patients with history of macrovascular athextwmus disease, namely
coronary, peripheral and cerebrovascular, whigkfiected in their medical therapy-
abnormal result was associated with greater sts@ge. Interestingly, there was no
difference in aspirin, beta adrenergic blocker &(E inhibitor or angiotensin
receptor blocker therapy between both groups stipgothe evidence that these
drugs may be under utilised in high cardiovascusd patients. To further identify
factors independently associated with abnormal testtivariate logistic regression

analysis was performed using abnormal MTWA resutha outcome variable. This
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confirmed older age, past clinical history of ma@scular diseases, and features of
uraemic cardiomyopathy (higher LVMI and presence lof dilatation) as
independent predictors of abnormal MTWA resulttetastingly, abnormal MTWA
was independently predicted by clinical historypafripheral and cerebrovascular
atheromatous disease. These results suggeshtthet absence of CMR evidence of
uraemic cardiomyopathy or ischaemic heart diseaserference of cardiomyocyte
repolarisation occurs in patients with previousolstr or lower limb vascular
insufficiency. It is likely that in these patientsardiac small vessel disease and

clinically silent myocardial ischaemia are present.

At this stage of the study, a trend toward redusedsival in the patients with

abnormal MTWA result was demonstrated (Figure 6.Bhese results are
unsurprising given that major predictors of CV teit ESRD patients include past
medical history of CV disease and myocardial stmadtchanges (Chapter 4). Given
that abnormal MTWA result was more common in pasienith established CV

disease, additional information for predicting SGBems unlikely. However, as
more data on patient outcome for this cohort becsoavailable, the predictive value

of MTWA for SCD in ESRD patients can hopefully h#ly established.

6.4.8 Limitations of current study

As before this study was limited by the recruitmentpatients undergoing pre-
transplant CV assessment. Furthermore, althougintrato patients had
echocardiographical or ECG evidence of LVH, only%6ad CMR proven LVH.

This study was powered to compare differences tv@TWA results only based
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on pilot data and previously published studies. aA®gsult there was a discrepancy

between the numbers of patients in each group.

6.5 CONCLUSIONS

In conclusion, this study demonstrates a strongcatson between the myocardial
abnormalities of uraemic cardiomyopathy and abnbiiBWVA result, implicating
abnormal ventricular repolarisation with high rigk SCD in ESRD patients.
Similarly, a history of macrovascular atheromatdisgase is significantly associated
with an abnormal MTWA result. The potential roleat MWTA may have to
independently predict development of cardiac ammy and SCD remains to be

assessed.
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Chapter 7

A study of 3P Magnetic resonance spectroscopy in uraemic and pgrtensive

cardiomyopathy
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7.1 INTRODUCTION

As discussed in Chapter 1, uraemic cardiomyopathy characterised by
abnormalities of myocardial structure, namely LMVN,SD and LV dilatation, which
are associated with elevated risk of CV morbiditygl anortality. In patients with
heart failure, abnormal cardiac structure is asdedi with alteration in
cardiomyocyte metabolism (147). Changes occur @tabolic substrate transport
and usage, oxidative phosphorylation, and highgnphosphate metabolism. The
latter is particularly important since reduced trea kinase activity results in
decreased free ATP concentration, reduced traw$fenergy (in the form of high
energy phosphate bonds) from cardiomyocyte mitodhanto myofibrils, and
elevation of cytoplasmic ADP concentration.*}P-MRS allows non-invasive
measurement of relative concentrations of phosgharantaining compounds
including ATP, PCr and 2, 3-DPG and thus the assessof high energy phosphate
(HEP) metabolism. Previously, only small studiesenédeen performed in ESRD
patients and patients with hypertensive LVH. Ildiidn, the relationships between
HEP metabolism and features of uraemic cardiomygpabave not been

investigated.

The aims of this study were to:
Compare HEP metabolism in a cohort of ESRD patiams hypertensive LVH
patients with normal renal function to determine #uditional detrimental effects of

uraemia.

Determine associations between uraemic cardiomiigatd HEP metabolism.
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7.2 METHODS

7.2.1 Patients

As before, ESRD patients were recruited from subjdeing assessed for renal
transplantation as discussed in Chapter 2. Intiaddi30 hypertensive patients with
ECG or echocardiographic evidence of LVH and normealal function (within 6
months of recruitment) were assessed (termed L\flémta). Each patient provided
cardiovascular history, examination, ECG, and blofmd biochemical and
haematological profile. Patients with contraintima to MRI (see Chapter 2) were
excluded. Since only the effect of uraemia wabdassessed, patients with past or
current history of ischaemic heart disease or hidltire were excluded from the

study.

7.2.2 CMR acquisition and analyses
CMR scans were acquired for assessment of LV masduenction and analysed as
described in Chapter 2. Patients were classifedaving LVH, LVSD or LV

dilatation based on previously described normalesl

7.2.3 3P MRS acquisition

Resting®'P MRS was performed in all patients as describe@hapter 2. Care was
taken to ensure spectra were acquired from areasiffrm LV contraction (ie not
from regions of poor wall motion). Areas under theve for 2,3-DPG, PCr, arid
ATP were measured, and a blood corrected B&TP ratio (PCr: ATP) calculated

(156).
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7.2.4 Statistical analyses

Statistical analyses were performed using SPSSovetss.0 (SPSS Inc. lllinaois,
USA). Data are described as meant standard deviafdmta were compared by chi
squared or Fisher’s test for categorical data aaide@ t-test for continuous data.
Correlations between PCr. ATP and cardiac measursmeere evaluated by

Pearson’s and Spearman’s correlation coefficiemipgsopriate.

Twenty anonymised spectra were used for reprodiyilstudies. Intra-observer
variability of PCr. ATP was determined by a singleserver (RKP) assessing each
scan twice (at least 7 days apart) followed byudaton of the differences between
each scan. Inter-observer variability was deteechiby two independent observers
(RKP and T Steedman, Clinical Research InitiatN#estern Infirmary, Glasgow)
analysing the same scans. The level of differéocBCr: ATP was measured for all
scans and the consistency of ratios assessed tisengntra-class correlation

coefficient (ICC)

7.3 RESULTS

7.3.1 Patient demographics

Clinical, drug and blood data for ESRD (n=53) andH_(n=30) patients are shown
in Table 7.1. Despite excluding patients with syonpatic ischaemic heart disease,
there was higher burden of CV disease in ESRD cosdpto LVH patients; there

was a higher number of ESRD patients with a pastofy of diabetes mellitus,

peripheral and cerebrovascular disease, dyslipidaeand current or previous

history of smoking compared to patients with LVIRurthermore, use of aspirify,
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blockers, statins and calcium channel blockers mwaie common in ESRD patients.
Diastolic blood pressure was higher in LVH patieatsnpared to ESRD patients
probably reflecting wider pulse pressure and inmedavascular stiffness in ESRD.
There were no significant differences in age, sgstolic blood pressure and use of
warfarin or diuretic therapy between both patiendugs. Comparison of blood
results between ESRD and a population with normadlrfunction was as expected
(in ESRD patients haemoglobin was lower, inflammatmarkers were elevated,
biochemical features of secondary hyperparathysmdivere present and serum
potassium was higher.) Glucose was also highéhenESRD compared to LVH
patients due to the higher proportion of diabetatignts in this cohort. Serum
cholesterol was significantly higher in the LVH gpm however the use of statins
was lower in these patients compared to ESRD stshjeBrain natriuretic peptide
levels were significantly higher in the ESRD grocmmpared to the LVH group,
most likely due to chronic fluid overload, myocaiddysfunction and subsequent

elevated ventricular wall tension.

7.3.2 Cardiac data

Table 7.2 shows CMR results for ESRD and LVH pasen There were no
significant differences in LV systolic function (wh was preserved), LV mass or
chamber size. Despite echocardiography or ECGeaerl of LVH, only 18 (60%)

of hypertensive patients had LVH on CMR assessmbated on previously
published values. LV systolic dysfunction and @iteon were more common in the
ESRD group compared to the LVH group, however, LMB® not reach statistical

significance due to small sample size.
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7.3.3 Reproducibility of measurement of cardiac®P magnetic resonance
spectroscopy

To assess reproducibility, twenty anonymised spewire re-analysed. The intra-
observer variability of measurements of PCr: AT§sessed by absolute difference
of ratios was 0.17+0.24, and there was no sigmfieabetween analyses (p=0.78).
The inter-observer variation was determined by canng mean corrected PCr: ATP
for all scans measured by each observer: RKP= 0.28+TS= 1.21+0.41; p=0.56.

Intra-class correlation coefficient was 0.89.

7.3.4 Comparison of’P-MRS results

Table 7.2 shows comparison BP-MRS results between ESRD and LVH patients.
There were no significant differences between BCATP and 2,3- DPG values.
However, mean PCr. ATP ratios (uncorrected and ected for blood
contamination) were significantly lower in ESRD ipats compared to LVH patients
(corrected PCr: ATP ESRD 1.3+0.5 vs. LVH 1.6£0.D®07, Figure 7.1). In the
ESRD group, there was no significant differenceMeen diabetic and non diabetic
patients (PCr: ATP diabetic 1.4+0.7 vs non diab€ti8+0.4; p=0.66, data not
shown). Only 18 (60%) of hypertensive patientshwechocardiographic/ECG
evidence of LVH met CMR criteria for LVH. PCr: ATWas significantly lower in
ESRD patients compared to hypertensive patienth WiMR evidence of LVH

(ESRD n=53 corrected PCr: ATP 1.3+0.5 vs. LVH onKEE16 :1.7£0.3 p=0.03)

7.3.5 PCr: ATP and uraemic cardiomyopathy
In the ESRD group, PCr: ATP was significantly lowerpatients with LV systolic

dysfunction (no LVSD 2.0+0.5 vs LVSD 1.2+0.2; p=B)@nd LV dilatation (no LV
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dilatation 1.79+£0.4 vs LV dilatation 0.98+0.8; pé0). LVH was not associated

with significant difference in PCr: ATP.

7.3.6 Correlations of PCr: ATP in ESRD patients

There was a weak but significant correlation betweerrected PCr: ATP and LV
ejection fraction (Pearson’s R= 0.31; p=0.03). B&#rected end systolic volume
was negatively correlated with corrected PCr: APRgrson’s R= -0.27, p= 0.06),
but this did not reach statistical significance [{[Ea7.3). There were no other
significant correlations between PCr: ATP and chihi blood and cardiac data

(including, LVMI, haemoglobin and bone biochemigtry

7.3.7 Determinants of PCr: ATP in ESRD patients

Multivariable linear regression analysis was pemed to create the most robust
predictive model for PCr: ATP (Table 7.3). Factoomsidered in the model were
those identified as significant (or close) corretatvith PCr: ATP. Using backward
stepwise regression, the most significant modejh@st R=0.27) demonstrated LV
ejection fraction as the only significant varialhat was independently associated

with PCr: ATP.
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Variable ESRD LVH Only p
N=53 N=30
Age (years) 54.7(x12.6) 54.6 (+10.6) 0.98
Male (%) 33(63.3 24 (80.0 0.0¢
BMI (kg/m?) 26.2(15.2) 27.1(£3.6) 0.41
Systolic BP (mmHg) 142 (+23) 139 (+17) 0.53
Diastolic BP (mmHg) 81 (£14) 87 (19) 0.03
RRT HD 37 (69.8) -
PD 0 -
CKD5 16(30.2) -
RRT Time(years) 1.26 (1.9) -
Primary Renal Diseas
Diabetic Nephropathy 22 (41.5) -
APCKD 5(9.4) -
Glomerulonephritis 6(11.3) -
Renovascular Disease 4(7.5) -
Chronic Pyelonephritis 5(9.4; -
Other/Uknown 11(20.8) -
Diabetes mellitus 14 (26.4) 0 <0.01
Hypertension 39 (73.6) 30 (100) 0.08
Cerebrovascular disease 11 (20.8) 1(3.3)
Peripheral vascular disease 12 (14.5) 0
Dyslipidaemia 25 (47.1 9(30) <0.01
Smoking Never 22 (41.5) 19 (63.3) 0.06
Current 17 (32.1) 3(10)
Ex 14 (26.4) 8 (26.7)
Epo receptor Agonist 46(86.8) 0
B Adrenoceptor Blocker 25 (47.2) 10 (33.3) <0.01
Aspirin 35 (66.0) 3 (10) <0.01
Warfarin 3(5.7) 0 0.63
Clopidogrel 3(5.7 0
ACEI/ARB 30 (56.6) 12 (40.0) 0.08
Diuretic 13(24.5) 6 (20.0) 0.11
Nitrate 0 8(26.7
Calcium Channel Blocker 26 (49.1) 8(26.7) 0.02
a Adrenoceptor Blocker 6 (11.3 133
Statin 30 (56.6) 9(30.0) 0.03
Haemoglobin (g/dL) 11.8(x2.2) 14.8(x1.4) <0.01
Fibrinogen (g/L) 4.1(+1.0) 3.2(x0.5) <0.01
ESR (mm/s) 29 (14, 56) 8(2, 10) <0.01
CRP (mg/L) 5.0(3.3, 13.¢ 1.1 (0.7,4.3 <0.C1
Adjusted C&**(mmol/L) 2.33(x0.2) 241 (+0.1) <0.01
PO, (mmol/L) 1.52(10.4) 1.05(+0.1) <0.01
PTH (pmol/L) 19.3(11.6, 45.: 5.6(4.6, 7.5 <0.01
Glucose (mmoall) 9.1(£1.8) 5.2(13.3) <0.01
HbAlc (%) 6.9(£2.8) 5.4(0.9) 0.02
Potassium (mmol/L) 4.8(+0.3] 4.1(z0.3) <0.C1
BNP (ng/L) 228(134, 557) 27 (13, 43) <0.01
Cholesterol (mmol/L) 4.3(x1.2) 5.4(+1.2) <0.01
Triglyceride (mmol/L) 1.9(£0.8 2.0(£1.1) 0.6¢
HDL- Chol (mmol/L) 1.2(+0.6) 1.4(0.4) 0.14
LDL - Chol (mmol/L) 2.4(x0.4) 2.8(0.8) 0.21

Table 7.1 Comparisons of clinical and blood resultbetween ESRD and LVH

patients.

Data are number with percentage in parenthesesraah + standard deviation
except for ESR, CRP, PTH and BNP where median m@edquartiles are shown.



Variable ESRD LVH Only P
N=53 N=30

Ejection Fraction (%) 66.4(x12.4) 65.5(x11.2) 0.75
Myocardial mass/BSA 87.5(x30.4) 82.4(x32.6) 0.48
EDV/BSA (ml/ m?) 63.8(x24.9) 65.7(x14.1) 0.70
ESV/BSA (ml/ nt) 22.4(+15.8) 23.2(¥12.1) 0.81
LVH on MRI 33(62.2) 18 (60) 0.72
LVSD on MRI (EF<55%) 8(22.9) 1(3.3) 0.07
LV dilatation 22 (41.5) 1(3.3) <0.01
PCr 7.7(£3.8) 8.3(£3.6) 0.48
B-ATP 6.5(£3.1) 5.3(x2.6) 0.10
2,3-DPG 1.1(x0.8) 1.2(x0.9) 0.55
Uncorrected PCr: BATP 1.9(0.8) 2.4(x0.7) <0.01
Corrected PCr: BATP 1.3(x0.5) 1.6(x0.4) <0.01

Table 7.2 Comparisons of cardiac and 31P MRS resugltbetween ESRD and

LVH patients.

Data are number with percentage in parenthesemaad + standard deviation.
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2.5 p=0.007

Corrected PCr :ATP ratio

ESRD LVH
Patient Group

Figure 7.1  Bar chart showing mean (z standard devi#on) of corrected PCr:

ATP for ESRD (n=53) and LVH patients (n=30)
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p  95%Cl

Constant
0.35 027 -0.280.9¢
r p B B p
LV Ejection fraction (per %) 0.31 0.03 | 0.10 0.27 0.04 0.21-0.42
ESV/BSA (per ml/m?) -0.27  0.0¢
LDL - Cholesterol(per mmol/l) 0.3t 0.2C
Serum Cholesterol (per mmol/l) 0.30 0.24
ESR (per mm/s 0.5¢ 0.07
Male Sex -0.17% 0.22
BMI (per kg/m?) -0.08  0.7¢
Haemodialysis (ref predialysis) 0.08 0.54
Systolic Blood Pressure (per mmH¢ 0.0¢ 0.6€
Diastolic Blood Pressure (per mmHc 0.1¢€ 0.25
Haemoglobin (per g/dL) 0.15 0.56
Fibrinogen (per g/L) -0.36 0.20
CRP (per mg/L) 0.0z 0.94
Serum Calcium (per mmol/l, 0.21 0.8¢
Serum Phosphate (per mmol/l) -0.43 0.86
Ca x PO4 Product(per mmof/I?) -0.12 093
Parathyroid Hormone (per pmol/l) -0.0¢ 0.6€
Glucose (per mmol/l -0.21 0.17
Serum Potassium (per mmol/l) -0.05 0.74
Triglyceride (per mmom/l) 0.25 0.11
HDL- Cholesterol(per mmol/l) 0.0¢ 0.5t
BNP (ng/L) -0.3: 0.1:
LVMI (per g/m ?) -0.96 0.34
EDV/BSA (per ml/m?) -0.06  0.5€
Diabetes Mellitus 0.0¢ 0.81
Cerebrovascular Diseast -0.0¢ 0.7¢4
Peripheral vascular disease -0.03 0.82
Smoker 0.0¢ 0.7¢
B Blocker 0.0¢ 0.5¢
Aspirin -0.05 0.72
Erythropoietin -0.27 0.16
ACE Inhibitor/ARB 0.1t 0.21
Calcium Channel Antagonis 0.1¢ 0.1¢
Statin -0.13 0.33

Table 7.3 Correlation between PCr:ATP and clinical,blood and cardiac

parameter (left) and multivariate linear regression (right) entering only

significant correlates into the (backward stepwisejnodel (adjusted R=0.27).
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7.4  DISCUSSION

3phosphorus magnetic resonance spectroscopy hasubedin vivo to study LV
high energy phosphate (HEP) metabolism in humanthé®45;146). As stated in
Chapter 1, inherited and acquired cardiomyopathresnot only associated with
abnormal cardiac structure but also reduced PCP AiTareas of apparently normal
LV contraction. These results suggest that althceghocardiography or CMR may
demonstrate “normal” myocardial contraction, biconeal abnormalities are present
which may precede development of systolic dysfumctby reducing metabolic
activity and/or efficiency (147). The clinical esfance of HEP metabolism has been
demonstrated in heart failure patients, where redusyocardial PCr: ATP has been
significantly associated with lower LVEF and NYHAymsptom severity.
Furthermore, in dilated cardiomyopathy patientsydo PCr: ATP is significantly
associated with reduced survival and is a bettediptor of survival than LVEF or

NYHA class (144).

As shown in Chapter 4, features of uraemic cardmpaghy are associated with
poorer survival and are independent predictorsdekese CV outcome. In ESRD
patients, presence of wall motion abnormalitiesrare at rest (240), indicating that
global, uniform LV “disease” is a more common cawereduced LV ejection

fraction.

In this current study, HEP metabolism was investidain a cohort of ESRD
patients. Patients with known ischaemic heartatisevere excluded to assess the

effect of uraemia and small vessel ischaemia (T&8d& Acquisition voxels were
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placed on visibly functioning myocardium to enstimat PCr: ATP was measured
from viable cardiac tissue and not scar/fibrotsstie. As a control group, patients
with LVH due to hypertension were assessed to altbes effect of additional

abnormalities (LVSD and LV dilatation) and uraemtabe determined in ESRD

patients.

7.4.1 Reduced PCr:ATP in uraemic cardiomyopathy

The biochemical changes that accompany reducedAPErare not completely

understood and derived mostly from animal studielsowered PCr:ATP indicates

that in the resting state there are reduced my@dagdergy reserves and in animal
models for cardiac hypertrophy (e.g. spontaneohgpertensive rat) a reduction in
PCr:ATP has been demonstrated (241;242). Incelimnd experimental models of
cardiac failure, reduced PCr:ATP ratio have beenbated to reduced levels of
creatine kinase activity. However, in animal medef uraemic cardiomyopathy
changes in creatine kinase activity (243) and gypsmic creatine concentration

have not been convincingly demonstrated (244).

Impaired ATP synthesis (e.g. from oxidative phosglation) or increased
utilisation (excitation- contraction coupling) magduce PCr by the buffering
creatine kinase system. Furthermore, the subsegleration in free cyptoplasmic
ADP may affect cardiac function adversely, sincghhADP concentration inhibit
myosin ATPase activity thus exacerbating contractdysfunction.  These
experimental finding are consistent with the resoltthis study. In ESRD patients,

not only were features of uraemic cardiomyopath{/§D and LV dilatation),
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significantly associated with reduced PCr:ATP réiud LV ejection fraction was the

only variable that was independently associated REr:ATP measurements.

7.4.2 Comparison of PCr: ATP result

The values obtained for ESRD and LVH patients aragarable to previous studies
(149;245). These results show that despite sirhNamass, function and chamber
size, PCr: ATP ratios were significantly lower i$ED patients compared to LVH
patients. As one would expect, there were sigamfily more ESRD patients with
LVSD and LV dilatation using established criter@nly 60% of hypertensive
patients with LVH on echocardiography had evidemeeCMR, highlighting greater
accuracy of LV mass measurement using CMR. PCr:/fgfiB was similarly lower
in ESRD patients compared to hypertensive patwiits LVH on CMR. Consistent
with a previous smaller study which compared HERalmaism between diabetic
and non diabetic uraemic patients (149), there neasignificant difference in PCr:

ATP between diabetic and non diabetic ESRD patients

The differences between PCr:ATP in ESRD and LVHepé$ are most likely due to
alteration of:
» Composition of myocardial interstitial tissue

» Cardiomyocte metabolic function.
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7.4.3 Alteration in intercellular composition- myoardial fibrosis.

Left ventricular hypertrophy is characterised byamtpes in tissue architecture
including myocardial fibrosis and expansion of saanere volume and density. In
patients with systemic hypertension and ESRD, migbabfibrosis is a consequence
of accumulation of collagen, mostly type 1 fibresthin the cardiac interstitium, and
around the intermyocyte arterial tree. This acdatmn is due to a combination of
excessive collagen production by fibroblasts accamgd with reduced or unstable

degradation of older fibres by extracellular megatbteinases (50; 51).

Initially in patients with hypertension and CKDctars such as pressure overload,
oxidative stress, inflammation and production ob-pfibrotic cytokines (namely
TGFJ and cardiotrophin-1) stimulate collagen fibre probn. Both in vitro and in
vivo studies using the spontaneously hypertensivéSHR), have demonstrated that
chronic pressure overload stimulates procollagenegexpression and collagen
protein synthesis resulting in deposition of caflagfibres within the cardiac
interstitium (51). Post-mortem and endomyocarbiapsy studies of hypertensive
and ESRD patients have demonstrated similar pattefn collagen deposition
reflecting lines of excessive wall stress and aasing collagen density proportional
to wall thickness (246;247). Angiotensin Il is @tgnt stimulator of cardiac fibrosis
in humans with hypertension via stimulation of #regiotensin Il receptor- 1 and is
facilitated by locally produced factors produceddaydiomyocytes (e.g. ostepontin,
endothelin-1). Studies assessing regression aisi® using ACE inhibitors or All
receptor blockers have demonstrated some improvemepatients with no renal

impairment but little effect in ESRD individuals4@;249).
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Myocardial fibrosis is also stimulated by othertéas in advanced stages of renal
disease. Parathyroid hormone stimulates rat cafdieoblast proliferation in vitro.
In 5/6 nephrectomised rats (acting as an animalemaiduraemic cardiomyopathy),
interstitial fibroblasts express higher levels obleration markers (eg proliferating
cell nuclear antigen), platelet derived growth dactintegrin 1 and laminin

compared to experimental models of genetic hypsiven(61;250).

In patients with hypertensive heart disease, thgrese of myocardial fibrosis has
previously been assessed using endomyocardial ypidd&®l with gadolinium
enhancement, and serum markers for collagen tygpepbsition (251). In patients
with advancing stages of CKD, the degree of LVH andicators of diastolic
dysfunction increase at a similar rate and this bayue, in part, to higher levels of
myocardial fibrosis. Patients with worsening degref CKD have consistently
demonstrated higher levels of inter-myocyte fibsg@52). Furthermore, in patients
with dilated cardiomyopathy, dialysed patients hbgen shown to have more severe
and disorganised myocardial fibrosis on endomyaabhidopsies compared to their
non dialysed counterparts (253). Taken togetingerstitial cardiac fibrosis is likely

to contribute to CMR and echocardiographical feegwof uraemic cardiomyopathy.

Thus it is likely that a greater degree of interamyte fibrosis within the tissue of
interest is a significant contributing factor toduveed PCr:ATP ratio in ESRD
patients compared to LVH ones. Reduction of meastiEP metabolism may be a
consequence of:

Impeded nutrient/metabolic substrate (e.g. glucaseigen) transfer to cardiac

myocytes as a result of intervening collagen.
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* Reduced cardiomyocyte volume per acquisition vaket to presence of fibrosis

which may not interfere with macroscopic contragtiissue.

7.4.4 Alteration of cardiomyocyte function
Several animal model and clinical studies have dwtnated abnormalities of

cardiomyocyte metabolism in uraemia.

7.4.4a Abnormal cyptoplasmic calcium cycling withincardiomyocytes.

Since intracellular Ca plays a central role in excitation-contraction daup of
cardiomyocytes, alterations of intracellular hanglimay contribute to contractile
failure. In experimental rat models of uraemic @amdyopathy (5/6 nephrectomy),
elevating extracellular perfusing €alid not have an effect on uraemic hearts (n=8)
compared to the positively inotropic response odnshoperated controls (n=8),
despite similar changes in heart rate (244). Thas also associated with a reduced
PCr:ATP in the uraemic cardiomyopathy group comgpdoecontrols. The authors
concluded that disordered myocardial calcium usage contribute to cardiac
metabolic derangements.  Furthermore, the same pgnoerformed isolated
ventricular myocyte studies from similar rat groupdJsing steady state field
stimulation to investigate intracellular €aconcentration changes during cell
contraction, significant slowing of return to diglit intracellular C&" levels
compared to controls was demonstrated in myocyi@® furaemic hearts (254).
This effect has been abolished by inhibiting thé/Q&* exchanger suggesting that
membrane bound transporters play a pivotal roledntrolling intracellular C&

concentrations and relaxation during diastole imayyes from uraemic hearts (255).
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Similarly, in an isolated rat cardiac myocyte sgstiavestigating Ca cycling and
contractile function, treatment of these cells withemic patient sera (h=6) resulted
in prolongation of cell relaxation and calcium negdd recovery compared to sera
from healthy controls (256). Thus, uraemia is aisged with abnormal G4 cycling
which may significantly affect excitation coupliramd relaxation of cardiac tissue

and utilisation of ATP during the cardiac cycle.

7.4.4b Microvascular disease and myocardial ischaea

Development of cardiac hypertrophy is commonly tlmean adaptive response to
pressure and volume overload. However, a mismatchnergy demand (from
hypertrophied myocytes) and supply (due to inadeguangiogenesis) may

contribute to the development of cardiac failurgqR

Myocardial ATP production is primarily achieved byidative phosphorylation and
the creatine kinase reaction acts as a cardia@gnmiffer/reserve providing ATP
rapidly to the sites of need. Cardiomyocyte ATBduiction is directly related to
myocardial oxygen consumption, and any reductiooxiygen supply has a profound
effect on cardiac energetics and the PCr:ATP ration.this study, there was no
significant difference in cardiac parameters betwB&RD and LVH groups even
when patients with symptomatic CAD were excludé&dirthermore, care was taken
not to acquire spectra from areas of obvious walliom abnormality. Nonetheless,
it is likely that microvascular disease due to emghte angiogenesis, myocardial
ischaemia and subsequent reduction of mitochondxidative phosphorylation may

be an important cause of reduced PCr:ATP raticaemic hearts. As stated before,
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silent myocardial ischaemia is common in ESRD pasie@nd often associated with

CMR features of LVSD (139).

The cause of inadequate angiogenesis in ESRD idu®to hypertension alone and
appears to be specific to the heart. In 5/6 nepbn@sed rats, the density of cardiac
capillaries is less than sham operated controlste@&GHR model for hypertension
(258). Similarly studies have shown lower cardtapillary density in uraemic
patients compared to subjects with LVH due to htgresion and healthy controls
(257). However, this inadequate angiogenesis wagoumd in other muscles (e.qg.
psoas). The cause of this uraemia specific effeabt clear but may be related to
centrally acting sympathetic stimulation and logaérived endothelial factors since
in experimental models, cardiac capillary densauyld be improved by monoxidine
and endothelin receptor blockers (49;257;259). eskheffects could not be

reproduced with calcium channel blocking agent8©E inhibitors.

Other alterations of cardiac metabolism occur dutow oxygen supply. Changes
in metabolic substrate usage of cardiomyocytes fiaity acids to glucose have been
described in hypoxic conditions. Interestinglypexmental rat models of uraemic
cardiomyopathy have demonstrated reduction in esggwa of membrane glucose
transporter, Glut 4, possibly further hindering siuhte availability for oxidative

phosphorylation (49).
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7.4.5 Limitations of current studies

This small study was limited by noisy signal durifiRS acquisition. This was
minimised by ensuring the magnetic field was homaggl completely. As before,
only 60% of patients labelled as “LVH” had eviderme CMR. However this did
not alter the findings that cardiac energy metaolivas lower in ESRD patients
and patients with LVH when CMR confirmed cases wemapared. An interesting
additional control group would have been healthgivilduals, however ethical

approval was not obtained for this part of the gtud

7.5 CONCLUSIONS

This study shows that despite similar myocardiabsn&SRD patients have lower
HEP metabolism compared to LVH patients. This inayue to greater myocardial
fibrosis or altered myocyte metabolic function ISED patients. Lower PCBATP

ratio is associated with features of uraemic cangiapathy
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Chapter 8

A study of changes in left ventricular mass after €nal transplantation
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8.1 INTRODUCTION

As discussed in Chapter 1, left ventricular hymgrty (LVH) is the most common
myocardial abnormality in patients with ESRD, a @oment of uraemic

cardiomyopathy, and an independent risk factor dodden cardiac death, heart
failure, and cardiac arrhythmias in the general utepon and dialysis patients
(1;205). Furthermore, successful renal transpteomgRT) is associated with lower
cardiovascular morbidity and mortality comparedp@tients who remain on the
transplant waiting list (201;202) and has been @&ased with significant

echocardiographic regression of LVH (260;261).

The inaccuracies of echocardiographic estimatiolefofventricular mass (LV mass)
in patients with ESRD, as previously discussed,dare to geometric assumptions
made during calculation of LV mass and limited wissation of chamber borders.
To this end, cardiac magnetic resonance (CMR) intabas been used to provide a
more detailed, volume independent, measuremerdrdiac structure in this patient

population.

The aim of this study was to compare changes irsttMcture and function between

patients who undergo RT and those who remain ontridmesplant waiting list

receiving maintenance haemodialysis (HD).
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8.2 METHODS

8.2.1 Patients

The subjects from this study were obtained fromamgdr project investigating
outcomes in patients undergoing cardiovascularsagsent for renal transplantation.
Patients were recruited from the renal transplasessment clinic from the Western
Infirmary as described in Chapter 2. This studyuited 25 patients accepted onto
the transplant waiting list who were later sucaglbgtransplanted (defined as serum
creatinine <150 pmol/litre at the time of secondnsting), and another 25 patients

accepted for transplantation, who remained on thiéinvg list.

8.2.2 CMR acquisition

Initial CMR scans were acquired as part of assesspofelV function and analysed
as previously described. Patients were invitedrémpeat CMR scan as part of the
study. Definitions of LVH, LVSD and LV dilatation have bme presented in

Chapter 2.

8.2.3 Data collection
Mean haemoglobin and blood pressures were calculadt®m monthly
measurements 3 months before and after CMR scanridlgod pressure

measurements taken immediately before the stdma@iodialysis were recorded.

8.2.8 Statistical analyses
Statistical analyses were performed using SPSSovets.0 (SPSS Inc. lllinois,

USA). Data are expressed as mean + standard mev@t median and interquartile
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range. Comparisons were made between those matdrd received a transplant
and those who remained on the waiting list by sttidd test (for normal data) or
Mann-Whitney U test (for non-normal data). TimdveEen scans for both groups
was calculated from the difference between date€EMRs. Due to inter-patient
variation in time between CMR scans, changes wepeessed as percentage change

per year (%l/y).

8.3 RESULTS

8.3.1 Patient demographics

Fifty patients were studied. The mean time betwthenCMR studies was 2.8+1.1
years for those patients who were transplanted?ahd1.2years for those remaining
on the waiting list. No patients had cardiac esemyocardial infarction, acute

coronary syndrome, cardiac arrhythmias) betweenssca

The demographic data are presented in Table 8His dhows that patients who
received a transplant were younger at the timérstf$can (45.9+ 14.4 years vs 52.7
+ 10.4 years; p=0.06) compared to those who rerdanehe transplant waiting list.

However, there was no significant difference in thenber of patients who were
male, who had diabetes mellitus, a past historyischaemic heart disease,
hypertension, heart failure, or in the smoking ustatalthough there was a trend
towards non-smokers in the transplanted groupj.thé&time of first scan, there was
no significant difference in duration on renal se@ment therapy between both
groups (not transplanted 2.3+2.6 years vs. tranggiia3.0£3.0years; p=0.47). The

distribution of cardio active drugs was not sigrafitly different between the groups.

270



The only noted change was that one patient was rgthrepoietin following
transplantation, compared to 80% of those who rneethion the waiting list. All
transplant recipients were receiving low dose nesiance glucocorticoid therapy, a
purine synthesis inhibitor, and a calcineurin imioib as part of their

Immunosuppressive regimen.

Systolic blood pressure was higher after transpteont and during transplant
assessment (performed on a non-dialysis day). Memvéhere was no significant
difference in systolic or diastolic blood presshetween those transplanted or those
remaining on the waiting list; nor was there a g®nn the number of anti-
hypertensive agents taken. Haemoglobin was waelirctbed on dialysis, and there

was no significant difference between groups dftrsplantation.

8.3.2 Cardiac structure and function

Table 8.2 shows cardiac measurements for both CM&hss There was no
difference in any of the cardiac parameters meds{irable 8.2) — ejection fraction,
left ventricular mass index (Figure 8.1), BSA cotesl end-diastolic and end-

systolic volumes before transplantation or on feHap scans.

There was a small reduction in left ventricular snasdex (-3.6% per annum) in
dialysis patients and a small increase associatéd tvansplantation (+2.8% per
annum). However, none of the measured cardiacngeas achieved statistical
significance (Figure 8.1). The proportion of patge with left ventricular

hypertrophy was 68% in both groups and did not ghasignificantly on follow-up.
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Not Transplanted Transplanted p
N=25 N=25
Age 52.7 (£10.4) 45.9(x14.4) 0.06
Male 15 (62.5) 20 (80) 0.18
Diabetes Mellitus 4 (16) 5(20) 0.11
Past history IHD 6 (24) 4(16) 0.48
Hypertension 24 (96) 22(88) 0.29
Heart Failure 3(12) 1(4) 0.29
Smoking status
Never 8 (32) 16(64)
Yes 11 (44) 6(24) 0.08
Ex 6(24) 3(12)
Number on haemodialysis 12(48) 10 (44) 0.41
Time on RRT prior to CMR1(y) 2.31(x2.6) 3.01(x3.0) 0.47
Drug History
ESA CMR 1 20(80) 18(72) 0.51
CMR 2 20 (80) 1(4) <0.01
Beta Blocker CMR1 8(32) 11(44) 0.38
CMR2 19(76) 15(60)
Aspirin CMR1 6(24) 9(36) 0.36
CMR2 10 (40) 9(36) 0.77
ACE-I/AIIRA CMR1 7 (28) 6(26) 0.75
CMR2 8(32) 9(36) 0.77
Calcium channel CMR1 2 (8) 7 (28) 0.06
antagonist CMR2 4 (16) 6(24) 0.48
Other clinical data
Mean SBP CMR1 139 (£17.2) 135(+£20.1) 0.40
CMR2 145 (£20.5) 147(+17.4) 0.31
Mean DBP CMR1 81 (+12.3) 78(£11.5) 041
CMR2 77 (£13.2) 81(x13.1) 0.35
Mean BMI (kg/m?) CMR1 26.4(+4.0) 26.1(5.2) 0.79
CMR2 26.8 (x4.1) 27.0(£5.7) 0.92
Mean Hb (g/dL) CMR1 12.1 (+1.8) 11.9(x£1.9) 0.61
CMR2 13.0(x7.0) 12.8 (#2.3) 0.89
Mean Haematocrit CMR1 0.38(+0.05) 0.37(x0.06) 0.22
CMR2 0.37(0.05) 0.39(+0.06) 0.26

Table 8.1

CMR1= first CMR; CMR2= second CMR. Data are numhath percentage in

parentheses or mean + standard deviation

Comparison of demographic, clinical and mig data for patients.
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Not Transplanted Transplanted p

N=25 N=25
Mean Time between CMRs (y)  2.4(x1.1) 2.8 (£1.2) ai
Mean Time Transplant to 1.8 (x0.9)
CMR2 (y)
Ejection Fraction% CMR1 64.2 £12.2 66.311.5 0.5€
CMR2  64.7 (£11.5) 67.1(x12.2) 0.52
LVMI (g/m ?) CMR1  90.5(75.1,113.5) 94.7(77.2,108.7) 0.96
CMR2  87.4(69.3,112.1) 99.1(79.1,119.9) 0.27
EDV/BSA (ml/ m?) CMR1  74.6(x31.4) 69.3(+18.9) 0.51
CMR2  59.2 (+18.9) 62.3 (+18.6) 0.59
ESV/BSA (ml/ m?) CMR1  28.8 #23.3 24.:4(+20.6 0.5t
CMR2  21.9(x17.4) 25.4(£20.7) 0.51
% change ejection fraction/year + 2.1 (£11.9) - 0.45.3) 0.34
% change LVMl/year -3.6 (£16.7) +2.8(9.1) 0.10
% change EDV/yeal -3.4 (315 +0.1(x19.5 0.64
% change ESV/year + 3.0 (¥55.5) +15.2 (£65.2) 0.48
LVH CMR1 17 (68) 17 (68) 1.00
CMR2 15 (60) 19 (76) 0.23
LVSD CMR1 5 (20) 3(12)
CMR2  2(8) 2 (8)
LV dilatation CMR1 5(20) 4 (16)
CMR2 1(@4) 0

Table 8.2 Comparisons of cardiac MRI results for baeline (CMR1) and
second scan (CMR2).
Data are mean = standard deviation in parentheszEpefor LVMI on MRI where

median and interquartile range is shown
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Mean change ejection fraction per year
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no yes

Transplant
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20.00=
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-20.00=

Percentage change LVMI per year

-40.00 I .
no yes

Transplant

Figure 8.1  Bar graphs demonstrating (a) mean perceage change of ejection
fraction per year (with 95% confidence intervals; p=0.34). (b) mean percentage

change of LVMI per year (with 95% CI; p=0.10)
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8.4  DISCUSSION

The incidence of patients commencing renal replacgrinerapy is increasing (262).
Renal transplantation remains the treatment ofoghfwr patients with ESRD due to
improved morbidity and significant increase in liéxpectancy. This has been

shown in a number of studies:

In a longitudinal study comparing survival betweteansplanted and wait-listed

patients between 1991 and 1997, Wolfe et al dermatesit an increased risk of death
in the immediate 2 weeks following transplantat{®R 2.88). However, there was

a significant reduction in mortality after 18 mositftRR 0.32, 95% CI 0.30-0.35,

p<0.01) in transplant recipients compared to p&i¢hat remained on the renal
transplant waiting list (201).

A study conducted in Scotland, assessed survivéitshrenal transplant recipients

and demonstrated a long term reduction in theafsleath after 18 months (RR 0.18
95% CI 0.08-0.82) compared to patients on dialyBrejected life expectancy for

transplant recipients was significantly higher (B7years transplant vs. 5.88 years

on dialysis) (263).

Improved survival is believed to be due to a numloérfactors including
improvements in immunosuppression, organ procurgmastient selection and
preparation, and surgical techniques. Howeverdigaascular death is very
common in patients with functioning renal transpdarand although renal
transplantation confers a favourable cardiovascsilayvival benefit this is still 50-

fold higher than the general population:
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In a retrospective analysis from the United St&esal Database Service, Meier-
Kriesche et al demonstrated a significant improvenie long term cardiovascular
survival in 60 181 first kidney transplant recigencompared to patients that
remained on the renal transplant waiting list. @ath rates decreased as transplant
vintage increased and this relationship existed lfigng and deceased donor

transplants (202).

This cardiovascular benefit is unexpected due ® dbkleterious effect of renal
transplantation on  established cardiovascular rislactors including

immunosuppression related hypertension, dyslipidaeranaemia and diabetes
mellitus (262). Some investigators believe thatateransplantation may have an

effect on uraemic cardiomyopathy, specifically esgion of LVH.

8.4.1 Renal transplantation and cardiac structure

Given the close relationship between cardiomyopatityg standing renal disease,
and cardiovascular survival it has been postul#tadimproved renal function and
better fluid volume control after renal transpldimta may reverse or alleviate

abnormalities of uraemic cardiomyopathy.

Most studies have been performed in patients wittemisting cardiac disease

before transplantation:

Melchor et al prospectively investigated the effect of teimansplantation in 29
recipients with echocardiographic evidence of L\sfdyction. They demonstrated

significant improvement in LVEF (pre transplant EB8.8%, post transplant EF=
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58.2%; p<0.001) with a reduction in LVH prevaler@4% pre transplant to 18%
post transplant) (264).

Wali et al investigated 138 patients with CKD 5, ldysfunction (EE 40%) and
symptomatic chronic heart failure. Repeat raditidacventriculograms performed
at 6 and 12 months post transplant demonstratetbirad mean LVEF (32 to 52%)
which was associated with improvement in NYHA cifasstion and lower mortality
and hospitalisation (265).

Midvetdt et al demonstrated 15% reduction in LVNtearenal transplantation using
echocardiography in a study comparing nifedipind asinopril to control blood

pressure in hypertensive transplant recipient$)(26

However in patients with LVH only, the effect ofniad transplantation on cardiac

structure remains controversial:

Peteiro et al examined 30 patients before and aft€x1.8 months) renal
transplantation using M-mode echocardiography. s€heatients had near normal
LV ejection fraction. They demonstrated a sigmifit reduction in ESV, EDV and
LVMI (201g/m? pre transplant to 171gfmpost transplant; p<0.01) but no significant
change on LVEF (200).

Ferriera et al demonstrated a significant decréa$e/MI and LV dilatation after
renal transplantation. There was resolution of DV@.3% of patients before
transplantation to none after) but overall LVEF dat increase significantly (52.9%

pre transplant to 60.0% 12 months post transpiss@;88) (267).
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CMR scanning provides a more detailed characteisanf the left ventricular

borders resulting in consistently reproducible measments compared to
echocardiography (Chapter 1). In view of this, gresent study was performed
using CMR to provide accurate, volume independsséssment of LV mass. There
was no significant change in left ventricular mastex between patients who were
receiving hospital haemodialysis for a period of8 2tears and patients who
underwent successful transplantation over the sameescale. Similarly, there was

no difference in LV chamber volumes or ejectiorcien between the groups.

8.4.2 Left ventricular mass after renal transplantdion

These findings cast doubt on the reversibility eft bentricular hypertrophy after
renal transplantation. As described in chaptéh& main determinants of LV mass
in haemodialysis patients are elevated cardiacoadel(volume overload) and
afterload (systemic hypertension and markers ofwlas calcification). These data
suggest that some of these features persist atal transplantation perpetuating

development and/or preventing reversal of LVH.

8.4.2(a) Hypertension

Hypertension is the most common cardiovascular faskor in transplant recipients
and is significantly associated with adverse outeom

Recent observational studies have demonstratedfisggni association between
mortality and blood pressure in renal transplactpients. In the largest study to
date, Kasiske et al demonstrated that a 10mm Hgease in systolic BP was
associated with an increase in death (RR 1,18 95%1@2, 1.23), and total or death

censored graft failure (268).
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The most potent aetiological factors for post tpdaust hypertension are pre
transplant hypertension and use of calcineurinbiitis (260;262). In this cohort,
there was no significant reduction in BP after terensplantation (Table 8.1) and
all transplant recipients were immunosuppressedh weither tacrolimus or
cyclosporine. Together, these findings suggest ligpertension may be associated

with increase in LVMI after renal transplantation.

8.4.2(b) Bone mineral disorders

The relationship in haemodialysis patients betwé&MI| and abnormal bone

mineral metabolism (Chapters 1 and 3) has prewolbeén discussed. Although
much has been published in dialysis populationyethie a paucity of studies
investigating the effect of correcting bone minenaarameters after renal
transplantation. No data was obtained data regarciiicium and phosphate for this

study.

8.4.2 (c) Fluid overload

One of the benefits of successful renal transplemmas a return to near normal body
electrolyte and thus fluid composition (269). Unimrately, the transplant is unable
to achieve the same level of body volume contrblieacd by two native kidneys
due to glucocorticoid therapy interfering with saai handling, and calcineurin
inhibitors altering glomerular filtration pressura@sd potassium handling. The effect
of a trend toward euvolaemia on cardiac preload faimy is controversial. Most

studies have used echocardiography to assess chdmmsnsions:
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Ferreira et al investigated 28 patients with nalentce of pre-transplant LVSD on
echocardiography. They showed that there was rafisgnt reduction in LV end
diastolic diameter (LVEDD) 12 months after transypédion (267).

Dudziak et al performed a similar study in 23 trdast recipients and showed no
significant reduction in LVEDD after 3 months frauccessful renal transplantation
(260). Similarly, Oppert et al showed no signifitdifference in LV chamber size

one year after simultaneous pancreas kidney trantgilon (270).

The inconsistencies of previous published work gt the weakness of
echocardiography studies in ESRD and transplamiesits. On the other hand, the
strength of the present study lies with the useCMR which allows precise
visualisation of epicardial borders and volume peleent measurement of the LV

chamber and wall.

Thus, based on these data, LV chamber size at mstbleé and systole and LV
ejection fraction are not affected by renal traasfdtion. This presumably reflects
action of the homeostatic mechanisms that contxafiac preload, such as venous
tone, which increase in response to reduced irdgcaNar volume. In addition,
increases in LV ejection fraction and reductionsLM mass are most likely an

artefact of reduced extracellular and hence intravaular fluid.

8.4.3 Limitations
Although the current study is limited by small sdgpize and variability in timing
of scans it is the first study to serially evaludite LVs of patients who have

undergone renal transplantation using CMR. Gregattecision and reproducibility
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of CMR permits smaller, adequately powered stuthdse meaningful compared to
echocardiography (137). Furthermore, interdialyticanges of haemodialysis
patients were reduced by standardising the timfM@MR (24 hours after end of last

haemodialysis session) for both scans.

8.5  CONCLUSIONS

Cardiovascular disease remains a major cause diidmyrand mortality after renal
transplantation, and this study supports a posstidefor LVH. These findings cast
doubt on the reversibility of left ventricular hyp@phy in this population and it is
likely that prevention, for example by tight bloptessure and bone mineral control,
in the earliest phases of progressive renal disede the aim of preventing
development of left ventricular hypertrophy will @@ more successful strategy.
Moreover, it seems likely that the previous posithesults are artefactual due to

normalisation of intravascular volume following sassful transplantation.
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Chapter 9

General discussion and conclusions

282



9.1 Utilisation of cardiovascular MRI to assess uramic cardiomyopathy

The principal aims of these studies were to eldeidéeatures of uraemic
cardiomyopathy using CMR which account for increlssk of CV (usually sudden
cardiac) death in ESRD patients. In particulagsthstudies addressed:

» The prognostic effect of left atrial and ventriauddnormalities detected by CMR.

» The pathophysiological features of uraemic cardiopaghy using novel, non-

invasive techniques which have been evaluatedhergtatient populations.

As stated in Chapter 1, greater accuracy and poacief CMR compared to
echocardiography for measuring LV mass and chardlmeensions allows smaller

sample size to be studied with no loss of staiibpower.

9.2  Summary of findings

The strengths of these studies lie with the us€MR to accurately assess LV
abnormalities in ESRD patients. Furthermore thase the largest observational
studies using CMR to identify prognostic featurési@memic cardiomyopathy and
present important, novel results. Chapters 6 apdegent data that are novel and
provide valuable insight regarding the electropblggjical and metabolic changes

associated with uraemic cardiomyopathy.

9.2.1 Determinants and prognostic features of uraeim cardiomyopathy
Figure 9.1 summarises findings from Chapters 3 tdse cardiovascular changes of
advancing renal disease predispose to developmfentragmic cardiomyopathy,

namely intravascular volume expansion, hypertensand reduced vascular
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compliance. As with other disease states (e.garadmg heart failure) initial
compensatory mechanisms, such as additional sareopreliferation, ultimately
result in further deterioration of LV architectur@ne notable finding from Chapter
3 was a close relationship between different LVaabralities, which was postulated
to represent differing stages of development ofenma cardiomyopathy. The
prognostic effects of LV abnormalities on CV sueliwere also demonstrated in a
large prospective CMR study of ESRD patients (Cérag) and results are also
summarised in Figure 9.1. Elevated end systoli®/llfas been assessed in studies
of ESRD patients (207) using echocardiography. eéi@x, given the paucity of
studies demonstrating convincing reversal of LVHEBBRD patients (which is very
common and usually severe) using interventiondlddan the general population,
other potentially modifiable cardiac factors indegent of LV mass were evaluated

(Chapter 5). Elevated LAV also adversely reducettigal of ESRD patients.

9.2.2 Novel pathophysiological features of uraemardiomyopathy

Figure 9.2 shows some of the electrophysiological anetabolic abnormalities
associated with uraemic cardiomyopathy which weesented in the later chapters
of this thesis. In the first study of ESRD patgnthe effects of LV structural
changes detected by CMR were investigated using MT@/determine abnormal
myocyte repolarisation. MTWA has not previouslyebeused to assess ESRD
patients and, as discussed in Chapter 6, may proadtlitional information to
identify subjects at risk of SCD. As well as beingependently associated with
features of uraemic cardiomyopathy, MTWA was alssoaiated with a clinical
history of macrovascular atheromatous disease stiggehat even in the absence of

LV abnormalities, patients with occlusive vasculdisease develop abnormal
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ventricular repolarisation. These early changesnaost likely due to microvascular
changes and myocardial fibrosis, which may not Widemt on CMR examination
but are nonetheless common in ESRD patients (49;25v Chapter 8, novel data
were presented demonstrating altered cardiac etieygend HEP metabolism in
patients with features of uraemic cardiomyopathyngared to patients with
hypertensive LVH. Furthermore, reduced HEP metabolwas independently
associated with LVSD of uraemic cardiomyopathy. aller study (149) has
demonstrated a difference betwe®R MRS results of diabetic patients and renal
transplantation recipients, but this study uniquelgmonstrates a significant

association with LVSD and LV dilatation in ESRD gedis.

9.2.3 Effect of successful renal transplantationroleft ventricular mass

In Chapter 9, data from a small observational stsldgwed that successful renal

transplantation was not associated with a sigmficagression of LVMI compared

to patients who remained on the renal transplantingalist. These data highlight
two issues:

e Previous studies that demonstrated significant ggaln in LV mass using
echocardiography, were most likely showing artefacichanges by measuring
improvement in intravascular and hence LV chamba&lume as opposed to
reduction in myocardial wall thickness (260;261).

» It is likely that factors, such as hypertension aadcular stiffness remain after

renal transplantation and may perpetuate incraadegMl.
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Figure 9.1 Determinants and prognostic features airaemic cardiomyopathy

ESRD

— | T~

Jvascular 1 BP 1 extracellular
compliance volume
LVH |—] LVSD » LV Dilatation

/

1 LAV

\

All cause/CV death

Chapter 3

Chapter4 Chapter5

286



Figure 9.2 Pathophysiological features of uraemicacdiomyopathy
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9.3 Limitations of current studies

There are limitations in these studies. In theahstudy design, 24 hour ambulatory
ECG monitoring was planned to assess sinus rhythamges and provide more
prognostic data for this patient cohort (115). fdJtunately, this was not completed
as many patients did not wish to wear ambulatoryitocs overnight. However
with these data, presence of significant “restirgjthythmias may have been
detected and the additional effect on MTWA resuit/ar overall risk of CV
mortality may have been evaluated. Twenty fowrrdl©CG monitoring is a cheaper
and more readily available method of detecting ieardelectrophysiology
abnormalities compared to MTWA, however the sewigitiand specificity for
identifying ESRD patients at risk of SCD remaind#convincingly demonstrated.
In addition, measurement of other cardiac electysighogical parameters was
proposed for study, namely QT dispersion and hestd variability. However,

detection hardware and software were not availapline time of recruitment.

As stated in Chapter 2, patients recruited intselstudies were those being assessed
for renal transplantation. This cohort has presipubeen criticised as some
investigators believe that this may not provideetmross sectional sampling of
patients with ESRD. Historically, patients consete (by a transplant surgeon or
nephrologist) likely to survive the peri-operatiperiod were referred for pre-
transplant CV assessment. However, since thegnfmtvere considered fit enough
to be considered for transplantation, it is likehat these results underestimate
cardiac abnormalities of ESRD patients and woulddbevant to other individuals

with more significant co-morbidities.
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Although our main aims and objectives were achievattcome data based on
MTWA and HEP metabolism were not available. Noekihks, the MTWA study
finished recruiting 12 months ago and there wa®mdttoward reduced survival in

the abnormal MTWA group (Chapter 6).

9.4 MTWA and HEP metabolism as predictors of sudderardiac death

In this thesis, data are presented demonstratiggifisant abnormalities of
cardiomyocyte action potential (AP) propagation aedovery in ESRD patients
using MTWA. As stated in Chapter 1, any changegalf function resulting in
abnormal intracellular cation cycling and subsequem uniform membrane de- and
repolarisation may increase risk of re-entrant yaathythmias. Abnormal MTWA
results in ESRD patients were associated with featof uraemic cardiomyopathy
on CMR examination. T wave alternans develops ighédn heart rates due to
discordant repolarisation alternans between adfacamliomyocytes on an every-
other- beat basis. This most likely develops ineor& hearts due to pathological
changes described including abnormal intracellogcium handling, microvascular

iIschaemia, interstitial fibrosis and inadequateahbelic substrate availability.

Abnormal MTWA was also independently predicted byical history of peripheral
and cerebrovascular atheromatous disease, implyimgt other forms of
macrovascular disease are associated with abnoweraricular repolarisation.
Metabolic abnormalities can be measured non- ireasusing®P MRS and in the
future it will be interesting to evaluate the aduhal prognostic effect of these MRS

results with MTWA on development of SCD.
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9.5 Future studies

A striking feature of these studies was the higbpprtion of ESRD patients with
established LV abnormalities, even in the pre-dialyperiod of renal disease,
implying that these changes develop in the eadiages of CKD. Regression of
uraemic cardiomyopathy, especially LVH, has beefficdit to achieve thus
prevention needs to be assessed. With the us&BR do identify patients with
earlier stages of CKD, future studies may allowlyeaardiac assessment to detect

onset of cardiomyopathy and potentially modifiaddiological factors

Prior to the discovery of anassociation with negleroc systemic fibrosis (NSF) in
patients with advanced renal disease, gadoliniusedacontrast CMR provided
useful diagnostic and prognostic information in E5patients. These agents are no
longer considered to be safe in patients with adedmrrenal dysfunction. However
macrocyclic chelating agents (such as gadoteratelassociated with a lower risk of
NSF and the only group of Food and Drink Administna approved agents for
clinical investigation in patients with advancedakdisease (271). Nonetheless, the
use of these agents has to be weighed againsetieditoof the diagnostic procedure
and availability of other imaging modalities. Theagents are obviously not

appropriate in a research setting.

Blood oxygen level- dependent (BOLD) contrast CMRbased on the differing
magnetic properties of oxyhaemoglobin and deoxylagobin which can be
detected by T1 and T2* weighted scans. As a reatdas where oxyhaemoglobin
concentrations are high (coronary blood perfusiesngreater than myocardial

demand) can be visualised. Conversely, areas afcamglial ischaemia can be
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detected without the use of gadolinium based cenhtaigents. Blood oxygen level-
dependent CMR has been used to detect myocardr@amia in animal models of
coronary artery occlusion and in patients with icidle myocardial ischaemia due to
large and small vessel coronary artery disease -2Z42  The prognostic
implications for BOLD contrast CMR remains to becatlated, however given the
high prevalence of small and large vessel ischaéwedct disease in ESRD patients,
this may be a CMR technique that could be pursuoettie future. Alternative non
gadolinium contrast agents include superparamagiretn oxide particles (SIOP)
which has also been investigated for their potembée of quantifying not only
myocardial stress perfusion but areas of fibroa previous myocardial infarction
(similar to gadolinium contrast scans) (275). T tend, these agents may also

provide a safe means of performing contrast entthecans in patients with ESRD.

Data from Chapter 7 support earlier studies peréarim animal models of uraemic
cardiomyopathy demonstrating abnormal metaboliction in apparently normally
contracting myocardium. Given the relative smak f this study, these data could
be used to power larger prognostic studies in pti@ith ESRD once outcome data
are available. Furthermore, other nuclei havenbewestigated using MRS.
'Hydrogen allows quantification of myocardial fat ntent, lactate, carnitine,
deoxyhaemoglobin and total creatine levels whigraduced in patients with heart
failure (276). However these studies are limiteé tb the high level ofH within
cardiomyocytes (mostly in the form of water), whioiy provide even greater

technical difficulties in patients with ESRD wheogal body water is increased.
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Finally, further investigation of CV changes thaicor after renal transplantation
may provide insights to potential modifiable fastan patients with ESRD. In this
thesis, renal transplantation was not associated significant regression of LV
mass after a mean period of 1.8 years. It is ptesthat a longer follow up would be
necessary to demonstrate a significant reductioayweker post transplant
hypertension is one of the major side effects ofyleerm immunosuppression and
most likely perpetuates rising LV mass. Alternatastudies could includ®P MRS
to determine the effect of reduced “uraemic” toxared better intravascular fluid
control after successful renal transplantation.miarly, measurement of aortic
compliance and vascular stiffness using CMR has ppegformed in ESRD patients
(203), and an interesting study would be to asseseffect of renal transplantation

on these parameters.

9.6 Reducing cardiovascular disease in ESRD patient

The main aims of the KDIGO guidelines for identifgi patients with early CKD
was not only to slow progression of renal dysfumcti but to address the
concomitant rise in CV disease (2). Unfortunat#tys subject has a paucity of well
controlled and adequately powered interventionadliss demonstrating convincing
evidence of benefit for ESRD patients. Howeverisifpostulated that given the
association of CV death and uraemic cardiomyopgilgsented in Chapter 4,
slowing or preventing development of LV architeelushanges may be an attractive

target for intervention.
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9.6.1 Preventing development of uraemic cardiomyolay

Preventing development of uraemic cardiomyopatimyaias an attractive target in
early stages of kidney disease. Data presentethapt€r 3 demonstrate that features
of CKD (e.g. hypertension, vascular stiffening) associated with the development
of uraemic cardiomyopathy and that LV abnormaliées closely associated once
cardiomyopathy is established. Unfortunately,rafits to alter other established CV
risk factors in ESRD patients, such as dyslipidagrhiave shown no significant
survival benefit (AURORA, 4D). Although not enfiyesvidence based, aggressive
management of other established cardiovascular fastors in earlier stages of
kidney disease, in particular hypertension, mawsioreduce prevalence of uraemic
cardiomyopathy and subsequent CV morbidity and afhityt In addition, other
novel and renal specific risk factors need to benidied that predispose to CV
disease and may be amenable to intervention toeptedevelopment of uraemic

cardiomyopathy.

Chronic expansion of extravascular volume is anhalk of advancing renal disease
and has been shown in these and other studiesagbeential aetiological factor for
development of LV abnormalities (169;170). In piee however, control of body
fluid volume is predominately dictated by patientmptoms (peripheral and
pulmonary oedema) and/or “dry” or “ideal” body weign more advanced stages of
CKD. Tighter control of fluid balance with oralsteiction and diuretic therapy at
earlier stages of renal dysfunction may reduce Idpweent of uraemic
cardiomyopathy. Unfortunately, patient compliamegnains a major restricting
factor particularly when interventions have unpéedsside effects (e.g. xerostomia

and excessive micturition). More objective meahsneasuring body fluid status,
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such as bioimpedance spectroscopy, may provide rmon@incing evidence to

pursue these studies further (194).

Furthermore, bone mineral disorder is associateith Wevelopment of LVH in
ESRD patients implicating arterial stiffness as aamtiological factor for uraemic
cardiomyopathy.  Although not a conventional riskctbr for CV disease,
intervention at an early stage of bone mineralrdisq perhaps before development
of significant secondary hyperparathyroidism wohkl appropriate (current Renal
Association guidelines state that vitamin D ana®dherapy should start when
parathyroid hormone therapy is 2-4 times uppertlwhinormal range) (42). Both
KDIGO and Renal Association guidelines highlighe theed for prospectively
controlled studies addressing the benefit for tneait of bone mineral disorders in

earlier stages of renal dysfunction (277).

9.6.2 Reversing uraemic cardiomyopathy

Preventing development of uraemic cardiomyopathy b@en the most attractive
option in patients with CKD because reversal, oestablished, has been very
difficult to achieve. The absence of prospectittedi®s has made development of
evidence based guidelines for reversal of uraemrdicmyopathy in patients with
established ESRD difficult. There are a numbefaofors that have been presented

in this thesis and other studies that merit furghaluation in such studies.

Tight control of intravascular and extracelluladwoe is an important factor. In
Chapter 3, extracellular volume was a significaatedminant of development of

LVH, LVSD and LV dilatation. As with CKD patientshis can be achieved with
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rigorous adherence to fluid and salt restrictiorréduce interdialytic weight gains
for haemodialysis patients and use of diureticapgrin patients with residual renal
function. Excessive intradialtytic ultrafiltratiamay provide some benefit, however
this should be performed with caution given incegagssk of myocardial stunning
and intradialytic hypotension (70). A small (n=2&ospective study in Scottish
haemodialysis patients has been performed to askes®ffect of intradialytic
bioimpedance monitoring over 6 months on a numbeZ\6 parameters including

LV mass measured by CMR. These data will be ptedanithin the next 6 months.

The use of antihypertensive pharmacological ageetds to be fully assessed.
Blood pressure (including pulse pressure) contraly be partially achieved by
controlling intravascular volume adequately. Nbeétss, from small prospective
trials using beta blockers, angiotensin convergngyme inhibitors and angiotensin
Il receptor blockers mentioned in Chapter 1, somelit has been demonstrated in
patients with ESRD (120;125).  Whether these agemprove outcome
independently of blood pressure control in ESRDOepés remains to be assessed.
Despite these findings, cardioactive medicatiomsaia grossly underused even in
ESRD patients who have developed significant CVhiaty (36) indicating that a

change in clinical practice needs to be implemented

More frequent and greater quality of dialysis mayerse uraemic cardiomyopathy
in haemodialysis patients. Reduction of LV massasneed by CMR has been
demonstrated in small prospective and observatigtatiies in haemodialysis
patients treated with frequent and/or nocturnalmegs compared to conventional

thrice weekly haemodialysis (20;278). The findimdshe Frequent Haemodialysis
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Network randomised controlled trial investigatimgduent haemodialysis (daily in-
centre and nocturnal home haemodialysis) with cotweeal thrice weekly regimen
are due within the next 6 months and has CMR medsiuyYMI as a composite end
point. Furthermore, more efficient removal of d¢eti using high flux dialysis
membranes has been associated with longer suniivahypoalbuminaemic
haemodialysis patients compared to those treat#d aonventional low flux ones
(279). Whether this type of dialysis improves L\Younardial changes remains to be

evaluated.

In Chapter 8, absence of reduction of LV mass aféeral transplantation was
attributed to post transplant hypertension (pogsiblated to calcineurin inhibitor

use), bone mineral disease and intravascular eixgan&urther study of transplant
recipients with older grafts, tighter control ofobt pressure and fluid status, or
usage of lower dose/alternative immunosuppressgenta may also demonstrate

significant changes in myocardial architecture.

The effect of treatment of ESRD related bone mindrisorders on reversal of
uraemic cardiomyopathy has not been establishede &f non calcium based
phosphate binders is associated with reduced coraracification and improved

survival in  haemodialysis patients (280). Furthemm in  primary

hyperparathyroidism patients with no renal disqas@thyroidectomy is associated
with reduction of LV mass (281). Whether treatmehthyperparathyroidism by
surgery or newer calcimimetic agents affect uraecaicliomyopathy would be an

interesting study to pursue.
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Finally, the benefit of ICD insertion in ESRD patie needs to be established. In a
recent meta- analysis of dialysis patients with $C(h=89), there was still
significantly elevated CV mortality in ESRD patien{282) compared to ICD
recipients with milder renal diseases. A prospectpilot study assessing ICD
insertion in dialysis patients (ICD2) has recruiff patients in the Netherlands and

plans to report outcome data in 2012 (283).

As with studies in patients with heart failure,efat selection of patients is required
to identify those who would benefit most from phaogwological or ICD intervention.
The results of studies presented in this thesistaiprovide information for selecting
ESRD patients at higher risk of CV or sudden cardieath (Figure 9.3). With these
results in mind, further prospective studies wel dble to carefully select groups of
ESRD patients with differing left ventricular, lefttrial, electrophysiological and
biochemical properties to demonstrate survival bemeth specific interventional
agents. In this way, future therapies for ESRDepés can be tailored to improve

cardiovascular survival.
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Figure 9.3  Possible features of ESRD patients whoeaat an increased risk of

cardiovascular or sudden cardiac death
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9.7 CONCLUSIONS

Premature, usually sudden, cardiovascular dedtieisommonest cause of death in
patients with end stage renal disease.

Elevated risk of cardiovascular death is due thé@igprevalence of traditional, novel
and uraemic specific cardiovascular risk factors.

Abnormalities of left ventricular structure (LV hgyrophy, dysfunction and
dilatation), collectively termed uraemic cardiomgtipy have been implicated with
higher cardiovascular mortality.

Cardiovascular magnetic resonance imaging is thet nagcurate and volume
independent method of assessing myocardial steictuwr ESRD patients.
Furthermore>*P magnetic spectroscopy is a method which non-simely assesses
cardiac metabolic activity.

Hypertension, presence of bone mineral disordettiseapanded extracellular volume
are common features of advanced CKD and are maj@rminants of presence of
LVH, LVSD and LV dilatation on CMR.

LVSD and LV dilation detected by CMR are associatéth reduced all cause and
CV survival in ESRD patients. LVH is significantlgssociated with reduced
cardiovascular survival. End stage renal diseasera with two or more cardiac
abnormalities on CMR have a significantly pooresgmosis.

High LAV and presence of LVSD are associated witbrpr all cause survival and
independent predictors of mortality in ESRD pasenith LVH.

Microvolt T Wave Alternans is a novel, non invasalectrophysiological technique
of measuring variability in ventricular repolariget and is associated with
development of life threatening tachyarrhythmi@donormal MTWA result is more

common in ESRD patients compared to hypertensiveH Lpatients and is
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significantly associated with uraemic cardiomyopattand a history of
macrovascular atheromatous disease in ESRD patients

End stage renal disease patients have lower HERabwietm compared to
hypertensive LVH patients despite similar LV massower PCr:BATP ratio is
associated with features of uraemic cardiomyopathy

Successful renal transplantation is not associatt#dsignificant regression of LVH
when measured by CMR.

Future studies may use these pathophysiologicabanghostic features of uraemic
cardiomyopathy to identify patients suitable fortemventions which improve

cardiovascular survival in ESRD patients.
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