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ABSTRACT 

The inverse association between glomerular filtration rate (GFR) and cardiovascular risk is 

well recognised but not fully explained. Furthermore, chronic kidney disease is associated 

with atherosclerosis, arteriosclerosis, left ventricular hypertrophy and myocardial fibrosis. 

Kidney donation reduces renal function by approximately 30% and allows the study of the 

cardiovascular effects of a reduced GFR in healthy subjects without confounding 

comorbidities.  

This thesis aims to examine the isolated effects of a reduction in GFR as a result of 

nephrectomy on haemodynamics, blood pressure, cardiovascular structure and function, 

myocardial tissue characterisation and blood biomarkers. 

In a multi-centre prospective controlled study, there were no significant changes in peripheral 

blood pressure or pulse wave velocity in donors compared to controls at 12 months. In a 

prospective 5 year longitudinal study of donors and controls, no significant differences were 

observed in left ventricular volumes or mass, strain parameters or ejection fraction at 5 years 

after nephrectomy. In a cross-sectional comparison of 1:1 age and sex matched donors and 

controls there were no significant differences in T1 or T2 times, extracellular volume or late 

gadolinium enhancement.  

The reduction in GFR after donation does not lead to deleterious changes in cardiovascular 

structure and function at 5 years.  
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1.1 Extent of personal contribution 
This chapter is based on the following published first author articles.1-3 The first drafts of the 

manuscript were written by myself and I was responsible for all edits and revisions. 

 

Price AM, Ferro CJ, Hayer MK, Steeds RP, Edwards NC, Townend JN. Premature coronary 

artery disease and early stage chronic kidney disease. QJM. 2017; 11 (10):683-686. 

http://doi.org/10.1093/qjmed/hcx179.1 

 

Price AM, Edwards NC, Hayer MK, Moody WE, Steeds RP, Ferro CJ and Townend JN. 

Chronic kidney disease as a cardiovascular risk factor: lessons from kidney donors. Journal 

of the American Society of Hypertension. 2018; 12:497-505.  

http://doi.org/10.1016/j.jash.2018.04.010.2 

 

Price AM, Hayer MK, Vijapurapu R, Fyyaz SA, Moody WE, Ferro CJ, Townend JN, Steeds 

RP, Edwards NC. Myocardial Characterization in pre-dialysis chronic kidney disease: a study 

of prevalence, patterns and outcomes. BMC Cardiovascular disorders. 2019; 19 (295). 

https://doi.org/10.1186/s12872-019-1256-3.3 
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1.2 The kidneys 
The kidneys are two retroperitoneal organs derived from the mesoderm and are 

approximately 10-12cm in length.4 They are composed of an inner medulla and a renal cortex 

comprising individual functioning nephrons.5  

They have a complex and multifaceted physiological role including: filtration of excretory 

products, regulation of bone mineralisation, blood pressure, fluid status and production of 

erythropoietin.5  

1.3 Chronic kidney disease 
1.3.1 Definition and classification of CKD 
Chronic kidney disease (CKD) is a term used to describe a wide variety of diseases that 

persistently affect the structural and/or the functional composition and integrity of the 

kidney.6 Historically, the definition of CKD has been indistinct and the terminology used has 

been inconsistent.7   

In an attempt to standardise this, the United States (US) National Kidney Foundation's 

Kidney Disease Outcomes Quality Initiative (KDOQI) developed a definition in 2002, with 

later recognition in 2004 from the Kidney Disease Improving Global Outcomes (KDIGO).8, 9 

This finally allowed recognition of a global uniform definition. The definition centred on a 

few fundamental principles; there must be evidence of ‘kidney damage’ (anatomical 

component) or the glomerular filtration rate (GFR) must be <60ml/min/1.73m2 (functional 

component) and abnormalities must persist for greater than three months (temporal 

component) in order to be defined as chronic.7, 9 Classification was then determined by sub 

dividing CKD into 5 categories based on the severity of the GFR.8 It was the view of KDOQI 

and KDIGO that any CKD classifications should be based on patient outcomes and 

prognostic indicators.10  
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In 2009, a KDIGO controversies conference was held to address issues with the current 

system and a collaborative meta-analysis was undertaken to establish composite relative 

risks.7 Following the conference and analysis of data from 1,555,332 CKD participants the 

definition was upheld with the addition of adding in a proteinuria classification and 

subdividing stage 3 CKD into two components of severity.10  

The 2012  KDIGO guidelines are currently in use.11 The addition of proteinuria was due to 

the strong association between proteinuria and adverse outcomes even at the earliest stages of 

CKD.12 The 2012 KDIGO guidelines classify CKD by abnormalities in structure (e.g. cysts 

on imaging) or function for at least three months.11 Evidence of structural damage includes 

histological or imaging evidence, electrolyte disturbance suggestive of tubular disorders, 

urinary sediment or an albumin creatinine ratio (ACR) of >3mg/mmol.11 Further category 

classifications centre on risk, using a 2 dimensional (2D) matrix comprised of proteinuria 

(A1-A3) and glomerular filtration rate (G1-G5), both well-established independent predictors 

of long term outcome in CKD, see Figure 1.1.12-15 
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Figure 1.1. Heat map illustrating the 2012 KDIGO CKD classification. 

Adapted from Romagnani14 et al and Levey10 et al  The heat map represents composite ranking for adjusted relative risk for five outcomes: all-

cause mortality, cardiovascular mortality (death from stroke, myocardial infarction, heart failure or sudden cardiac death), kidney failure (treated 

by dialysis or transplant), acute kidney injury and progressive CKD.  

Green indicates low risk, yellow moderate risk, orange high risk and red very high risk. 

 

 

GFR ml/min/1.73m2 

A1 

Normal/high-normal 

A2 

High 

  

A3 

Very high/nephrotic 

 <3mg/mmol 3-30mg/mmol >30mg/mmol 

G1 Normal or high >90    

G2 Mild 60-89    

G3a Mild to moderate 45-59    

G3b Moderate to severe 30-44    

G4 Severe 15-29    

G5 Kidney failure <15    
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1.3.2 Prevalence of CKD 
CKD is rapidly becoming a global health epidemic with severe economic consequences.16, 17 

The burden is particularly high in the elderly, where early stage CKD affects approximately 1 

in 3 of those over the age of 70.18 Healthcare costs can be up to four fold of those without 

CKD as a result of both increased hospital admissions and outpatient appointments.19  

Globally, the prevalence is reported to be between 5-10% of the population but varies 

considerably depending on geographical location.18 In a meta-analysis global prevalence for 

stages 3–5 was calculated as a mean of 10.6% (95% confidence interval [CI] 9·2–12·2%) and 

a mean of 13.4% (95% CI 11.7-15.1%) for all stages of CKD.20 In a review of random 

samples of  13,896 participants over the age of 16 from the Health Survey for England (HSE) 

between 2003 and 2010 Aitken et al. reported overall prevalence of CKD between 5 and 

6%.21 More recent estimates from the same survey in 2016 has suggested the prevalence in 

the whole population is 7.3%.22 Prevalence is higher in women and increases with advancing 

age.22 Estimates from a UK population cohort study of primary care data of those over the 

age of 60 suggest that prevalence is higher at around 18% with 8% undiagnosed prior to the 

study.23  

1.3.3 The cardo-renal relationship 
The heart and the kidney have a complex co-dependent relationship due to common 

biochemical pathways and haemodynamic relationships.24  This relationship is so strong that 

the risk of those with CKD progressing to end stage renal disease (ESRD) is substantially 

lower than the risk of death from cardiovascular disese.25 The first published reference of this 

link was a description by Bright in 1836 where a series of cases of patients with “albuminous 

urine” were described as dying from neurological complications secondary to uraemia.26 

Their presentation, clinical appearance and, on occasion, autopsy results were detailed.26 The 

patients died from the consequences of advanced renal failure in an era without dialysis.26 It 
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was noted that their hearts were enlarged, “flabby” and had significant ventricular 

hypertrophy.26 This was the first known report of left ventricular disease in CKD.26 

In many circumstances this connection means that dysfunction (acute or chronic) in one 

organ inevitably leads to some degree of dysfunction in the other organ system.24 The cardio-

renal types are a classification system encompassing the clinical syndromes seen as a result of 

the interaction between the cardiovascular and renal system.24  In 2004, the National Heart, 

Lung and Blood institute initially attempted to categorise the syndromes.24 This was later 

adapted by the Acute Dialysis Quality Initiative in 2008 following a consensus conference 

segregating cardio-renal syndromes into 5 distinct types, see Table 1.1.24 27 This thesis and 

the aim of these studies focuses on type 4 chronic reno-cardiac syndrome in which CKD 

leads to chronic changes within the heart.27 
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Table 1.1. Nomenclature of cardio-renal syndromes developed by the Consensus Conference of the Acute Dialysis Quality Initiative. 

Adapted from Rangaswami et al and Ronco et al.24, 27 

 

Phenotype Syndromes First organ to fail Description Typical scenario 
 

Type 1  

 

 

 

 

Acute cardio-renal 

 

 
 

 

Acute heart failureAcute kidney 

injury 

 

Acute coronary syndrome and 

circulatory collapse causing renal 

injury 

 

Type 2 

 

 

 

 

Chronic cardio-renal 

 

 
 

 

Chronic heart failureChronic 

kidney disease 

 

Long standing heart failure 

 

Type 3 

 

 

 

 

Acute reno-cardiac  

 

 
 

 

Acute kidney injuryAcute heart 

failure 

 

Volume overload as a result of acute 

kidney injury 

 

Type 4 

 

 

 

 

Chronic reno-

cardiac  

 

  

 

Chronic kidney diseaseChronic 

heart failure 

 

Uraemic/CKD associated 

cardiomyopathy as a result a long 

term chronic kidney disease 

 

Type 5 

 

 

 

Secondary cardio-

renal 

 

  

 

Systemic process 

 

E.g. Amyloidosis or sepsis etc.  
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1.4 Cardiovascular mortality in CKD 
1.4.1 Epidemiology of all-cause and cardiovascular mortality 
Life expectancy is a useful measure of overall health and disease burden at a population 

based level.28 In large scale epidemiological studies CKD is associated with a significantly 

reduced life expectancy.28, 29 In a study of participants aged 35-80yrs, Turin et al. 

demonstrated that life expectancy for both men and women with CKD declined in steps with 

each progressive CKD stage, with the most dramatic reductions in the most advanced stages 

of disease.29 For example, based on the abridged life table methods used by the authors, a 

male aged 40 years would have an estimated life expectancy of 20 years less with a GFR of 

15-29ml/min/1.73m2 as opposed to an aged matched male with a GFR of >60 

ml/min/1.73m2.29  

The reasons for this reduced life expectancy are numerous and are not limited to the 

development of ESRD.25 In 2004 the landmark study of Go et al. sought to determine 

whether there was an independent relationship between poor outcomes (defined as 

hospitalisation, mortality and cardiovascular events) and GFR in non-dialysis subjects within 

the community.13 Using health care records from 1996 to 2000, in over 1 million subjects, 

there was a stepwise increase in the risk of death and major cardiovascular events from a 

GFR of <60 ml/min/1.73m2 and below even after adjustment for confounding variables.13 

Although the median follow up period was very short (2.8 years) and their cohort was 

restricted to insured participants in North California, it was the first study demonstrating an 

independent inverse relationship between GFR, mortality and cardiovascular events.13 

Since then, further large scale population studies have established strong mortality links to 

both proteinuria and GFR over longer time periods of follow up.15, 30 In Taiwan, Wen et al 

studied 462,293 subjects undertaking routine medical screening, followed participants up for 

a median of 7.5 years and recorded 14,436 deaths.30 In this study subjects identified with 
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CKD were at a 83% higher risk of mortality than the general population [hazards ratio (HR) 

1.83 (95% CI 1.73-19.30].30 This further increased to a 100% increased risk of cardiovascular 

mortality [HR 2.0 (95% CI 1.78-2.25)] compared to the general population.30 The most 

compelling data, however, comes from two large scale systematic reviews and meta-analysis 

from the Chronic Kidney Disease Progress Consortium which was formed in 2009 in an 

effort to investigate the prognostic implications of GFR and proteinuria.15, 31 These studies 

both demonstrated strong and profound relationships between GFR/proteinuria and mortality. 

In 2010, the Chronic Kidney Disease Progress Consortium included 105,872 subjects from 14 

studies with proteinuria data from urine ACRs and 1128,310 subjects from a total of 7 studies 

with urine dipstick measures from the general population.15 Pooled adjusted hazard ratios 

began to increase from <75ml/min/1.73m2 and proteinuria had an additive risk.15 All-cause 

and cardiovascular mortality increased with increasing proteinuria and declining GFR with 

effects most profound in those over the age of 75 years.15 In a second systemic review and 

meta-analysis using data from subjects considered at high risk of CKD (hypertension, 

cardiovascular disease or diabetes) which included 10 cohorts of 266,975, the hazard ratio 

increased progressively from 1.03 in those with a GFR of 60 ml/min/1.73m2  to 3.11 in those 

with a GFR of 15 ml/min/1.73m2 for all-cause mortality with similar results for 

cardiovascular mortality.32 Proteinuria had a multiplicative effect for prediction and was a 

major independent risk factor for cardiovascular mortality.32 

Much of the disproportionate increased risk of mortality and reduced life expectancy is due to 

cardiovascular disease. In a study of 27,998 participants with a GFR <90 ml/min/1.73m2  the 

risk of requiring renal replacement therapy was 1.1%, 1.3% and 19.9% for stage 2, 3 and 4 

CKD respectively.25 In contrast, the risk of death was 19.5% for stage 2, 24.3% for stage 3 

and 45.7% for stage 4.25 Those who died also had higher rates of heart failure and coronary 

artery disease.25 This suggests that the risk of cardiovascular disease in CKD is so substantial 
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that those at the earliest stages of CKD are more likely to die of cardiovascular disease than  

progress to ESRD.25 Thompson et al. also reviewed the deaths of 81,064 participants from 

Alberta, Canada.33 Death from cardiovascular disease increased with each progressive stage 

of CKD, 20.7% in stage 2 (with proteinuria), 36.8% in stage 3a, 41.2% in stage 3b, and 

43.7% in stage 4.33 An increase in heart failure, valvular disease and arrhythmia deaths were 

also observed with advancing CKD, see Figure 1.2.33 In addition, left ventricular 

hypertrophy (LVH) is widespread in those commencing haemodialysis and both arrhythmia 

and sudden cardiac arrest account for over a third of deaths according to US Renal Data 

System data. 34-36 This suggests that not only does cardiovascular disease increase with 

advancing CKD but that the underlying mechanisms may change as GFR deteriorates.  
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A 

 

 

 

 

 

 

B 

 

 

 

Figure 1.2. Unadjusted relative percentages for cause of death according to estimated glomerular filtration rate (ml/min/1.73m2). 

Adapted from Thompson et al.33  

A. The top panel illustrates the four main causes of death for each CKD category. For those with a GFR >60ml/min/1.73m2 the commonest 

cause of death was cancer. For those with a GFR less than 60ml/min/1.73m2 the leading cause of death was cardiovascular disease. 

B. The bottom panel segregates the causes of cardiovascular death. For those with a GFR >60ml/min/1.73m2 ischaemic heart disease was 

the greatest cause of death. All other causes of cardiovascular disease such as heart failure and valvular heart disease increased with 

advancing stages of CKD. 

 

IHD; ischaemic heart disease. CKD; chronic kidney disease. CVA: cerebrovascular accident.
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1.4.2 Cardiovascular risk prediction in CKD 
Hypertension is extremely common in patients with CKD with a prevalence approaching 

70% and is recognised as an important contributor to cardiovascular disease.37 Similarly, 

diabetes is a leading cause of ESRD and a known strong predictor of cardiovascular 

disease.38, 39 Despite this, the use of Framingham equations (using ‘traditional’ atherosclerotic 

risk factors) which are used to predict morbidity and mortality from coronary artery disease 

in the general population perform very poorly in the CKD population.40 Using data pooled 

from the Atherosclerosis Risk In Communities (ARIC) and Cardiovascular Health 

Study Weiner et al. examined the accuracy of the model in participants with a GFR of 60-

15ml/min/1.73m2.40 The Framingham equations tended to underestimate cardiovascular 

events in the CKD population.40 The models accurately predicted events at 5 years in CKD 

participants in only 62% vs. 72% in controls without CKD and at 10 years the values were 

60% and 69% respectively.40 The problem of using traditional risk factors in CKD for 

predicting cardiovascular disease was further illustrated in two meta-analysis of data from the 

Chronic Kidney Disease Prognosis Consortium.15, 41, 42 Mahmoodi et al. conducted a large 

scale meta-analysis of 45 cohorts including cohorts from those with CKD, the general 

population and high risk cohorts to assess whether the presence of hypertension changes the 

relationship between a declining GFR and all-cause and cardiovascular mortality.41 From a 

GFR of >55ml/min/1.73m2 for all-cause mortality and >45 ml/min/1.73m2 for cardiovascular 

mortality those with hypertension had a higher adjusted HR.41 At a GFR of 45ml/min/1.73m2, 

however, all-cause mortality was similar in those with and without hypertension [HR 1.24 

(95% CI 1.11-1.39)] vs. [HR 1.77 [95% CI 1.57-1.990)] with similar patterns seen in 

cardiovascular mortality.41 The relationship between GFR and mortality was graded 

irrespective of hypertension and surprisingly the relationship was steeper and stronger for 
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those without hypertension.41 Similar results were observed for proteinuria but the 

relationship was linear.41  

Using data from over a million participants from the same Chronic Kidney Disease Prognosis 

Consortium cohorts, a further meta-analysis was conducted in an accompanying manuscript 

to investigate the impact of diabetes.42 Mortality was higher in those with diabetes across all 

stages of GFR.42 However, when the reference points were segregated for each group there 

was no significant difference in mortality between groups.42 The hazard ratio for all-cause 

mortality at an GFR 45ml/min/1.73m2 was similar in those with diabetes [HR 1.35 (95% CI 

1.18-155) and without diabetes [HR 1.33 (95% CI1.19-1.48)].42 The presence of diabetes, 

therefore, made little difference to relative risks with similar results seen for proteinuria.42 In 

an attempt to predict cardiovascular disease in CKD, Matsushita et al. also conducted a meta-

analysis of  24 cohorts of over 600,000 participants from the Chronic Kidney Disease 

Prognosis Consortium data.43 The meta-analysis concluded that both GFR and ACR were 

independently linked to coronary artery disease, stroke, heart failure and cardiovascular 

mortality.43, 44 Furthermore, both markers of renal dysfunction were superior predictors of all 

four cardiovascular outcomes than any single traditional cardiovascular risk factor. 43  

It is clear that reliance on traditional risk factors to predict cardiovascular events in CKD 

lacks accuracy and underestimates risk.40  A major reason for this is that the excess mortality 

in CKD is probably not due to atherosclerotic disease alone, there are other cardiovascular 

pathological processes that appear to change with progression of CKD.34 Whilst death due to 

occlusive coronary artery disease (ST elevation and non ST elevation myocardial infarction) 

is prominent in the early stages of CKD (atherosclerotic causes) there are increasing rates of 

heart failure and valve abnormalities (non-atherosclerotic causes) in the more advanced 

stages, see Figure 1.3.33 More recently, it has been acknowledged that those with CKD are at 

increased risk of arrhythmias including supraventricular tachyarrhythmia, ventricular 
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arrhythmias, atrial fibrillation/flutter and sudden cardiac death.45 In a retrospective analysis of 

data obtained from the Multi-centre Automatic Defibrillator Implantation Trial-II it was 

found that for every 10ml/min//1.73m2 reduction in GFR the risk of sudden cardiac death 

increased by 17%.46 Furthermore, occlusive coronary events account for very few of overall 

cardiovascular deaths.47 This suggest that cardiac muscle disease plays an important role in 

cardiovascular disease in those with CKD.45 Non-atherosclerotic cardiovascular structural 

and functional changes may be major intermediary contributors to adverse cardiovascular 

outcomes in CKD. 34 
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Figure 1.3. Spectrum of cardiovascular disease with CKD progression 

Adapted from Sarnak et al and Wanner et al. 34, 48 

The upper triangle indicates all cardiovascular events. It is split into non-atherosclerotic 

causes in the upper part and atherosclerotic causes in the lower part. As CKD stages advance, 

(indicated by the purple arrow) the presentation of cardiovascular disease changes with 

progressively more non-atherosclerotic causes as CKD progresses.34 The red line indicates 

increasing risks. Furthermore, the outcomes are poorer after cardiovascular events in those 

with the most advanced stages of CKD with greater risk of fatality indicated by the green 

lower triangle.34 
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1.5 Cardiovascular pathophysiology in CKD 

1.5.1 Severe atherosclerosis and premature coronary artery disease 

Atherosclerosis pathology 
Atherosclerosis is an inflammatory disease of large and medium sized arteries which occurs 

in response to endothelial injury from a wide range of factors such as hypertension, 

hypercholesterolemia and cigarette smoking.49-51 Although it can occur in any artery it tends 

to predominantly effect areas of high blood flow which are susceptible to mechanical stress 

and shear.49  It is a disease of the intima, patchy in distribution and interspersed with areas of 

plaque.50  It is highly prevalent in the asymptomatic general population in over 15% of 

subjects less than 20 years old and over 80% in those over 50 years old.52 

In the earliest stages ‘foam cells’ otherwise known as cholesterol rich macrophages 

accumulate in the subendothelium, widely described as the fatty streak.49  Over time with 

further risk factor exposure, advanced lesions develop in which both lipid and smooth muscle 

cells accumulate to eventually form a necrotic lipid core and a fibrosis cap.49 It is typically 

the rupture of the cap which promotes thrombus and occlusion of the artery although 

thrombus can also occur on areas of plaque, both mechanisms can cause myocardial 

infarction.48, 49 This manifests clinically as an acute disruption to blood flow but the clinical 

picture depends on the location of the artery involved.49 

Prevalence of atherosclerosis in CKD 
Shortly after the introduction of the world’s first haemodialysis unit in 1960 in Seattle, 

Lindner et al. reported a disproportionate number of deaths in the 39 patients who had 

commenced regular dialysis treatment.53 Mortality was high at over 50% and the mean 

survival was only 6.5 years.53 Over half of the deaths observed were secondary to accelerated 

atherosclerosis, defined as myocardial infarction or stroke.53 The authors concluded that the 

atherosclerotic process had been ‘accelerated’.53 
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The accelerated process of atherosclerosis is not just limited to those on dialysis.54 Using data 

sets from 15,350 subjects aged 45-54yrs in the ARIC study Manjunath et al. observed that 

GFR was an independent risk factor for atherosclerotic disease even after adjustment for 

traditional risk factors.54 The risk of new onset atherosclerotic cardiovascular disease 

increased by an adjusted HR of 1.05 (95% CI 1.02, 1.09) for every 10ml/min/1.73m2 decline 

in GFR thus increasing in a linear fashion with declining GFR.54 Over a mean follow up of 

6.2 years there were significantly greater rates of both new and recurrent atherosclerosis 

disease with declining GFR.54 

Carotid intima-media thickness (CIMT) is considered a useful non-invasive surrogate marker 

of atherosclerosis by the assessment of vascular remodelling using ultrasound.55 It is 

considered a general assessment of atherosclerosis.56 It has been shown to correlate with 

major traditional risk factors, coronary artery disease and also enhance prediction of adverse 

cardiovascular events using the Framingham risk score.57 In a study of  203 participants with 

stages 3 to 4 CKD, Szeto et al. found that CIMT is a robust prognosticator of future 

cardiovascular events.58 Nearly 60% had atherosclerotic plaques present on 

ultrasonography.58 Each higher quartile of CIMT increased the risk of subsequent 

cardiovascular events by 40%.58 

Pathophysiology of atherosclerosis in CKD 
The high rate of cardiac mortality and observations of accelerated atherosclerotic disease has 

led to several studies directly observing coronary arteries in those with CKD.59 Whilst 

atherosclerosis in the general population primarily effects the intima there is a greater degree 

of media thickness and calcification seen in those with CKD although both do occur.55 

In a randomly selected cohort of 126 autopsy samples Nakano et al. found the frequency of 

severe atherosclerosis (as determined by the American Heart Association classification 

system) increased with declining GFR.59 This relationship persisted even after adjustment for 
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confounders, so much so that those with stage 4 CKD were at almost twice the risk of 

advanced atherosclerotic lesions [odds ratio 3.02 (95% CI 1.22, 7.49)] than those with stage 

3a CKD [odds ratio of 1.40 (95% CI 0.76, 2.55).59 Although this study lacked a comparator 

group it suggests the severity of atherosclerosis increases as renal function deteriorates.59   

Clinical presentation of atherosclerosis in CKD 
In addition to morphological differences, the clinical presentation of coronary artery disease 

in CKD is also atypical and their presentation has often been described as oligo-

symptomatic.48 Recognition and diagnosis requires a high level of clinical acumen and 

investigation of more vague symptoms such as fatigue or shortness of breath.48 For example, 

in cases of acute myocardial infarction those with CKD are much less likely to describe chest, 

arm, shoulder or neck pain and more likely to report shortness of breath [odds ratio 1.35 

(95% CI 1.13, 1.62)] in contrast to those without CKD.60  

Furthermore, patients with CKD can have advanced coronary artery disease and be 

completely asymptomatic. In a study of 30 asymptomatic patients commencing 

haemodialysis over half had significant coronary artery disease (defined as >50% stenosis on 

coronary angiography) despite being completely asymptomatic. 61 Within our research group 

a 30 year old with known stable CKD and hypertension underwent a cardiac magnetic 

resonance (CMR) as part of a research study.1 The presence of focal subendocardial late 

gadolinium enhancement was seen on the scan eluding to potential underlying coronary 

artery disease.1 A computerised tomography (CT) coronary angiogram revealed no flow 

limiting lesions, however, he had a significantly elevated Agatston score for someone of his 

age indicating the presence of premature coronary atherosclerosis, see Figure 1.4.1  
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Figure 1.4. Mild diffuse coronary atheroma with moderate coronary calcification 

(Agatston score: 112) on CT coronary angiogram in an asymptomatic patient with stage 

3 CKD. 

CT coronary angiogram images with green arrows indicating areas of coronary calcification 

in the left anterior descending coronary artery. Although coronary CT angiogram adequately 

detects calcification it cannot determine whether there is intimal calcification or the medial 

calcification typical of CKD.55  

CT; computerised tomography. CKD; chronic kidney disease. 
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1.5.2 Progressive arteriosclerosis and haemodynamic consequences 

of a stiff vascular system 

Arteriosclerosis pathology 
In addition to atherosclerotic disease, CKD is also characterised by a second structural 

vascular pathology, arteriosclerosis.62 Arteriosclerosis is the result of vascular remodelling 

which is non-occlusive, does not encroach into the lumen, and unlike atherosclerosis, is more 

widespread, including many peripheral arteries typically unaffected by atheroma.50, 63  

The arterial wall is composed of a combination of collagen fibres, elastic lamellae, 

connective tissue, smooth muscle and fibroblasts.50, 64, 65 Central arteries have the highest 

elastin to collagen content in comparison to peripheral, smaller arterioles which have higher 

collagen and smooth muscle content.50, 64, 65  Collagen is deposited and degraded in a 

response to environmental and mechanical stressors.64 Vascular remodelling is an adaptive 

response to direct injury and haemodynamic stressors causing shear and tensile stress to the 

endothelium.50 The endothelium therefore acts as a mechanical sensor which may instigate 

remodelling.50 Whilst any temporary stressors may lead to a reversible change in vasomotor 

tone, chronic stress will cause responses within the arterial wall itself (structural stiffness).50  

While atherosclerosis is a disease of the intima, arteriosclerosis predominately effects the 

medial layer of the artery.62, 63 It is indicated by the presence of medial thickening, 

widespread calcification, increases in collagen content and both hyperplasia and hypertrophy 

of vascular smooth muscle cells.62 The rise in calcification and collagen content of the arterial 

wall ultimately leads to increased vascular stiffness.50  Early pathological studies of 

atherosclerotic disease in those with CKD all describe medial thickening and therefore are 

likely to be describing different processes, namely arteriosclerosis. For example, the 

histological examination of coronary arteries in 27 ESRD patients and 27 age and gender 

matched controls without renal dysfunction but known coronary disease demonstrated 
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significant morphological differences between groups.66 The media thickness was 

significantly greater in ESRD compared to the control group (187±53µm vs. 135±29 µm) and 

there were significantly more calcified plaques.66 In comparison, the control group had 

predominantly fibroatheromatous plaques.66 Arguably the presence of medial thickening is 

describing arteriosclerosis here rather than atherosclerosis. 

An increase in arterial stiffness is associated with a number of unfavourable functional 

consequences for target organs.62 There are two main physiological explanations for this.62  

The first is the ‘cushioning effect’ concept or Windkessel model which suggests arteries are 

intended to be distensible to mediate and buffer any changes in blood pressure.62 Elastic 

recoil within the aorta leads to approximately 50% of stroke volume (forward flow) and is 

stored fleetingly within the aorta (cushion) whilst the remaining blood flow is distributed to 

peripheral tissues.67 During diastole the remaining blood within the aorta is then dissipated 

peripherally as a result of discharged energy from the arterial wall.67 This is principally to 

ensure that there is a continual, constant blood flow being delivered to target organs and they 

are not subject to peaks in pressure.62 The lack of compliance and thus ‘cushion’ in the 

vascular system therefore has two notable implications.50 Firstly, the pressure ejected from 

the left ventricle (LV) is higher (leading to an augmentation in systolic blood pressure) as the 

rigidity within the aorta is less able to accommodate ejected blood and secondly, the diastolic 

pressure will be comparably lower as there is less vascular recoil and energy to dissipate 

during relaxation.50, 63  

Another widely cited explanation for the effects of arterial stiffness is that of arterial wave 

propagation and reflection.67 In healthy compliant arteries the forward wave, represented by 

ejected flow from the ventricle, propagates slowly down to peripheries.50, 67 At bifurcations in 

the vascular tree, waves are reflected back toward the aorta and represent backwards flow.62, 

67 In health, the backward wave propagates slowly and returns to the aorta in diastole, 
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augmenting diastolic pressure, see Figure 1.5.62, 67 By contrast, in a stiffer vascular system it 

is proposed that forward waves travel rapidly and reflected waves thus return to the aorta 

earlier.67 The earlier return of the reflected wave therefore augments systolic pressure and 

decreases diastolic pressure.67 The resultant combination is an increase in ventricular 

afterload and elevated central blood pressure. 67 

There is now an abundance of evidence indicating that the wave propagation and reflection 

theory is less likely.68 Using physiological techniques to, in essence, separate reflected waves 

from reservoir pressure (stored blood and energy within the aorta) Wang et al. indicated the 

effect of reflected waves contributed very little to aortic pressure.68 Central aortic pressure 

was the result of ejected flow and reservoir pressure.68 In a large meta-analysis of over 60 

studies of participants aged 4 to 9yrs Baksi et al. found that all reflection times were well 

within systole.69 Younger participants did have later wave reflections on the whole but for 

this to return in diastole the authors estimated that the participant would need to have been 

200yrs old!69 Physiologically the wave reflection theory has, therefore been subject to serious 

doubt although it continues to be heavily cited in recent literature.67  

Nonetheless, irrespective of the underlying mechanisms progressive arterial stiffness limits 

the ability of the vascular system to regulate blood pressure downstream.63 The largest 

organs, notably the brain, heart and kidneys are the most vulnerable as their anatomy is such 

that they are supplied by short large arterial branches from the aorta. Consequently, there is 

little time for cushioning and target organs are subject to oscillations in blood pressure which 

contribute to microvascular organ damage. 63 The resultant clinical picture is that of high 

central systolic blood pressure, low central diastolic blood pressure and an increase in pulse 

pressure, all surrogate markers of arterial stiffness.50  
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The effect on target organs is evident as small vessel disease within the brain and kidney but 

also leads to damage to the heart.  A reduction in central diastolic blood pressure leads to a 

decrease in coronary perfusion pressure and is associated with myocardial ischaemia.62, 70 As 

a consequence, perfusion is heavily dependent on systolic coronary perfusion, increasing 

sensitivity of the heart to subtle changes in systolic function and mean arterial pressure.71 An 

elevation in central systolic blood pressure also increases ventricular work and is associated 

with LVH and fibrosis.67 
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Figure 1.5. Diagram illustrating the wave reflection theory of arterial stiffness. 

Adapted from Zanoli et al.67 

The wave reflection theory is one explanation for the observation of an elevated systolic 

blood pressure and a subsequent decline in diastolic pressure associated with arterial 

stiffness. Waves in dark blue are forward waves whilst light blue waves are backwards 

waves. In young elastic arteries (seen on the left) the wave reflected back arrives slowly and 

augments diastole. As arteries stiffen (see on the right) the reflected wave returns earlier 

augmenting systole whilst resulting in a drop in diastole and is a pattern typically seen in 

older, stiffer arteries. Grey waves indicate the change to blood pressure as arteries become 

stiffer. 
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Pulse wave velocity and pulse wave velocity to determine arterial stiffness 
Non-invasive measures of arterial stiffness are based on calculations of vessel distensibility 

and pulse wave velocity (PWV)-the speed at which blood travels along the arterial wall.64 

Both calculations are based on the 1922 Bramwell-Hill model which uses the cross sectional 

area of the vessel and the density of blood to determine the speed blood at which is 

transmitted along the artery, see below.64  
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   =   √
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D: Distensibility, PWV: Pulse wave velocity, P: Pressure, A: Luminal area, p: Blood density 

 

Therefore, distensibility and PWV are linked, a decline in vessel distensibility results in a 

square root increase in PWV.64 PWV also increases with a rise in pressure or a reduction in 

the cross-sectional area of the lumen.64 The relationship between area and pressure is non-

linear due to the mechanical response of the arterial wall (recruitment of collagen fibres) to 

increases in pressure which, in effect, produces a functional stiffening.64 Whilst elastin 

responds to low pressures, collagen, which is less distensible, responds at the highest 

pressures to stiffen the arterial wall.50 It is a protective response to prevent pressure induced 

damage.50 As a consequence, PWV is pressure dependent and thus normally determined at 

diastole.64  Whilst PWV is often used interchangeably with arterial stiffness the two are not 

the same.64 PWV is determined using techniques in clinical practice to determine time and 

distance of blood flow, see below:64 

𝑃𝑊𝑉 =
Δ 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡𝑤𝑜 𝑎𝑛𝑎𝑡𝑜𝑚𝑖𝑐𝑎𝑙 𝑠𝑖𝑡𝑒𝑠)

Δ 𝑇𝑖𝑚𝑒 (𝑜𝑓 𝑎𝑛 𝑎𝑟𝑡𝑒𝑟𝑖𝑎𝑙 𝑝𝑢𝑙𝑠𝑒 𝑡𝑜 𝑡𝑟𝑎𝑣𝑒𝑙 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙 𝑡𝑜 𝑑𝑖𝑠𝑡𝑎𝑙 𝑠𝑖𝑡𝑒)
 

Distance and time can be determined using magnetic resonance techniques or using transit 

time methods.64 Transit time methods measure the distance between two superficial arterial 
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sites (e.g. carotid-femoral). Determination of the pulse wave with an ultrasound in 

conjunction with electrocardiogram gating can then infer time.64  

Arterial stiffness in CKD 
Arterial stiffness has strong associations with hypertension, diabetes, advancing age and 

atherosclerosis, conditions which often occur alongside renal disease.72 In 2018 the European 

Society of Cardiology and the European Society of Hypertension concluded that PWV could 

be used to risk stratify patients with levels over 10m/s due to its strong association with 

adverse cardiovascular outcome.73 London and colleagues were, however, the first group to 

identify PWV as an independent predictor of mortality in those with ESRD.72, 74 In a study of 

over 200 participants with ESRD (participants were assessed over a period of 6 years)  PWV 

was a stronger independent predictor of mortality than either age or dialysis vintage.72 Using 

a PWV of <9.4m/s for reference the odds ratio was over 5 fold for both all-cause and 

cardiovascular mortality even after adjustment for confounding variables for those with a 

PWV>12m/s.72  

The increase in mortality is particularly compelling where PWV is not reversed by blood 

pressure reduction.74 In those with ESRD with adequate control of blood pressure, 

cardiovascular mortality was significantly elevated in those who failed to achieve a 

corresponding decline in PWV [HR 2.35 (95% CI 1.51, 4.43)] despite a fall in blood 

pressure.74 This suggests that a persistent raised PWV is evident of non-reversible structural 

changes to the cardiovascular system.74 Whereas in contrast, an initial reversible ‘functional’ 

arterial stiffness is likely to reflect a nonlinear relationship between volume and pressure on 

the arterial wall as a result of transient changes in blood pressure.75  

In 2010 a systematic review and meta-analysis of over 17 studies (general population, those 

with ESRD and those with hypertension) of more than 15,000 participants demonstrated that 

there was a stepwise increase in the pooled relative risk of mortality with corresponding 
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increases in PWV.76 The relationship was linear and determined that for every 1m/s increase 

in PWV there was a 14% increase in cardiovascular events and 15% increased risk of all-

cause and cardiovascular mortality.76 In addition, in a sensitivity analysis, those with ESRD 

and those with hypertension had a greater pooled relative risk of total cardiovascular events 

compared to the general population, [RR 2.81 (95% 1.97, 4.02)] vs. [RR 2.46 (95% 1.93, 

3.13)] vs [RR 1.68 (95% 1.45, 1.96)] respectively.76 

Increases in PWV appear to begin in the earlier stages of CKD.77 In a study of 102 patients 

with stage 1-5 CKD and an age matched control group there was a significant upwards trend 

in PWV from stage 3 onwards.77 In multivariate analysis both a declining GFR and 

increasing systolic blood pressure were independently associated with a higher PWV.77 Other 

evidence suggests changes can be identified as early as stage 2.78 In a cross sectional study of 

117 patients with stage 2-3 CKD Edwards et al. found that aortic distensibility was 

significantly higher than that in 40 healthy controls.78 Aortic distensibility was also positively 

correlated with GFR.78 Changes in arterial stiffness in those with early stage CKD have also 

been linked to higher mortality.79 In a study of 134 patients with stage 2-4 CKD, PVW 

remained an independent predictor of mortality with a 5 fold increased risk for those with a 

PWV over 10m/s.79 
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1.5.3 Uraemic cardiomyopathy 
In 1836 Bright was the first to publish a series of case studies detailing the severe cardiac 

abnormalities observed at autopsy in those with ESRD.26 In wasn’t until 1967, however, 

when Bailey et al. reported several case studies of severe biventricular heart failure in those 

with critical uraemia that the term ‘cardiomyopathy’ was first used in the medical literature in 

conjunction with ESRD.80 

In the 1970s and 1980s several reports were published using the term ‘uraemic 

cardiomyopathy’ to describe the changes in cardiac structure and function associated with 

renal dysfunction.34, 81-84 This terminology began to occur with the advent of more 

widespread use of dialysis and was usually used to describe structural and functional changes 

such as cardiomegaly, severe systolic dysfunction and pericarditis in those receiving 

haemodialysis.83, 85, 86  

Abnormalities in cardiac structure in ESRD 
In 1995 Foley et al. studied 433 patients commencing haemodialysis and found that over 70% 

had evidence of LVH on echocardiography.87 Over a third of participants had dilated left 

ventricles and 15% already had evidence of systolic dysfunction measured by 

echocardiography and defined as fractional shortening less than 25%.87 Both ventricular 

dilatation and hypertrophy were independently associated with mortality at two years.87 A 

further study of the same cohort revealed that even after adjusting for confounding variables 

(diabetes, age and sex) a lower mass to volume ratio and larger ventricular cavity volume was 

associated with an increased risk of mortality after starting dialysis.81 The high reported 

incidence of LVH and associated mortality in ESRD has also been corroborated in other 

larger echocardiography studies.88 Using data from the Dialysis Morbidity and Mortality 

Study, Stack et al. reviewed the echocardiography results of 2584 participants and found the 

mortality risk was greatest for those with LVH within the first 6 months of commencing 
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dialysis [relative risk 1.61 (95% 1.17, 2.22)] suggesting that the presence of LVH was 

associated with shorter term survival.88  

The adverse association between LVH and survival appears to be independent of traditional 

cardiovascular risk factors and tends to progress over time.36  In a prospective study of 161 

haemodialysis patients undergoing two echocardiograms (18 months apart) a significant 

increase in LV mass was associated with a 62% increased risk of major cardiovascular events 

even after accounting for traditional risk factors such as diabetes, age and smoking history.89 

Similarly, Foley et al. reviewed 596 patients starting haemodialysis who were asymptomatic 

of significant cardiac disease.36 Substantial increases in LV mass were seen at follow up by a 

mean of 14g/m2 over a 22 month period.36 LVH in this cohort was concentric, progressive 

and associated with hypokinesis.36 

Although the use of echocardiography is accessible, quick and  reliable its use leads to an  

overestimation of LV mass compared to cardiovascular magnetic resonance (CMR), 

particularly in those with ESRD.90 In a study of 134 patients receiving haemodialysis who 

underwent CMR, however, the prevalence of LVH was still over 70% and 11.2% had 

significant LV dilation.91 This suggests that structural abnormalities in those with ESRD are 

widespread and severe. 

Clinical importance of LVH 

While LVH can be an adaptive physiological response to exercise training, particularly 

endurance training, which may have beneficial effects on cardiac output, mediate increased 

wall stress and increase oxygen consumption it should not be confused with pathological 

hypertrophy.92-94 LVH in response to long term loading changes has detrimental 

consequences and is a pathological maladaptive response.92  Firstly, LV compliance is 

reduced, therefore a stiffer ventricle is less likely to cope with change in LV filling 

pressures.92 Any abrupt changes in LV filling may lead to pulmonary oedema or hypotension 
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and syncope.92 This is frequently seen in clinical scenarios during the haemodynamic stresses 

of haemodialysis.92  Secondly, even in the absence of significant coronary stenosis, patients 

may experience angina pectoris as a result of under perfusion of the myocardium due to an 

increased vascular resistance.92 This is further exacerbated by a reduction in capillary density 

and increase in myocyte hypertrophy.92 Finally, LVH is associated with arrhythmia.92 In the 

Convective Transport Study, a study of echocardiography results and clinical outcomes of 

327 patients with ESRD, those with the highest tertile of LV mass had a 13 fold increased 

risk of sudden cardiac death.95 This risk of all-cause [HR (95% CI 1.11, 2.9)] and 

cardiovascular mortality [HR 3.66 95%CI 1.35-10.05)] was also increased in those with the 

highest mass.95 Whilst initially cardiac function may be conserved there is eventual 

decompensation resulting in ventricular dysfunction (diastolic and systolic) and heart 

failure.96  

Left ventricular mass as an outcome measure 

LV mass is a strong independent predictor of all-cause mortality and cardiovascular events in 

the general population and in CKD.89, 97 It is the strongest predictor of cardiovascular risk 

after age.98  The association between LV mass and outcomes is also highly consistent.98, 99 

Furthermore, LV mass regression in the case of anti-hypertensive use and renal 

transplantation is associated with reduction in the risk of cardiovascular disease.100, 101  LV 

mass has been widely used in randomised trials in CKD as a surrogate end point for 

cardiovascular mortality.101-103  

Myocardial tissue abnormalities  

In addition to the macroscopic changes in cardiovascular structure (LVH), structural changes 

have also been demonstrated at a microscopic level within myocardial tissue.104, 105 

Normal myocardial tissue 

Normal myocardial tissue is made up of a cellular component (cardiomyocytes, fibroblasts, 

vascular smooth muscles cells, macrophages) and a non-cellular component.106 The non-
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cellular component is the extracellular matrix (ECM) and is not only responsible for the 

physical scaffolding of cells but also maintenance of tissue through cell-ECM interactions.107  

The ECM is made up of predominantly water, proteins and polysaccharides although the 

exact make up varies from tissue to tissue.107 In cardiac tissue the ECM is mainly fibrillary 

collagen type 1 and collagen type 2 and has important tensile properties within the heart.106 

Fibroblasts are responsible for the synthesis of collagen within the myocardium.106 Although 

in many other organs the ECM can regenerate and repair, the heart has a limited ability to 

repair effectively. 106 Even the smallest injuries to the heart can lead to an overwhelming 

cascade of events leading to the activation of cardiac fibroblasts and ECM remodelling 

(increased accumulation of proteins within the interstitium, mainly collagen 1).106, 108, 109  

Cardiac fibrosis 

Cardiac fibrosis can be defined as a reactive pathological response to injury characterised by 

ECM deposition and remodelling which is detrimental to cardiac function.106, 108 Irrespective 

of the underlying injury, cardiac fibrosis causes ECM stiffness which ultimately leads to 

cardiac dysfurnction.110 There are three main patterns of cardiac fibrosis observed: reactive 

(e.g. accumulation of ECM without myocyte loss), infiltrative (e.g. glycolipid build up seen 

in Fabry disease) and finally replacement fibrosis (e.g. myocardial infarction as a result of  

loss/ damage to myocytes and replacement fibrosis).106 The pattern of cardiac fibrosis is 

highly variable between cardiac pathologies but can be broadly categorised as interstitial 

(collagen between myocytes), compact (large areas of collagen without myocytes), diffuse 

(short fibres of collagen) and patchy (long fibres of collagen).106, 108 

Cardiac fibrosis in ESRD 

Animal studies have indicated that the observed increases in LV mass in those with ESRD 

are associated with parallel increases in cardiac fibrosis.111 In a study of male Sprague-

Dawley rats, Mall et al. induced uraemia by total nephrectomy of the left kidney and subtotal 

nephrectomy of the right kidney (a model of ESRD).111 After 21 days of uraemia  there was a 
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significant increase in total heart weight in uraemic rats compared to controls (1040 ±73 mg 

vs. 871± 81mg) which was associated with a corresponding increase in volume of the 

interstitium and deposition of collagen.111 Although there was a significant increase in the 

non-cellular component, changes to the interstitial cell nuclei and cytoplasm also suggest that 

the cells responsible for maintaining the ECM were activated.111 In addition the findings were 

not reversed by the treatment of hypertension nor reproduced in hypertensive controls and 

thus appear to be a consequence of renal dysfunction independent of blood pressure.111 

In a study of human LV samples, Mall et al. attempted to repeat the findings seen in rats by 

specifically selecting patients with both pre-dialysis and dialysis dependent CKD.105 Those 

with known coronary artery disease were excluded.105 Over 90% of subjects had evidence of 

diffuse ‘intermyocardiocytic’ fibrosis with extensive collagen deposition after assessment by 

two independent observers.105 Histological severity was scored based on myocyte 

hypertrophy and excessive collagen in the intersitium.105 Fibrosis was not evident in the 50 

non-hypertensive and non-diabetic ‘controls’ recruited for comparison.105 Moreover, the 

severity of histological findings related to duration of dialysis, remained persistent even after 

transplantation and was independent of hypertension and diabetes on regression analysis.105 

The authors concluded that the pattern of cardiac fibrosis seen in ESRD, a diffuse interstitial 

pattern, differs from patterns typically seen in hypertension (perivascular fibrosis) and 

coronary artery disease (patchy scars).105 In addition, the fibrosis only affected the heart, 

leaving the other organs largely unscathed.105 

To further investigate the histological findings in ESRD, Amann et al. examined the hearts of 

9 patients on dialysis, 9 with essential hypertension and 10 healthy controls.112 Those on 

dialysis, had a significant increased density of myocardial interstitial tissue and myocyte size 

while the density of capillaries decreased compared to both controls and those with 

hypertension see Figure 1.6. These findings led the authors to theorise that cardiomyocytes 
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in those with CKD were exposed to hypoxia as capillary growth did not match that of cell 

hypertrophy.112 

Cardiac fibrosis does not only have a detrimental effect at a cellular level.113 Diffuse fibrosis 

and subsequent accumulation of collagen may act as a substrate for the induction of re-entry 

arrhythmia, heart failure, myocardial dysfunction and sudden cardiac death.104, 113 Over a 

period of 8 years, Aoki et al. reviewed all those who had coronary angiography at their centre 

in Japan and identified 286 on haemodialysis.104 Of these, 40 patients with a LV ejection 

fraction <50%, LV end diastolic volume >90ml/m2 and without coronary artery disease were 

selected and compared to 50 patients with idiopathic dilated cardiomyopathy (DCM) without 

renal disease.104 Those on haemodialysis demonstrated hypertrophic myocytes, myocyte 

disarray and irregular nuclei.104 There was a marked difference in myocyte hypertrophy (37.6 

± 10µm in the haemodialysis group vs. 25.6 ± 7.7µm in the group with idiopathic DCM) and 

extensive interstitial fibrosis in those on haemodialysis.104 Furthermore, during follow up 

those with the most severe fibrosis were at highest risk of cardiac death with several patients 

dying of ventricular arrhythmia or sudden cardiac death.104  On multivariable analysis using 

cox proportional hazards, only percentage area of LV fibrosis was a predictor of mortality 

even after accounting for hypertension, diabetes, ejection fraction and New York Heart 

Association score.104 The authors concluded that the hearts of those on haemodialysis were 

comparable to those with dilated phase hypertrophic cardiomyopathy.104
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Figure 1.6. Comparison of the myocardium in a healthy control and patient with CKD 

Adapted from Hinderer et al.106 The histology examples are reproduced with permission from Amann et al.112 

A. Example of normal myocardium. 

B. In those with CKD myocytes are hypertrophied, in disarray with unusual shaped nuclei.104, 112 In addition the density of capillaries is 

reduced with a notable increase in interstitial space with lack of organisation of fibres.104, 112  

A B 
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Utilisation of advanced CMR for detecting cardiac fibrosis 

Although cardiac biopsy and histological assessment is not always possible in subjects with 

CKD novel cardiac imaging techniques have given us further insight into uraemic 

cardiomyopathy. One of the many benefits of magnetic resonance imaging (MRI) is soft 

tissue characterisation.114 Determination of soft tissue character in MRI employs the 

measurement of T1 relaxation time, in other words, the time in which it takes protons within 

tissue to return to equilibrium following excitation by a radiofrequency pulse.114 This is often 

termed longitudinal relaxation time or spine-lattice relaxation time because spin 

magnetisation is being measured within the same direction of the scanner.115 The 

radiofrequency pulse generated by the scanner acts to invert the magnetisation.114  T1 relaxes 

in an exponential manner to equilibrium and the rate of recovery is dependent on the tissue 

properties and surrounding molecules.114 T1 relaxation can thus act as a biomarker of tissue 

pathology which can be enhanced using contrast and encoded to generate visual 

representations of myocardium.114, 115 

Late gadolinium enhancement techniques  

Since the introduction of gadolinium based contrasts agents in the mid-1980s, contrast based 

MRI has revolutionised the detection of regional abnormalities in myocardium.116 

Gadolinium is a strong paramagnetic element, toxic in the unbound form, it is always 

chelated with a large molecular agent to prevent entrance into the intracellular space.117 In 

health, gadolinium remains in the extracellular space.117 In pathological conditions (acute or 

chronic) where the extracellular space is disrupted for example due to excess collagen 

deposition or cell membrane rupture, gadolinium accumulates in the extracellular space.117 It 

is one of the few elements magnetised at room temperature and shortens T1 time.117 When 

used with an inversion recovery principle to null any signal from normal myocardium, areas 

with gadolinium appear bright white in contrast to the black normal myocardium where 

gadolinium has washed out (where T1 time is longer).115, 117  T1 relaxation can, in effect, be 
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visualised by coding the times according to pixel intensity after the use of contrast.114 This 

differentiation is known as T1 weighting which in principle allows the detection of regional, 

focal areas of fibrosis where there is clear differentiation between normal and fibrotic tissue 

and is termed gadolinium enhancement.114, 117 ‘Late’ gadolinium enhancement (LGE) refers 

to the time in which sequences are obtained after contrast administration usually >10 minutes 

(as opposed to early, 1-3 minutes) and is the time in which gadolinium has usually washed 

out of any normal myocardium.118   

Furthermore, in other cardiac pathology the presence of LGE has been demonstrated to be a 

useful risk stratification tool with strong associations with prognosis.119 In a meta-analysis of 

9 studies of patients with LGE there was an increased risk of all-cause mortality [odds ratio 

3.7], hospitalisation secondary to heart failure [odds ratio 2.91] and a profound increased risk 

of sudden cardiac death [odds ratio 5.32].119 The distinct patterns of LGE observed have been 

used for diagnostic purposes in hypertrophic cardiomyopathy, myocardial infarction, and 

myocarditis and is of particular use in distinguishing between ischaemic and non-ischaemic 

aeitologies.115, 120 In addition, areas of LGE have been associated with corresponding areas of 

myocardial collagen deposition on histology.121 

Late gadolinium enhancement in ESRD 

In 2006, Mark et al. used LGE techniques to assess cardiac fibrosis patterns in ESRD.91 In a 

study of over 130 patients two main patterns of LGE were observed.91 The first was that of 

subendocardial LGE, observed in 14%, a pattern typical of ischaemic pathologies indicating 

poor perfusion of the subendocardium.91 This pattern of LGE was also associated with 

traditional atherosclerotic risk factors such as diabetes and hypercholesterolemia, poorer 

systolic function and LV dilatation.91 Of more interest was the second pattern observed, 

largely unexpected, which the authors termed ‘diffuse LGE’, seen in 14% and was associated 

with greater LV mass than those without LGE.91 This cohort were patients undergoing work 
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up for transplantation and consequently there may have been selection bias but, nevertheless, 

it was the first study of its kind using MRI to suggest that cardiac fibrosis may be present in 

the hearts of those with CKD.91 The authors suggested that whilst systolic dysfunction and 

LV dilation may be related to ischaemic patterns of LGE, diffuse LGE is associated with 

greater mass and could indicate a specific uraemic cardiomyopathy.91 The association 

between LGE and LV mass provides support for the paradigm that the LVH observed in renal 

disease is pathological.113  

Although LGE techniques have been used widely in other cardiac pathology, shortly after the 

publication by Mark et al. Nephrogenic Systemic Fibrosis (NSF) in relation to gadolinium 

based contrast agents (GBCA) was reported in the literature.122, 123 NSF is an incurable 

dermatological condition almost exclusively reported in those on dialysis or with very low 

renal function exposed to intravenous GBCA.123 Even though it is extremely rare, NSF leads 

to aggressive skin induration, similar to scleroderma which is both disabling, incurable and 

associated with increased mortality due to organ involvement.123, 124 Unsurprisingly, the use 

of GBCA was restricted by the Medicines and Healthcare Products Regulatory Agency and 

since 2012 has rarely been given to those with an GFR of <30ml/min/1.73m2 unless the 

diagnostic benefits outweighs the risk.3 Gadolinium use in this cohort would be unethical for 

research purposes and therefore there is very little further literature available for both patterns 

and prognostic implications of LGE in CKD.  

T1 and T2 mapping techniques 

Despite the restrictions of GBCA use in CKD, the development of novel advanced imaging 

techniques including T1 and T2 mapping have provided further insight into myocardial tissue 

characterisation.125  T1 mapping has two distinct advantages over LGE, particularly for those 

with CKD.119 Firstly, native T1 imaging does not require the use of contrast (ideal for ESRD) 

and secondly, whereas LGE is reliant on focal areas of fibrosis (with limited special 
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resolution for the detection of microscopic fibrosis) T1 mapping allows better 

characterisation of diffuse or interstitial fibrosis often seen in CKD.115 In contrast to LGE 

techniques, T1 mapping techniques allow visualisation of each individual voxel as a pixel.114 

Each pixel is then encoded based on signal intensity to represent colour.114, 115 This method 

generates a colour coded map for the entire myocardium based on absolute T1 time.114, 115 

This allows detailed microscopic pathology to be visualised.115 

Current methods for T1 measurement require the acquisition of raw images at a variety of 

times following inversion, therefore images are generated at different inversion times (TI) 

giving different T1 weighted images.115 The signal intensity from each T1 weighted image is 

subsequently fitted to the equation for T1 relaxation.114  Techniques for image acquisition 

were initially proposed by Look and Locker in 1970 and modified to the Modified Look-

Locker sequence (MOLLI) which is used widely although there are slight variations to the 

sequence.126 MOLLI sequences generally acquire the data over successive heart beats (either 

17 beats or 11 beats) in separate cardiac cycles but at the same cardiac phase during a single 

breath hold, see Figure 1.7.127 The breath hold is critical for a good quality image to 

minimise respiratory motion, however, the images can be motion corrected to some extent to 

minimise artefact.128  
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Figure 1.7. Modified Look-Locker sequence (MOLLI) T1 mapping. 

Adapted from Taylor et al.114 

A. An electrocardiogram tracing is seen at the top of the image, red arrows indicate the 

timing of the inversion pulses.114 The graph below illustrates magnetisation (Mz) 

against inversion recovery time.114 Magnetisation is inverted after a pulse.114 In this 

sequence there is an inversion pulse and then 5 images (shown in orange squares) of 

the short axis stack are acquired in diastole over 5 successive heat beats at a variety of 

times after the inversion.114 This is followed by a gap of three heart beats and then a 

second inversion pulse and a further 3 images acquired over the next 3 heart beats.114 

Therefore this is described as a 5(3)3 sampling scheme over 11 R-R intervals.114  

 

B. The raw images acquired are shown in black and white with corresponding image 

numbers. All images are ordered according to inversion recovery time and then fitted 

to the T1 recovery curve (indicated by red lines on the graph on the left).114 This is 

done in each pixel to generate a T1 map (shown on the right) based on the signal 

intensity in each pixel.114 
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Broadly, the main reasons for elevated native T1 times fall into two categorires.115 An 

increase in oedema (i.e. secondary to inflammation) or changes in the interstitium due to 

infiltration (i.e. amyloid or collagen deposition).115  

For further tissue characterisation the combination of using native T1 mapping and contrast 

allows the determination of extracellular volume (ECV).115 The myocardium includes a 

cellular component, the interstitium and finally an intravascular component.114  ECV is 

considered a measure of the interstitium and intravascular component in combination and 

changes are thought to predominantly reflect changes in the ECM. 114 Quantification of ECV 

requires native and post contrast T1 maps of both the myocardium and blood pool along with 

haematocrit taken at the time of the images which accounts for the cellular fraction of 

blood.114, 115 ECV is defined as a volume fraction and calculated using the following 

equation.114 

𝐸𝐶𝑉 = (1 − ℎ𝑎𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡) −

1
𝑝𝑜𝑠𝑡 𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡 𝑇1 𝑚𝑦𝑜  −

1
𝑝𝑜𝑠𝑡 𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡 𝑇1 𝑏𝑙𝑜𝑜𝑑

 −

1
𝑛𝑎𝑡𝑖𝑣𝑒 𝑇1 𝑚𝑦𝑜

1
𝑛𝑎𝑡𝑖𝑣𝑒 𝑇1 𝑏𝑙𝑜𝑜𝑑

 

The use of ECV and T1 mapping in combination provides a powerful diagnostic tool to 

determine myocardial tissue changes in a range of cardiac pathologies.115 Native T1 times 

have been found to correlate with fibrosis quantified on biopsy in severe aortic stenosis are 

widely considered as a surrogate marker of myocardial fibrosis.129, 130 ECV has also been 

shown to correlate with collagen volume fraction in those undergoing heart transplantation.131 

A combination of LGE, T1 and ECV is likely to give the best interpretation of fibrosis.132 

In contrast to T1, T2 measures transverse relaxation time.133 Unlike T1, which can be 

elevated due to oedema and/or deposition on the interstitium, T2 is only elevated in cases of 

myocardial oedema.133 T2 may be an important differentiator for myocardial oedema in 

patients with CKD when used in combination with T1 mapping.134 
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T1 and ECV in ESRD 

Two United Kingdom (UK) studies published in Kidney International in 2016 were the first 

to use native T1 mapping techniques in ESRD.130, 135 Rutherford et al. studied 38 

haemodialysis patients and 28 healthy controls matched for age and sex.130 Participants 

underwent 3 tesla CMR including MOLLI T1 mapping.130 Global and septal T1 were higher 

in haemodialysis patients compared to healthy controls.130 Furthermore, T1 times correlated 

with LV mass without a significant difference in LV ejection fraction between the two 

groups.130 T1 time in the septum was also related to both high sensitivity troponin T levels 

and corrected QT interval suggesting that native T1 times in ESRD may be indicative of 

diffuse interstitial myocardial fibrosis and have adverse arrhythmic effects proceeding any 

observed changes to systolic function.130  

In a similar study design, Graham-Brown et al. studied 35 haemodialysis patients and 

compared them to 22 healthy controls.135 Global T1 time was markedly higher in those on 

haemodialysis compared to the control group (1270ms vs. 1085ms) and in addition, septal 

times were significantly higher than non-septal times (1293 vs 1252ms).135 Furthermore, 

global circumferential strain (GCS) and global longitudinal strain (GLS) were impaired in the 

haemodialysis cohort and correlated with longer T1 time.135 This study suggested that 

interstitial fibrosis in ESRD may be asymmetrical, (predominantly effecting the septum) and 

that T1 time is related to changes in functional correlates.135  

Despite this, although patients were scanned on interdialytic days in both of these studies, T2 

times were not measured.135 Therefore the effect of fluid status, which is highly relevant for 

those on haemodialysis, cannot be excluded as a component causing elevated T1 times.135   

T1 and ECV as an outcome measure 

T1 mapping and the use of ECV is emerging as a promising new outcome measure of 

myocardial fibrosis and a new surrogate biomarker of major cardiac pathology.113 It has 
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recently been determined that in both healthy controls and CKD, T1 times are stable over 

time making it of particular interest for longitudinal assessment over and above the subjective 

visual assessment of LGE.136 Furthermore, in those receiving haemodialysis, native T1 time 

has been demonstrated to have high inter-study, inter-observer and intra-observer 

reproducibillity.137 Despite this, there is still a lack of histological confirmation specifically in 

those with CKD leaving its use subject to some criticism.138  

Abnormalities in cardiac function in ESRD 
In addition to the observed macroscopic and microscopic structural changes those with ESRD are 

also subject to major systolic and diastolic functional abnormalities. Recent studies have also 

suggested that GLS is a  more sensitive predictor of cardiovascular and all-cause mortality than 

ejection fraction.139 GLS is a measure of the longitudinal contractile ability of the heart. In a 

study of 187 participants with stage 4-5 CKD (including those on dialysis), a cox multivariate 

regression analysis revealed that GLS was a stronger predictor of cardiovascular mortality [HR 

1.16 (95%1.04-1.30), p=0.008] compared to that of ejection fraction [HR 1.04 (0.99-1.05), 

p=0.08] even after adjustment for age, smoking history and LV mass.139 For those with a 

preserved ejection fraction an impaired GLS carried a 5 fold risk of cardiovascular mortality [HR 

5.59 (95% CI 1.23-25.30), p=0.03] indicating that early functional changes in ESRD are not 

benign.139 A further study also indicated that systolic dysfunction may further progress as renal 

function declines. In the first longitudinal study of structural and functional change in CKD, 

Bansal et al. followed the Chronic Renal Insufficiency Cohort recruited between 2003 to 

2008, up until 2011.140 Participants with a GFR <20ml/min/1.73m2 underwent serial 

echocardiography during their progression from advanced CKD to ESRD.140 During follow 

up LV mass was high but remained relatively stable without further increases yet LV ejection 

fraction began to deteriorate.140 This marks an important transition and suggests that whilst 

there is initial compensation, abnormalities in cardiac structure and function are likely to be 

an initial precursor to heart failure. 140 
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As CKD progresses diastolic dysfunction also becomes evident.141 Diastolic dysfunction is an 

impairment of relaxation and filling of the LV.142  In a prospective observational study over 4 

years, Farshid et al. studied 153 patients with stage 4-5 CKD who underwent 

echocardiography at two time points.141 Diastolic dysfunction was reported in 85% of those 

studied in comparison to 22% who had an ejection fraction less than 55%.141 Diastolic 

dysfunction but not ejection fraction was also found to be an independent predictor of all-

cause mortality.141  

Current definitions of heart failure are based on the 2016 European Society of Cardiology 

guidelines.143 It is recognised, however, that there are no definitions of heart failure 

specifically for those with CKD and the pattern of heart failure may differ from other cardiac 

pathology.144 As a consequence many CKD patients miss out on guideline directed care.144  

Cardiac structural and functional changes in early stage CKD 
Historically the majority of research studies have focused on the cardiovascular abnormalities 

of those with ESRD, however, significant LV abnormalities have also been shown to be 

inversely related to declining renal function demonstrated even in the earliest stages of 

CKD.145  

In a cross sectional review of data from the Chronic Renal Impairment Cohort study, Park et 

al. assessed LVH using echocardiography in over 3000 participants with a wide range of 

GFRs.145 Half of all participants had LVH and there was a progressive increase in the 

percentage of those with LVH and mean LV mass with each deteriorating stage of CKD, see 

Figure 1.8.145 In effect those with a GFR of <20ml/min/1.73m2 had a twofold higher risk of 

LVH on echocardiography compared to those with a GFR of greater than 

60ml/min/1.73m2.145 Those with a GFR of <30ml/min/1.73m2 had a 2.2 fold increased risk of 

abnormal ventricular geometry compared to those with a GFR >60ml/min/1.73m2 even after 

adjustment for confounding variables.145  
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LV mass has even been shown to rise with declining GFR in those with a preserved renal 

function (>60ml/min/1.73m2).146 In a study of over 2000 participants recruited as part of the 

Coronary Artery Risk Development in Young Adults cohort in comparison to those with a 

GFR >90ml/min/1.73m2, participants with a GFR between 60 to 75 ml/min/1.73 m2 had a 

significant increase in LV mass on echocardiogram.146 Small declines in GFR in the 60-

75ml/min/1.73m2 range were associated with an average 6g/m2 increase in LV mass at 10 

years.146 This suggests that cardiovascular disease and structural change begins early in the 

course of CKD.146  

 

There is also evidence from retrospective studies that the presence of LGE is not confined to 

those with ESRD but also observed in much earlier stages of CKD.147 In 2015, Dandamudi et 

al. assessed all comers having cardiac MRI between 2006 and 2008 at a single centre (over 

900 participants) and risk stratified them according to a GFR of greater or less than 

70ml/min/1.73m2.147 The existence of LGE was significantly associated with a lower renal 

function than those without LGE (73 vs. 78ml/min/1.73m2) and remained significant after 

adjustment for confounding variables.147 

Furthermore, LGE appeared to have similar adverse prognostic implications as in other 

cardiac pathologies.147 In the same study Dandamudi et al. reported the presence of LGE was 

associated with increased risk of mortality [HR 1.78 (95% C I 1.21, 2.63)] and mortality was 

greatest for those with a GFR <70ml/min/1.73m2.147 Despite this, patients included those with 

diabetes and known coronary artery disease and over 80% of participants had subendocardial 

patterns of LGE in keeping with coronary artery ischaemia.147 In essence, this was a clinical 

study of patients with ischaemic heart disease with secondary mild renal impairment.3 

Consequently, it is difficult to attribute the presence of LGE solely to a reduction in GFR 

with these other confounding variables at play.  
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In a retrospective study in our own unit, however, LGE was still present in 34% of the 159 

with pre-dialysis CKD that were studied.3 In contrast to the study of Dandamudi et al. 

participants with diabetes, diagnosed coronary artery disease and LV dysfunction were 

excluded in order to reduce the effects of coexistent atherosclerotic disease.3 In this study 

ventricular insertion point and mid-wall patterns were the most frequent (51% and 33% 

respectively), see Figure 1.9.3 The subendocardial pattern of LGE seen in the majority of 

patients studied by Dandamudi et al. accounted for only 9% in our cohort and was more in 

keeping with the study of ESRD subjects by Mark el al.3, 91, 147 This suggests that those with 

early stage CKD may be subject to the same pathological processes in the myocardium as 

those with ESRD and it is unlikely to simply be attributable to atheromatous disease.3 
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Figure 1.8. Mean left ventricular mass according to each GFR stage. 

Adapted and reproduced with permission from Park et al. 145 Demonstrates a linear 

relationship between GFR and left ventricular mass.  

 

eGFR: Estimated glomerular filtration rate. LV; Left ventricular. 
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Figure 1.9. An example of mid- wall LGE in a patient with CKD 

First published and reproduced under terms of the Creative Commons CC-BY license from 

Price et al.3  

 

A. The image at the top is a horizontal long axis chamber view illustrating extensive 

mid-wall LGE. Areas of fibrosis appear bright white against the black background of 

normal myocardium (shown with red arrows).  

B. The image at the bottom is a short axis view of the same patient. The underlying 

aetiology was Adult Polycystic Kidney Disease. The coronary angiogram was normal 

and the pattern does not relate anatomically to a single coronary territory. From these 

images it can be appreciated that LGE is often based on a subjective visual assessment 

and although quantification methods are available longitudinal comparison is 

challenging.115 
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Although studies of ESRD are limited to non-contrast/native T1 mapping because of safety 

concerns, those with earlier stages of CKD can receive gadolinium safely and consequently 

ECV can be calculated.148 Reports of NSF in those with a GFR of >30ml/min/1.73m2 are 

exceptionally rare.149 These techniques give us further insight into the underlying pathology. 

In a prospective study Edwards et al. studied patients with stage 2-4 CKD compared to age 

and gender matched healthy controls and hypertensive controls.148 T1 and ECV were 

significantly higher in those with CKD compared to controls (T1 time=986ms vs 955ms), 

(ECV= 28% vs 25%).148 The hypertensive cohort had T1 and ECV levels similar to that of 

controls and lower than those with CKD.148 Both native T1 times and ECV correlated with 

GLS despite there being no differences in LV volumes or LV mass between groups.148 This 

suggests that increased interstitial fibrosis occurs early in the course of CKD proceeding the 

changes in mass and volumes seen in ESRD.148 Even at this early stage, fibrosis may have 

functional consequences as it is associated with markers of reduced systolic function such as 

GLS.148  

There is some evidence that fluid balance and oedema may have an impact on the appearance 

of the myocardium even in those who are not dialysis dependent.134 In a retrospective multi-

centre study of 154 patients with CKD (defined as less than 60ml/min/1.73m2), 158 patients 

with hypertension and 158 with hypertrophic cardiomyopathy, T1 was elevated in all patients 

and was the best discriminator between patients and the 133 normotensive healthy controls 

studied.134 T1 time in the CKD cohort was higher than either the control group or those with 

hypertension.134 T2 time, however, was the only measure higher in the CKD cohort and the 

best discriminator between CKD and patients with hypertension.134 

Furthermore, subtle changes in myocardial contractile dysfunction have been observed to 

proceed structural change and occur early in the course of CKD.150  In a prospective study of 

40 patients with CKD stage 2 or 3 without diabetes or known cardiovascular disease mean 
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GLS was significantly reduced compared to 30 healthy controls (-15% ± 4% vs. -17% ± 3%) 

using Doppler myocardial imaging.151 Despite this, ejection fraction, was no different 

between the two groups.151 This suggests that subtle changes in functional parameters are 

present even in the earliest stages of CKD whilst traditional measures of systolic function 

such as ejection fraction are preserved.151 

Furthermore, evidence suggests subtle changes in cardiac function deteriorate in a stepwise 

manner in parallel to a decline in renal function.150 In a cross sectional study of 106 patients 

with CKD (stage 1-5) and 38 controls with preserved ejection fraction (defined as a Simpsons 

biplane >55% and no regional motion wall abnormalities) Panoulas et al. found cardiac 

dysfunction was evident even in those with stage 1-2 CKD.150 Participants underwent 

conventional transthoracic echocardiography and speckle tracking analysis.150 GLS 

impairment (defined as >-16%) was seen with increasing prevalence as CKD progressed 

whilst LV twist and the number of segments with diastolic dysfunction increased as GFR 

deteriorated.150 LV twist describes the base of the heart rotating clockwise and the apices 

rotating counter clockwise.150 LV twist is thought to contribute to over a third of stroke 

volume and is a very early sign of myocardial dysfunction.152 GFR was independently and 

inversely associated with both LV twist and the number of segments with diastolic 

dysfunction after adjustment for diabetes, systolic blood pressure, family history and body 

mass index (BMI).150 

These subclinical functional abnormalities seen in the earlier stages of CKD are also 

predictive of adverse cardiovascular events.139, 150 Panoulas et al. found that over a 12 month 

follow up period those with an impaired GLS (>-16%) had a greater risk of major 

cardiovascular events (event free survival in impaired GLS 88.5% vs. 93.7%, p=0.038).150  
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Diastolic dysfunction is not only limited to those with ESRD.142 In a study of 40 healthy 

controls and 202 CKD participants with stage 2-5 CKD, mitral A velocity was reduced and 

the ratio of mitral E and A velocity was much higher in the healthy controls compared to all 

of those with CKD including the earliest stages of renal dysfucntion.142  

In summary, there is evidence that those with early stages of CKD also develop structural 

changes to the heart including a rise in LV mass in a graded relationship as GFR declines.145  

Novel imaging techniques also indicate that those with early stage CKD share similar 

patterns of LGE to those with ESRD and also have elevated T1 times which have previously 

been associated with cardiac fibrosis.3, 148 In addition functional abnormalities in early stage 

CKD include impaired myocardial deformation (impaired GLS), LV twist and diastolic 

dysfunction resembling heart failure with preserved ejection fraction (≥50%).144  

As structural and functional cardiovascular changes occur in the earliest stages of CKD one 

may consider that CKD associated cardiomyopathy is a more accurate term than uraemic 

cardiomyopathy as many of these patients cannot be considered significantly uraemic.153 It 

also raises the question of whether a modest reduction in GFR in isolation, as a result of 

living kidney donation may have similar effects on the cardiovascular system. 
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1.6 Potential causes of uraemic cardiomyopathy and 

therapeutic targets 

1.6.1 Haemodynamic overload 

Anaemia, erythropoietin and iron 
In those with CKD, anaemia has been associated with LV dilatation, hypertrophy and 

mortality.154 In an echocardiography study of over 400 patients with ESRD, Foley et al. 

found anaemia was independently associated with dilatation of the LV and new diagnoses of 

heart failure.155 Whilst early studies of the treatment of anaemia in CKD with erythropoietin 

have demonstrated regression of LV mass more recent trials have shown no significant 

cardiovascular benefits, see Table 1.2. 156, 157 In order to mitigate potential risks of using 

erythropoietin but treat anaemia there has also been recent focus on the treatment of iron 

deficiency.158  

1.6.2 Hormonal and circulating factors 

Disturbance in bone and mineral metabolism 
In CKD, the inability to effectively excrete phosphate leads to dysregulation of the hormonal 

feedback loops which control calcium and phosphate homeostatsis.159 This results in elevated 

fibroblast growth factor-23 (FGF23), phosphate and parathyroid hormone (PTH) levels with 

correspondingly low levels of 1, 25-dihydroxyvitamin D and calcium. All of which have been 

linked to adverse cardiovascular outcomes and the focus of many randomised clinical trials, 

see Table 1.3.  

One of the main strategies for limiting phosphate levels is the use of phosphate binders, 

however, trials have been disappointing.159 In 2018 an extensive Cochrane review of 104 

studies there was no clear beneficial effect of Sevelamer, Lanthanum, iron and calcium‐based 

phosphate binders on all-cause mortality, myocardial infarction or coronary artery 

calcification of those with stage 2-5.160 In addition clinical trials of calcimimetics such as 

Cinacalcet have been undertaken to examine the effect of PTH suppression on cardiovascular 
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outcome.47 The results, however, have also been discouraging and Cinacalcet has not been 

demonstrated to reduce risk of major cardiovascular events.161 Furthermore, in a recent 

systematic review and meta-analysis, Lu et al. found that although in 21 observational studies 

vitamin D and its analogues were associated with reduced all-cause and cardiovascular 

mortality, current randomised trials did not show sufficient evidence of a beneficial effect.162 

FGF23 and klotho axis 

Elevated FGF 23 

It is not clear whether FGF23 has a direct cardiovascular toxic effect or is a bystander and 

merely associated with other deranged biochemistry mediating pathology. 163  There is 

emerging evidence, however, that FGF23 is associated with LV disease.164 In a larger study 

of over 3000 participants who took part in the Chronic Renal Insufficiency Cohort study, 

FGF23 levels were three times higher in those with CKD compared to that expected in the 

general population.165 The prevalence of normal LV geometry on echocardiography 

decreased with each increasing quartile of FGF23 and those with normal blood pressure had 

over a 4 fold increased risk of developing a new diagnosis of LVH with each unit increase of 

FGF23.165  

Faul and colleagues have conducted extensive animal studies on the effects of FGF23 on the 

heart.165 In a study using neonatal rat ventricular cardiomyocytes treated with FGF23, Faul et 

al found rising levels of α-actinin on immunocytochemical analysis (suggesting increased 

sarcomeres) and increases in cell surface area.165 Taken together this indicates cardiac 

hypertrophy was in direct response to exposure to FGF23.165  

α-klotho deficiency 

CKD is considered a condition of profound α-klotho deficicency.166 It was previously thought 

that the co-dependent relationship between α-klotho, FGF23 and phosphate homeostasis 

meant that cardiac remodelling was likely a consequence of uncontrolled high FGF23 and 

phosphate levels rather than the absence of α-klotho itself.167 Recent studies, however, have 
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suggested that soluble α-klotho has its own independent effects.167 Mice that are 

heterozygous for klotho deficiency develop cardiac hypertrophy and poor cardiac function as 

measured by CMR imaging and dietary measures instigated to correct FGF23 and phosphate 

did not reverse this.167 Mice were then injected with a transgene which encoded soluble α-

klotho .167 Compared to mice injected with an empty vector those receiving the transgene had 

a reduction in heart to weight body ratio and percentage of cardiac fibrosis.167 This suggests 

there could be a future therapeutic avenue. 

Hyperuricemia 

Although historically the role of uric acid in renal progression and cardiovascular disease in 

CKD has been somewhat dismissed due to strong collinearity with traditional risk factors, 

there has been some renewed interest.168, 169 In a recent meta-analysis of  27,081 with CKD 

those with the highest levels of serum uric acid were at over 40% greater risk of 

cardiovascular mortality than those with the lowest levels.170 A one unit change in uric acid 

levels equated to a 12% increased risk of cardiovascular mortality. 170 

The use of allopurinol has also a beneficial effect on cardiovascular structure and function.171 

Kao et al. conducted a randomised, double-blind, placebo-controlled study of patients with 

CKD stage 3 and LVH diagnosed by echocardiography.171 After 9 months of receiving 

100mg of  allopurinol there was a significant reduction in LV mass compared to the control 

group.171  

Disturbance of the renin-angiotensin system 

The pathophysiology of the renin-angiotensin-aldosterone system (RAAS) has a central role 

in progression of CKD, cardiovascular disease and hypertension.172 Therapeutic targets of the 

RAAS system have also been the cornerstone of therapy for both renal disease and heart 

failure and have included angiotensin converting enzyme inhibitors, direct renin inhibitors 

and angiotensin receptor blockers.173   Despite the beneficial effects of angiotensin converting 
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enzyme (ACE) inhibition a ‘resistance’ appears to develop.172 This has been attributed to 

aldosterone breakthrough in which excess aldosterone secretion occurs in response to a rise in 

potassium levels as a result of ACE blockade.174 There is growing evidence that aldosterone 

has more direct actions on cardiovascular structure and function.175 Trials in those with CKD, 

however, have not been consistent, see Table 1.4.
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1.6.3 Molecular factors 

Chronic inflammation and oxidative stress 
Age related diseases are frequently linked to chronic levels of low grade inflammation and 

have previously been extensively investigated in other chronic diseases.176, 177  CKD, is 

frequently referred to as a disease of ‘persistent inflammation’ and has been recognised as a 

contributing factor in cardiovascular disease since the 1990s.178-180 Inflammation also plays a 

strong central role in cardiovascular pathology and in many cases cardiovascular disease can 

be considered an age related disease.181 

CKD has consistently been associated with elevated inflammatory biomarkers and, in 

particular, a mismatch between pro and anti-inflammatory cytokines.182  In a study of over 

200 participants on haemodialysis over two thirds had an abundance of cytokines considered 

pro-inflammatory (Interleukin (IL)-1, IL-6 and Tumour necrosis factor (TNF)-alpha) 

compared to anti-inflammatory cytokines  (IL-2, IL-4, IL-5, IL-12).182 Furthermore those 

with a greater level of mismatch between pro and anti-inflammatory cytokines had an 

increased risk of mortality [HR 2.26 (95% CI 1.44, 3.53)].182  
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Table 1.2. Key randomised clinical trials with cardiovascular end points targeting anaemia. 

Intervention Study 

design  

Reference and 

study acronym 

Study population Cardiovascular outcome 

measure 

Study result 

Treatment targets for haemoglobin and management of anaemia (erythropoietin and iron) 
Target haemoglobin of 

120-130 g/L vs. 90-100 

g/L. 

Open-label  Roger et al 2004.183 n=155 

CKD 

Change in LVM index. No difference in LVM. 

No difference in SBP. 

No effect on the development of left 
ventricular hypertrophy 

Target haemoglobin of 

120-140g/L vs. 90-105g/L 

Open-label Levin et al 2005.184 n=172 

CKD 

Change in LVM index from 

baseline to 24 months. 

No difference in LVM or left 

ventricular growth. 

Target haemoglobin of 95-
115g/L vs. 135-145g/L 

Double-blind Parfrey et al 2005.185 n=596 
Haemodialysis 

No symptomatic 

cardiovascular disease 
 

Left ventricular volume index No difference in left ventricular volume 
or LVM. 

Target haemoglobin of 

130-150g/L and early 

treatment vs. 105-115g/L 
and delayed treatment 

Open-label 

Parallel design 

Drueke 2006186 

CREATE 

n=603 

GFR 15-30ml/min/1.73m2 

Composite of eight cardiovascular 

events. 

LVM. 

No difference between those with early 

complete correction of anaemia and 

those with delayed treatment. 

Target haemoglobin of 

135g/L vs. 113g/L. 

Open-label  Singh 2006187 

CHOIR 

n=1432 

CKD 

GFR 15-50ml/min/1.73m2 

Composite of death, MI, 

hospitalisation for congestive heart 

failure and stroke. 

 

A higher haemoglobin target was 

associated with increased risk of death. 

Darbepoetin alfa vs. 

placebo 

Placebo controlled Pfeffer 2009.188 

TREAT 

n=4038 

CKD  
Type II diabetes 

Composite outcomes of death or 

cardiovascular event and death or 
end-stage renal disease. 

 

No difference in mortality between 

groups. 

High dose vs. low dose 
intravenous iron 

Open-label  
Blinded end point 

analysis 

 
 

Macdougall et al 2019158 
PIVOTAL 

n=2141 
Haemodialysis 

Composite of non-fatal myocardial 
infarction, non-fatal stroke, 

hospitalisation for heart failure or 

death. 

Low dose iron given in a reactive 
fashion to declines in haemoglobin was 

associated with greater risk of 

cardiovascular events. 

 

CHOIR; Correction of haemoglobin and outcomes in renal insufficiency. CREATE; Cardiovascular reduction early anaemia treatment epoetin beta. CKD; Chronic kidney 

disease. LVM; Left ventricular mass MI: Myocardial infarction. PIVITOL; Proactive intravenous iron therapy in haemodialysis patients.  SBP; Systolic blood pressure. 

TREAT; Reduce cardiovascular events with Aranesp therapy. UK HARP-III: UK Heart and renal protection.
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Table 1.3. Key randomised clinical trials with cardiovascular end points targeting bone and mineral metabolism. 

Intervention Study 

design  

Reference and 

study acronym 

Study population Cardiovascular outcome 

measure 

Study result 

Therapeutic targets on bone and mineral metabolism 
Sevelamer vs. calcium-

based phosphate binders 

Open-label 

Active control 

Parallel-group 
 

 

Suki et al 2007.189 

DCOR 

n=2103 

Haemodialysis  

All-cause mortality.  

Cause-specific mortality 

(cardiovascular, infection, and 
other) 

All-cause hospitalisation. 

No difference in all-cause mortality. 

No difference in cardiovascular 

mortality. 

Cinacalcet plus low dose 

vitamin D sterols vs. 
vitamin D sterols 

Open-label 

Active control 

Raggi et al 2011190 

ADVANCE 

n=360 

Haemodialysis 
PTH>150pg/mL 

On calcium-phosphate 

binders 
 

Percentage change in coronary 

calcification score from baseline to 
Week 52 

Calcification scores were reduced in 

those on Cinacalcet. 

Cinacalcet vs. placebo Double-blind 

Placebo controlled 
 

Chertow et al 2012.161 

Wheeler et al. 201247 
EVOLVE 

n=3883 

Haemodialysis with 
moderate to severe 

hyperparathyroidism 

Fatal and non-fatal cardiovascular 

events. 

Cinacalcet did not significantly reduce 

the risk of death or major 
cardiovascular events 

Secondary outcomes found Cinacalcet 

was associated with reduced rates of 
sudden cardiac death and heart failure. 

Paricalcitol (active vitamin 

D) vs. placebo 

Double-blind 

Placebo controlled 

 
 

Thadhani et al 2012191 

PRIMO 

n=227 

CKD 

GFR 15- 
60mL/min/1.73m2 

Changes in LVM over 48 weeks No change to LVM. 

No change to measures of diastolic 

dysfunction. 

Sevelamer vs. placebo Double-blind 

Placebo controlled 
 

Chue et al. 2013192 

 

n=120 

CKD 
Stage 3 

LVM. 

Systolic and diastolic function. 
Carotid-femoral PWV. 

No difference in LVM, systolic and 

diastolic function or PWV. 
Sevelamer associated with lower serum 

FGF23 levels. 

Paricalcitol (active vitamin 
D) vs. placebo 

Double-blind 
Placebo controlled 

 

Wang et al. 2014193 
OPERA 

n=60 
CKD with left ventricular 

hypertrophy 

Stages 3-5 
 

 

Change in LVM index over 52 
weeks 

 

No difference in LVM, left ventricular 
volume, LVEF or measures of diastolic 

dysfunction. Paricalcitol reduced 

cardiovascular-related hospitalisations 
and PTH.  

 

Cholecalciferol vs. placebo Double-blind 

Placebo controlled 

Banerjee et al 2019194 n=48 

CKD 
Stage 3-4 

Non-diabetic 

Vitamin D <75nmol/L 
On RAAS blockade 

High/normal LV mass 

 

Change in LVM index over 

52 weeks. 

No difference in LVM, LVEF, or 

ventricular/atrial volumes. 

ADVANCE; A randomised study to evaluate the effects of Cinacalcet plus low dose vitamin D on vascular calcification in subjects with chronic kidney disease receiving 

haemodialysis. CKD; Chronic kidney disease. DCOR: Dialysis clinical outcomes revisited. EVOLVE: Evaluation of Cinacalcet hydrochloride therapy to lower 



59 
 

cardiovascular events.  LVEF; Left ventricular ejection fraction. LVM; Left ventricular mass. OPERA; Oral Paricalcitol in stage 3-5 CKD. PRIMO; Paricalcitol capsules 

benefits renal failure induced cardiac morbidity in subjects with chronic kidney disease stage 3 and 4. PTH; Parathyroid hormone PWV; Pulse wave velocity. 
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Table 1.4. Key randomised clinical trials with cardiovascular end points targeting the renin-angiotensin aldosterone system. 

Intervention Study 

design  

Reference and 

study acronym 

Study population Cardiovascular outcome 

measure 

Study result 

Therapeutic targets on the renin-angiotensin-aldosterone system 
Spironolactone vs. placebo Double-blind 

Placebo controlled 

 
 

Edwards et al.2009 103 

 

n=112 

Stage 2-3 CKD 

On RAAS blockade 

LVM 

Arterial stiffness (PWV/aortic 

distensibility) at 40 weeks 

Reduction in LVM 

Reduction in arterial stiffness. 

Spironolactone vs. placebo Double-blind 

Placebo controlled 

 

Vukusich et al. 2010195 n=53 

Haemodialysis  

Non-diabetic 
Not on RAAS blockade 

 

Carotid intimal thickness Reduced progression of carotid intimal 

thickness compared to placebo. 

Spironolactone vs. no 
spironolactone 

Open-label Ito et al 2014196 n=158 
Peritoneal dialysis 

On RAAS blockade 

 

Rate of change in LVM index  Reduction in LVM and improvement in 
ejection fraction with spironolactone. 

Spironolactone vs. no 
spironolactone 

Open-label 
 

Matsumoto et al 2014197 
DOHAS 

n=309 
Haemodialysis 

 

Composite of death from 
cardiovascular and cerebrovascular 

events. 

Hospitalisation for cardiovascular 
and cerebrovascular events 

Reduced the risk of cardiovascular and 
cerebrovascular morbidity and death 

with spironolactone. 

Spironolactone vs. placebo Double-blind 

Parallel design 
Placebo controlled 

Hammer et al 2019198 n=97 

Haemodialysis 

Change in LVM index from 

baseline to 40 weeks. 

No difference in LVM or LVEF. 

No difference in ambulatory blood 
pressure 

No difference in 6-minute walk test 

distance or New York Heart 

Association functional class.  
Spironolactone vs. placebo 

Multiple dosage trial 

Double-blind 

Placebo controlled 

 

Charytan et al 2019199 

SPIN-D 

n=129 

Haemodialysis 

Diastolic dysfunction No difference in diastolic function 

between groups. 

 

CKD; Chronic kidney disease. DOHAS: Dialysis outcomes heart failure Aldactone study. LVEF; Left ventricular ejection fraction. LVM; Left ventricular mass PWV; Pulse 

wave velocity. RAAS; Renin angiotensin aldosterone system. SPIN-D; Safety and cardiovascular efficiency of spironolactone in dialysis-dependent end stage renal disease. 
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1.7 Living kidney donation 
The evidence for increased cardiovascular mortality and morbidity in CKD is extensive, 

consistent, comes from multiple sources and is apparent even in the early stages of CKD. If 

cardiovascular disease is directly and independently related to a decrease in GFR in a 

stepwise manner then living kidney donors would be expected to be susceptible to the same 

disease processes as those seen in CKD: atherosclerosis, arteriosclerosis and uraemic 

cardiomyopathy.  

Living kidney donors are ideal candidates to investigate the relationship between GFR and 

cardiovascular disease. Firstly, they undergo strict criteria for donation at baseline and are 

usually healthy with a normal cardiovascular system (without coexisting conditions seen in 

CKD such as diabetes and uncontrolled hypertension). Secondly, at 5 years after donation, up 

to a third of patients can be expected to have an GFR of less than 60ml/min/1.73m2 

(equivalent GFR of those with stage 3 CKD).200  Finally, they have a reduction in GFR at a 

known time point meaning they can be studied prospectively (which is seldom possible in 

those with CKD).  

Studies of living kidney donors therefore enables a structured approach to disentangling the 

complex association of renal and cardiovascular disease thus allowing important 

pathophysiological information on the mechanisms of cardiovascular disease in CKD to be 

gained.2   

1.7.1 Living kidney donation in the UK 
The cost of CKD has a huge financial impact on the UK National Health Service (NHS).201 It 

is estimated that around £1.6 billion per annum is spent on the treatment and complications of 

CKD in the UK and accounts for 1.3% of overall National Health Service (NHS) spending.201 

A large proportion of spending on CKD is on dialysis, estimated to cost over £500 million 

per year, yet serves only 2% of those with CKD.201 Whilst the use of dialysis has become 
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more mainstream, it is still associated with a high symptom burden, high rates of mortality 

and poor quality of life.202, 203 Renal transplantation has been shown to be a more cost-

effective strategy for the NHS when compared to the alternative of long term dialysis.21, 201 

Transplantation is considered the gold standard renal replacement therapy for patients with 

ESRD as it bestows improvements to both quality of life and survival in comparison to 

dialysis. 204, 205 

The UK, however, is currently facing an organ donation crisis and has the highest organ 

donation refusal rate in Europe.206 The major imbalance between the supply of deceased 

donor organs and demand combined with improved pharmaceuticals and technology has led 

to the expansion of living kidney donation. 206-209 In the last 20 years living kidney donation 

has increased substantially.210 There are now wider acceptable criteria for donation, inclusion 

of altruistic donors, complex multiple chain donations and donation for those with ABO 

incompatibility.210 As a result almost half of all transplanted kidneys in the UK are now from 

living kidney donors (~1000 living kidney donors per year).205, 208, 211 In the last seven years 

however, living kidney donation rates in the UK have plateaued with small declines in recent 

years.212 

The speed of change in transplantation however, has exceeded the acquisition of knowledge 

about the pathophysiological effects of donating a kidney. There is much controversy over 

the long term consequences of donation.213 214 This is in part due to a paucity of long term 

registry data and partly due to some of the unique challenges of designing research studies in 

living kidney donors such as selecting a comparable control group and eliminating bias.215 

1.7.2 Mortality and cardiovascular events 
Findings from multiple studies with up to 40 years of follow up have shown no evidence of 

reduced survival compared to the general population and some have reported better life 

expectancy, see Table 1.5.216-220 Most are single centre reports and describe health event rates 
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far lower than the general population, although importantly, the control data were often 

derived from populations containing large numbers of subjects who would not have been fit 

to donate. 218 In an attempt to overcome this, Garg et al. used a matched cohort study to 

compare donor death and cardiovascular event rates with the ‘healthiest general population’ 

and excluded those with conditions that would have precluded donation.221 Reassuringly, the 

combined end points of death and adverse cardiovascular events were lower in donors than 

controls and the risk of cardiovascular events alone was not significantly different.221  Further 

support comes from a large study using US registry data comparing survival in over 80,000 

donors to that of a matched cohort of 9364 participants without CKD (1:1 matched based on 

comorbidities) drawn from the third National Health and Nutrition Examination Survey 

(NHANES).216 Over a median follow up of 6.3 years, mortality amongst donors was not 

different to controls stratified by age, sex, and race. 216  

There are a number of limitations of these studies. Firstly, the short duration of follow up 

means that increased long term cardiovascular risk cannot be excluded. To date, most studies 

have median follow up periods of 6-8 years. 216, 221, 222  Secondly, the influence of race on 

cardiovascular outcomes after kidney donation is unclear. Most of the outcome data are based 

on predominantly Caucasian populations such as those in Canada and Norway.221, 223 There is 

a need for mortality studies on black, Hispanic and Asian patients especially given the 

increased risk of hypertension in these groups.   

Concerns relating to possible long term adverse effects of donation arose in 2014 in a paper 

examining 15 year outcomes in 1901 Norwegian donors and 32,621 control participants who 

were potentially eligible for donation. 223 The hazard ratios for all-cause death 1.30 (95% CI 

1.11-1.52), cardiovascular death 1.40 (95% CI 1.03-1.91) and ESRD 11.38 (95% CI 4.37-

29.63) were significantly increased in donors with curves diverging after about 10 years. 223 

Limitations of this study include: exclusion of marginal donors with co-morbidity such as 
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obesity, an older donor group (8 years) than controls, and longer follow up of donors 

compared to controls.223, 224 In addition, the rural area of Norway used to conduct the study 

has an unusually high life expectancy and most donors (including all who developed ESRD 

with its attendant high cardiovascular risk) were genetically related to the recipient.224 

Nevertheless, these data are at least cause for concern and should give rise to more intensive 

long term follow up of donor populations around the world. It is impossible to exclude with 

certainty that a reduction in GFR of any cause, including donation, may lead to an increase in 

adverse cardiovascular events.   

A major problem with studies using non-mortality end points in living kidney donors is 

surveillance bias. 222 Higher rates of hypertension and proteinuria in donors may be a result of 

more intensive medical review and may lead clinicians to more readily commence anti-

hypertensive agents leading to cases being ‘overstated’.222, 225  Reese et al. found that donors 

made more visits to primary care and had more diagnosed non-melanoma skin lesions, both 

findings are suggestive of this form of bias and suggests this is a complicating factor when 

studying donors.222 This reinforces the need for well controlled prospective studies of 

adequate duration.   
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Table 1.5. Summary of mortality studies in living kidney donors. First published in Price et al.2 

Reference Date Patient 

numbers 

Control group Matched 

controls? 

Follow up 

 

Ethnicity/Sex/Age 

of donors 

Single 

centre

? 

Outcome Mortality 

in donors 

Garg.218 2008 Donors=1278 

Controls=6359 

Health 

administration 
data  

 

Yes-age, sex, 

income and 
number of 

physician visits. 

Mean 6.2 yrs. 92% Caucasian 

5% Asian 
<3% black 

Canada 

No No differences in either mortality or 

cardiovascular disease events (1.3% vs. 1.7%; 
hazard ratio 0.7) 

Unchanged 

Ibrahim.217 2009 Donors=3698 Life table data  
 

Yes- Age, sex 
and race. 

 

255 matched 
1:1 

40 yrs. United States Yes Survival was similar to controls Unchanged 

Segev.216 2010 Donors=80,347 

Controls= 9364 

 

Third cohort of 

National Health 

and Nutrition 
Examination 

Survey 

(NHANES III) 

Yes-1:1 based 

on co-

morbidities. 

Median 6.3 

yrs. 

13.1% black 

12.3% Hispanic 

United States 

No Mortality amongst donors was no higher than 

controls even when stratified by age, sex, and 

race 

Unchanged 

Mjoen.219  2012 Donors=2269 

Controls=6807 

General 

population 

statistics  

Yes-Age, 

gender and year 

of birth. 3:1 
match 

Median14.3 

yrs. 

Mean age 47yrs 

41% male 

Norway 

Yes Both overall and cardiovascular mortality was 

lower for donors 

Lower 

Garg.221 2012 Donors=2028 

Controls=2028

0 

‘Healthiest 

general 

population’ 
Excluded those 

with a condition 
that precluded 

donation. 

Yes- age, sex, 

income and 

residence 
10:1 match 

Median6.5 

yrs. 

Median age 43yrs 

Likely Caucasian 

Ontario, Canada 
 

Yes Risk of death or major cardiovascular events was 

lower in donors with a hazard ratio of 0.66. 

Lower 

Reese.222 2014 Donors=3368 

Controls=3368 

Healthy older 

patients in the 
Health and 

Retirement 

Study 

Yes- 

Based on 
patient reported 

health 

Median 7.8 

yrs. 

Mean age 59yrs 

Only 7% black 
41% male 

United States 

No Donors were not at an increased risk of death or 

cardiovascular disease. 

Unchanged 

Mjoen.223 

 

 

2014 Donors=1901 

Controls= 
32,621 

Health Study of 

Nord- 

TrØndelag 
(HUNT) 

population 

study 

No. Controls 

were considered 

fit to donate. 

Median 15.1 

yrs. 

Mean age 46yrs 

All Caucasian 

Norway 

Yes Increased risk of all-cause and cardiovascular 

death 

Higher 

Rizvi.220 2016 Donors =90 
Controls=90 

Siblings of 
donors 

Yes-siblings 
paired. 

Mean 5.8 yrs. Mean age 37yrs 
70% male 

Pakistan 

Yes No difference in rates of ischaemic heart disease Unchanged 
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1.7.3 Risk of ESRD 
Previous studies of the risk of ESRD in donors have compared donors to non-donating 

siblings who share the same genetic and environmental factors which may predispose them to 

future kidney disease.226 Whilst such studies proved reassuring with no change in blood 

pressure or proteinuria in up to 20 year follow up this idealist approach led to a number of 

studies with very small numbers. 227, 228 

The best data comes from two large scale matched cohort studies. In 2014, Muzaale et al. 

compared 96,217 donors with 20,024 healthy matched controls from the NHANES data with 

a median follow up of 7.6 years.229 The risk of developing ESRD in donors was 30.8 per 

10,000 compared to 3.9 per 10,000 in the matched control group at 15 years after 

nephrectomy.229 Absolute risk, however, was small with a lifetime risk of 90 per 10,000 for 

donors.229 In contrast in same year, Mjoen et al. compared 1901 kidney donors and a matched 

cohort of 32,621 controls considered suitable for donation.223 The risk of ESRD was 

markedly higher in donors than controls with a hazard ratio of ESRD after imputation for 

missing values of 11.38 (95% CI 4.37-29.6) although the alarming high risk may be 

overestimated due to underlying genetic predisposition in the donor group.223 All donors 

developing ESRD were family members and all the causes were immune mediated.223  

Similar findings were observed by Matas et al. who noted that the 16% of known causes of 

ESRD in donors had a similar aetiology to the recipient.230 However many of those 

developing ESRD were male, donated at a younger age and had a history of smoking.230 

Consequently, the majority of causes were linked to diabetes and hypertension. 230 Health 

promoting behaviour and adequate risk stratification of donors is likely to be important to 

mediate the risk both before and after donation.226, 230, 231 More recently risk stratification 

tools have been developed in response to this discrepancy to predict individuals lifetime risk 

of ESRD.232  
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1.7.4 Vascular changes 

Hypertension 
Most patients with CKD are hypertensive but it is not clear if this is a universal finding when 

GFR is reduced. There has been suspicion for many years that donors have excess rates of 

hypertension and albuminuria but the quality of evidence is poor and reports are 

inconsistent.225 A meta-analysis of  48 studies found that it was not possible to assess the risk 

of hypertension requiring treatment as none of the primary studies had an adequate sample 

size to detect a 1.5-fold increase in risk after donation with at least 80% statistical power.233 

Thus, change in blood pressure (mmHg) is frequently used as an intermediary marker for 

increased risk of hypertension. 233 Of the ten studies that had a control group and a follow up 

of over 5 years, there was an increase in blood pressure of about 6mmHg systolic and 

4mmHg diastolic when compared to healthy adults with similar age, sex and ethnicity.233 

Garg et al. also found that donors were more likely to be diagnosed with hypertension 

(defined using diagnostic codes on outpatient or discharge paperwork) than controls (16.3% 

vs. 11.9%, hazard ratio 1.4) however, there is a strong possibility of surveillance bias.218  

There are many flaws in these studies: most were retrospective and few used 

contemporaneous control groups that were followed up in a similar way to donors.225 The 

transplant community can be criticised for a lack of quality prospective long term studies of 

blood pressure in living kidney donors but there are significant obstacles. Not only are such 

studies expensive and difficult to perform, particularly with respect to finding appropriate 

controls, but live donor transplants are often carried out in large hospital centres involving 

long travelling times. 223, 225  In Korea for example, just 11% of patients were followed up 

despite over 80% of kidney transplantation in that country involving live donors.234  

Data from 24-hour (hr) ambulatory blood pressure studies are mixed.  In a prospective 

controlled observational study, Kasiske et al. found no statistical difference in ambulatory 
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blood pressure values or in night time ‘dipping’ at 36 months between 135 well matched 

controls and 126 donors.235  In contrast, data from 1214 donors in the mandatory Swiss 

lifelong donor follow up has raised concern.225  Among initially normotensive donors, 43.1% 

developed hypertension diagnosed by ambulatory blood pressure monitoring within the 10 

year follow up period.225 Hypertension was defined as a systolic of greater than 140mmgHg 

and/or a diastolic of  greater than 90mmHg or the use of an anti-hypertensive medication.225   

There was no control group so conclusions are difficult to draw but using the Framingham 

hypertension risk score it was estimated that by 12 months, nephrectomy had increased the 

risk of hypertension by 3.64 times.225 In addition the authors could not exclude the possibility 

of surveillance bias as the addition of anti-hypertension medication into the definition means 

that some normotensive patients on an ACE inhibitor for proteinuria for example would be 

included.225  

The influence of race on rates of hypertension and other morbidities requires much more 

investigation. To date, the best data comes from a retrospective US study of 4650 living 

kidney donors.236 Post nephrectomy events were compared to NHANES data from the 

general population with a median follow up of 7.7 years.236  Thirteen percent of the group 

were black and 8% Hispanic.236 The overall prevalence of hypertension at 5 years was 17.8% 

but this was increased by 52% for black and 36% for Hispanic donors compared to white 

donors exceeding what would be expected in the general population in both Hispanic and 

black patients over the age of 55.236 The definition of hypertension was based on billing 

claims, pharmacy claims and anti-hypertensive drug category codes.236 

In a number of studies blood pressure variability rather than blood pressure alone has been 

linked to cardiovascular mortality and progression of renal disease.237, 238 In a systematic 

review and meta-analysis variability in systolic blood pressure was associated with an 

increased risk of all-cause and cardiovascular mortality (HR 1.15 and 1.18 respectively).239 
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Ternes et al. studied 193 donors and 196 controls as part of the prospective ATOLD study.240 

There was no difference in blood pressure coefficient of variance 12 month post nephrectomy 

compared to controls.240   

In summary, despite years of study, it is still not possible to draw safe conclusions on whether 

the reduction in GFR caused by kidney donation causes an increase in blood pressure. This 

may be because there is no renal cortical damage or ischaemia in kidney donors; the 

circulating renin angiotensin system is probably not activated.241, 242   This lack of association 

between living kidney donors and increased risk of hypertension benefits studies 

investigating the influence of a reduced GFR on the cardiovascular system as it eliminates the 

possible confounding effects of high blood pressure. The caveat, however, is that if blood 

pressure is a major distinguishing feature between donors and patients with CKD, findings in 

kidney donors may not apply to those with CKD. 

Pre-eclampsia and gestational hypertension 
Patients with CKD are at higher risk of developing pre-eclampsia during pregnancy and at an 

increased severity compared to controls.243 This is of importance with respect to long term 

cardiovascular health as pre-eclampsia confers a 12 fold increased future risk of 

cardiovascular disease.244 Studies investigating risk of pre-eclampsia in living kidney donors 

are mainly retrospective, observational and reliant on patient self-reporting. Ibrahim et al. 

reported on 1085 living kidney donors with 3213 pregnancies.245 Pregnancies after donation 

were associated with a lower rate of full-term deliveries (73.7% vs 84.6%).245 Donors also 

had higher rates of gestational hypertension (5.7% vs 0.6%) and pre-eclampsia (5.5% vs 

0.8%) after donation compared to pre donation.245  Gestational hypertension was defined as a 

need for treatment during pregnancy only (not before or after).245 Maternal, foetal and 

pregnancy outcomes were, however, similar to the general population and the influence of 

patient bias recall cannot be discounted.245 In a similar study, Reisaeter et al. also used 
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questionnaires to review over 100 living kidney donors and found higher pre-eclampsia rates 

after donation than before (5.7 vs 2.6%) although maternal age, a major confounder, could 

not be entirely accounted for in multivariable modelling due to the low event rate.246 As the 

pregnancy complications were recorded by clinicians this data may be more accurate.246  In a 

retrospective cohort study of 85 female living kidney donors and 131 pregnancies, Garg et al. 

matched donors with controls in a 1:6 ratio for number of pregnancies, time to pregnancy, 

age, income and urban/rural background.247 Gestational hypertension and pre-eclampsia 

(defined by diagnostic codes following clinical assessment) were more than twice as common 

in living kidney donors than controls.247 In a systematic review by the KDIGO work group, 

Slinin et al. concluded that women of child bearing age should be informed of an increased 

risk as part of the consent process.213  On current evidence it appears that kidney donation, 

like CKD, increases the risk of pre-eclampsia.   

Arterial stiffness 
PWV is the gold standard non-invasive measure of aortic stiffness.248  It is elevated in CKD 

and a strong predictor of cardiovascular risk in CKD and a variety of other diseases.249 There 

are several studies of the effects of kidney donation on arterial stiffness but many are small 

uncontrolled pilot studies from which safe conclusions cannot be drawn.  Fesler et al. showed 

no change in PWV or any other marker of arterial stiffness in a study of 45 donors before and 

1 year after donation without a control group.248 In contrast, a cross sectional study of 101 

Lebanese kidney donors demonstrated that PWV was 10% higher than healthy controls with 

a similar age and sex distribution (though not screened to be ‘donor eligible’).250  

It is estimated that the required sample size to adequately power a study to determine a 

0.4m/s change in PWV is over 350 patients per group.249 Since there are no studies of this 

size it is unsurprising that the literature is inconsistent. 
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An alternative method of measuring arterial stiffness is to use aortic distensibility. This has 

been used in a number of studies and is of prognostic value.241  In a prospective controlled 

study, distensibility was reduced in donors compared to controls at 12 months from 

nephrectomy.241  

1.7.5 Biochemical changes 

Lipids and glucose tolerance 
In a prospective study of 182 donors compared to 173 controls (also suitable for donation) 

there was no significant difference in lipid profiles including high density cholesterol, low 

density cholesterol, triglycerides or lipoprotein at 3 years.235 The subjects also underwent 

both a Haemoglobin A1c and ‘the homeostasis model assessment of insulin resistance’ 

(HOMA-IR).235 Although both increased over time, there was no difference between the 

donors and controls. 235 

Proteinuria 
Proteinuria is an independent risk factor for cardiovascular mortality in the general 

population and CKD.15  Recent studies have also demonstrated an increased prevalence of 

microalbuminuria.225, 241 Thiel et al. for example found that ACR increased from 1.2±2.7 to 

1.9±10.7 mg/mmol in donors and the prevalence of microalbuminuria increased from 4.8% to 

10.4% over 10 years with a strong association with the development of hypertension.225 

Moody et al. also found that donors had a significantly raised prevalence of microalbuminuria 

compared to healthy controls at 12 months [odds ratio, 3.8 (CI 1.1–12.8); P=0.04].241 This 

effect may be progressive; in a three year prospective study of living kidney donors and 

matched controls, Kasiske found a gradual rise in ACR in donors which did not occur in 

controls.235     

Renin-angiotensin abnormalities 
Living kidney donors show no evidence of elevated concentrations of circulating renin or 

aldosterone and yet have evidence of cardiovascular damage including increased LV mass 
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and reduced aortic distensibility, see Table 1.6.241, 251 Although circulating levels of renin and 

aldosterone have not been identified there is some evidence of intrinsic activation.252 Kendi et 

al. used a novel method of investigating activation of the RAAS in living kidney donors by 

studying Urinary angiotensinogen (AGT) before and after donation.252  Urinary AGT is 

considered a marker of intrarenal RASS activation and was five times higher at 12 months 

post donation compared to baseline.252 The study, however only included 20 patients and 

there was no control group.252  

Metabolic bone abnormalities 
In a prospective controlled study, biochemical changes were examined  in 201 donors and 

198 controls at six months after donation.253 There was a large  (23%) increase in PTH in this 

cohort; this increase was confirmed by Moody et al. in their prospective study of donors at 12 

months.241  

FGF23 has been found to increase both after nephrectomy and compared to controls in a 

number of donor studies 241, 254-256 although there are some inconsistencies which may be 

related to the use of different assays, see Table 1.7.257, 258  

There have been two small studies investigating the effect of kidney donation on α-klotho 

with divergent results. Ponte et al. found an acute reduction in circulating klotho levels after 

serial measurements at 0, 1, 2, 3 days post donation in 27 living kidney donors.258 Klotho 

levels remained lower than baseline at both 180 and 360 days after donation but had risen 

since the immediate post-operative period.258  In contrast, in a cross sectional study of 35 

subjects at 5 years after donation, Thorsen et al. found no difference compared to healthy 

controls .257, 258 Taken together these studies suggest that  klotho levels may decline acutely 

after donation recovering to baseline in the long term but further studies are needed to draw 

firm conclusions.257 
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Uric acid  

In kidney donors at 1, 2 and 3 years, serum uric acid was elevated compared to controls 

meeting criteria for donation.235 241 In a small prospective cohort study of 20 living kidney 

donors, uric acid levels decreased immediately after nephrectomy only to subsequently rise 

and remain high throughout the 12 month study.252  Over the long term, donors are more 

likely than controls to be newly diagnosed with gout and to be commenced on treatment with 

allopurinol or colchicine.259  In a small study of 42 living kidney donors, uric acid correlated 

with indoxyl sulphate and p-cresyl sulphate.260 These uraemic toxins have potential 

importance as they have been found to be associated with increases in carotid intima-media 

thickness and markers of endothelial dysfunction in donors.260 

Novel cardiovascular biomarkers 
A variety of other biomarkers of cardiac disease have been found to be deranged in CKD and 

associated with cardiac events, death and renal progression, see Table 1.8-1.9.254, 261  
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Table 1.6. Changes in the renin-angiotensin-aldosterone system. First published in Price et al.2 

 
Reference Date Population Study 

numbers 

Control group  Study type Outcome In donors 

Aldosterone and Angiotensin II 

Bellavia.251 2015 

 

LKD Donors=15 

Controls=15 

Italian donors. U.S 

age and gender 

matched controls. 

 Cross sectional. 

Measurements at least 5 

years post donation.  

No difference in either aldosterone 

or angiotensin II between donors 

and controls 

No 

difference 

Moody.241 2015 LKD and 

Healthy 

controls 

Donors=68 

Controls=56 

Healthy controls 

meeting LKD 

criteria 

 Prospective 

Longitudinal Baseline 

and 12 months. 

Multi-centre. 

 

 

No difference in aldosterone 

between donors and controls. 

No 

difference 

Renin 

Bellavia.251 2015 

 

LKD Donors=15 

Controls=15 

Italian donors. U.S 

age and gender 

matched controls. 

 Cross sectional. 

Measurements at least 5 

years post donation.  

No difference between donors and 

controls. 

No 

difference 

Moody.241 2015 LKD and 

Healthy 

controls 

Donors=68 

Controls=56 

Healthy controls 

meeting LKD 

criteria 

 Prospective 

Longitudinal Baseline 

and 12 months. 

Multi-centre. 

 

 

No difference between donors and 

controls. 

No 

difference 

 
LKD; Living Kidney Donors. 
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Table 1.7. Changes in FGF23 and α-Klotho. First published in Price et al.2 

 
Reference Date Population Study numbers Control group Study type Outcome In donors 

α-Klotho 

Ponte.258 2014 LKD Donors=27 No controls Cross-sectional, 

observational. 

0, 1, 2, 3, 180 and 360 after 

donation. 

Circulating klotho levels remained lower 
over a sustained period.   

 

Decrease 

Thorsen.257 2016 LKD 

CKD stage 

Healthy 

controls 

Donors=35 

CKD 3=22 

CKD 4= 18 

CKD 5= 20 

Controls=35 

Colleagues and 

friends of the authors. 

Cross-sectional, 

observational, single-centre. 

No difference between donors and 

controls. Lower levels seen in patients 

with advancing CKD. 

No 

difference 

Fibroblast growth factor-23 (FGF 23) 

Young.256 2012 LKD Donors=198 

Controls=98 

Known to the LKD. 

Health status based on 

patient recall. 

Cross sectional. Multi-

centre. 

Serum FGF23 was increased in donors 

compared to controls (38.1 vs 

29.7pg/mL). 

Increase 

Huan.254 2013 LKD Donors=34 No controls Prospective 

Longitudinal 

Baseline and 6 months  

FGF23 levels increased at 6 months 

compared to baseline 54.0±27.9 RU/ml vs 

70.0±32.9 RU/ml. 

Increase 

Ponte.258 2014 LKD Donors=27 No controls Cross-sectional, 

observational. 

0, 1, 2, 3, 180 and 360 

months after donation. 

No change significantly post donation. At 

180 days there was no change in FGF23 

levels compared to baseline. 

No 

difference 

Moody.241 2015 LKD and 

Healthy 

controls 

Donors=68 

Controls=56 

Healthy controls 

meeting LKD criteria 

Prospective 

Longitudinal Baseline and 

12 months. 

Multi-centre. 

 

 

Increase significantly from 67-84 RU/ml 

post donation. 

Increase 

Thorsen.257 2016 LKD 

CKD stage 

Healthy 

controls 

Donors=35 

CKD 3=22 

CKD 4= 18 

CKD 5= 20 

Controls=35 

Colleagues and 

friends of the authors. 

Cross-sectional, 

observational, single-centre. 

Non-significantly higher in donors 

compared to controls. Increased as renal 

function deteriorated. 

No 

difference 

Kasiske.255 2016 

 

 

LKD Donors=182 

Controls=173 

Matched controls Prospective, longitudinal. 

Baseline, 6 months and 36 

months post donation. 

Serum FGF-23 levels at 6 and 36 months 

were higher than controls. 

Increase 

 
CKD; Chronic Kidney Disease. LKD; Living Kidney Donors. 
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Table 1.8. Markers of inflammation. First published in Price et al.2 

 
Reference Date Population Study numbers Control group Study type Outcome In donors 

C-reactive protein (CRP) 

Kielstein.261 2011 LKD Donors=24 No controls Cross-sectional. 

1, 6, 12, 24, 72, and 168 hrs 

post nephrectomy 

Increase post operatively significantly at 

6 hours. Peaked at 3 days and then began 

to decline. Still above baseline at 7 days 

post nephrectomy. 

Increase 

Huan.254 2013 LKD Donors=34 No controls Longitudinal 

Baseline and 6 months  

No significant difference between 

baseline and 6 months. 

No 

difference 

Kasiske.253 

 

2013 LKD and 

Healthy 

control 

Donors=201 

Controls=198 

Healthy siblings of 

LKD approached first. 

Healthy controls 

meeting LKD criteria.  

Prospective. Observational 

cohort study. 

Baseline and 6 months. 

No difference between donor and controls No 

difference 

Moody.241  2015 LKD and 

Healthy 

controls 

Donors=68 

Controls=56 

Healthy controls 

meeting LKD criteria 

Longitudinal Baseline and 

12 months. 

Multi-centre. 

 

Increased serum high sensitivity CRP in 

donors compared to controls at 12 months 

1.90mg/dl vs 1.00. 

Increase 

Interleukin-6 (IL-6)and Tumour necrosis factor alpha (TNFα) 

Kielstein.261 2011 LKD Donors=24 No controls Cross-sectional. 

1, 6, 12, 24, 72, and 168 hrs 

post nephrectomy 

Increases prior to CRP. Elevated at 1 hour 

post operatively then began to decline. 

Still about baseline at 7 days post 

nephrectomy. 

Increase 

Huan.254 2013 LKD Donors=34 No controls Longitudinal 

Baseline and 6 months  

No significant difference in IL-6 or TNFα 

post donation. 

No 

difference 

 
LKD; Living Kidney Donors. 
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Table 1.9. Markers of myocardial fibrosis and left ventricular hypertrophy. First published in Price et al.2 
 

Reference Date Population Study numbers Control group Study type Outcome In donors 

N-terminal prohormone of brain natriuretic peptide (NT-pro BNP) 

Bellavia.251 2015 

 

LKD Donors=15 

Controls=15 

Italian donors. U.S 

age and gender 

matched controls. 

Cross sectional. 

Measurements at least 5 

years post donation.  

No difference between donors and 

controls 

No 

difference 

Moody.241 2015 LKD and 

Healthy 

controls 

Donors=68 

Controls=56 

Healthy controls 

meeting LKD criteria 

Prospective 

Longitudinal Baseline and 

12 months. 

Multi-centre. 

 

 

 

No difference between donors and 

controls. 

No 

difference 

Altmann.242 2017 LKD Donors=23 No controls Prospective, cohort study. 

Baseline, 4 months and 12 

months. 

No difference following donation. No 

difference 

High sensitivity-Troponin 

Moody.241 2015 LKD and 

Healthy 

controls 

Donors=68 

Controls=56 

Healthy controls 

meeting LKD criteria 

Prospective 

Longitudinal Baseline and 

12 months. 

Multi-centre. 

 

 

Increase in detectable serum hs-cTnT≥5 

ng/L in donors 21% vs 2% 

Increase 

Amino-terminal peptide of procollagen III (PIIINP) and Procollagen type I N terminal propeptide (PINP) 

Bellavia.251 2015 

 

LKD Donors=15 

Controls=15 

Italian donors. U.S 

age and gender 

matched controls. 

Cross sectional. 

Measurements at least 5 

years post donation.  

Elevated PIIINP levels seen in donors 5.8 

(5.4–7.6) μg/L) vs (1.1 (0.9–1.3)mg/dL. 

Increase 

Kasiske.255  2016 LKD Donors=182 

Controls=173 

Matched controls Prospective, longitudinal. 

Baseline, 6 months and 36 

months post donation. 

PINP concentrations were higher at 6 

months than paired normal controls 

(24.3% and 8.9%). No difference at 36 

months. 

Increase 

Altmann.242 2017 LKD Donors=23 No controls Prospective, cohort study. 

Baseline, 4 months and 12 

months. 

Increase in PIIIP donors seen at 12 

months 0.45±0.11ng/ml vs 

0.56±0.14ng/ml 

Increase 
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Hs-cTnT; High sensitivity cardiac troponin T. LKD; Living Kidney Donors. PIIINP; Procollagen type III N-Terminal-is involved in fibroblast activation. PICP; Procollagen 

type I N-Terminal propeptide -indicates collagen synthesis. 
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1.7.6 Cardiac structure and function 
Several studies have investigated whether human kidney donation causes structural and 

functional change in the LV.241, 242, 251 Moody et al. studied 68 donors and 56 equally healthy 

controls (many of whom were worked up for donation but did not donate) as part of the 

Chronic Renal Impairment in Birmingham (CRIB)-DONOR study . 241 At 12 months there 

was an increase in LV mass measured by CMR in donors but not controls.241 GCS was also 

decreased indicating early changes in systolic dysfunction.241 There was no change in blood 

pressure measured by ambulatory monitoring and no association between change in LV mass 

and changes in blood pressure.241   In a similar but uncontrolled and smaller study also using 

CMR, Altmann et al. studied 23 living kidney donors and found that LV mass had increased 

at 12 months without change in office blood pressure.242  In a small cross sectional 

echocardiographic and CMR study, 15 Italian donors were compared to age and sex matched 

healthy controls from the US at a median of 8.4 years (minimum of 5 years) from donation.251  

Most measures of LV geometry and function were not different in donors and controls but 

donors did exhibit abnormalities of LV apical rotation and torsion.251  In contrast, Hewing et 

al. also studied 30 living kidney donors at baseline and 12 months following donation using 

2D speckle tracking echocardiography and found no significant differences in left or right 

ventricular function.262 

In summary, there are few studies investigating cardiac structural and functional change after 

kidney donation. The studies that do exist have small sample sizes. Current evidence 

indicates that kidney donation results in small changes in cardiac structure and function. 

Whether these changes are sustained and are associated with an increase in cardiovascular 

risk is not known. Well controlled follow up studies with serial cardiac investigations are 

required.   
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1.8 Summary 
In summary, CKD is associated with increased risk of both all-cause and cardiovascular 

mortality compared to the general population.15 Cardiovascular mortality and cardiovascular 

events in CKD are not easily predicted by conventional risk modelling and the increased risk 

of cardiovascular mortality persists despite careful adjustment for traditional risk factors.48 

Furthermore, many cardiovascular deaths are not attributable to occlusive coronary disease 

with increasing rates of arrhythmia and sudden cardiac death as renal function declines.33 

Taken together, cardiovascular morbidity and mortality in CKD cannot be attributed solely to 

atheromatous disease and is likely to be related to other forms of arterial disease and cardiac 

muscle disease. 

Over the last 20 years a combination of post mortem studies, echocardiography and more 

recently novel imaging techniques using CMR have given us insight into the structural and 

functional changes of cardiac muscle observed in ESRD.104, 130, 165 LV abnormalities include 

increases in LV mass, LGE and elevated T1 times suggestive of myocardial fibrosis.130 In 

addition diastolic dysfunction, impaired myocardial deformation and a picture consistent with 

heart failure with a preserved ejection fraction emerges.130 The term ‘uraemic 

cardiomyopathy’ is now better recognised and better defined.  

There is now strong evidence from multiple sources that structural and functional changes 

begin to occur in earlier stages of CKD. Even those with stage 2 or 3 CKD have shown subtle 

changes to GLS and increases in LV mass.145 Moreover, these changes have often been 

shown to occur in a graded relationship with GFR.145 These findings have two important 

implications. Firstly, if changes are evident early in CKD then perhaps uraemic 

cardiomyopathy is a misnomer and CKD cardiomyopathy is a much more appropriate term. 

Secondly, if cardiovascular changes are occurring early in CKD and are independent of 
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traditional risk factors then it would be expected that the same processes are occurring in 

living kidney donors who lose approximately a third of their baseline renal function.  

Living kidney donors account for approximately half of all UK transplants. 205, 208, 211 The UK 

Organ Donation and Transplantation Activity Report for 2019-2020 has indicated that 

numbers of living kidney donations have remained relatively static over the last seven 

years.212 Overall there was a small reported fall from a peak of 1,148 living kidney donors in 

2013-2014 to 1,001 in 2019-2020.212 Despite this there remains some doubt over the very 

long term consequences of donation. Several reports have suggested that donors share many 

of the same predispositions to disease as those with CKD such as hypertension, gout and pre-

eclampsia.2 One prominent epidemiological study has also reported increasing rates of 

cardiovascular mortality in donors.223 Despite the study’s flaws, further smaller cohort studies 

have also suggested cardiovascular changes including small increases in LV mass, reduced 

aortic distensibility, abnormalities in apical torsion and changes to GCS in donors compared 

to controls.241, 242, 251 

Living kidney donors are an intriguing group to study. Research into the cardiovascular 

consequences of living kidney donors not only expands our knowledge of the long term 

safety of living kidney donation but it might provide us with valuable insights into the 

pathophysiology of cardio-renal disease by allowing examination of the isolated effects of a 

reduction in GFR on the cardiovascular system, see Figure 1.10.2  

This thesis aims to investigate the effects of a reduction in GFR after nephrectomy on 

cardiovascular structure and function over a 5 year period. 
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Figure 1.10. A comparison of donors and patients with CKD. Features in common give us valuable mechanistic information for possible 

mediators of cardiac disease.200, 217, 225, 235, 241, 242, 245-247, 249, 251, 253-256, 259, 261, 263 First published in Price et al.2 

PTH; Parathyroid hormone. RAAS; Renin-angiotensin-aldosterone system. GFR; Glomerular filtration rate. NT-Pro BNP; N-terminal pro-brain 

natriuretic peptide. FGF23; fibroblast growth factor-23. ACR; urine albumin to creatinine ratio.
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1.9 Aims and hypothesis 

1.9.1 Aims 
1. To determine whether the reduced GFR after kidney donation results in adverse effects 

on blood pressure and arterial function at 5 years from donation. 

2. To determine whether the reduced GFR after kidney donation results in adverse effects 

on myocardial structure and function at 5 years after nephrectomy. 

3. To determine whether the reduced GFR after kidney donation results in adverse effects 

on myocardial tissue characterisation and biomarkers suggestive of inflammation and 

fibrosis at 5 years after nephrectomy. 

1.9.2 Hypothesis 
A reduction in GFR following living kidney donation is associated with adverse cardiac and 

vascular effects detectable at 5 years. 

Adverse effects will include: 

1. An increase in LV mass. 

2.  Impaired LV systolic function. 

3. Increased LV interstitial fibrosis (elevated T1 and ECV). 

4. Reduced aortic distensibility. 

5. Increased systolic but not diastolic blood pressure.  

6. Increases in markers of inflammation and biomarkers suggestive of myocardial fibrosis 

and LV stretch. 
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CHAPTER 2  

GENERAL METHODS AND MATERIALS 
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2.1 Study population 
Living kidney donors were recruited for studies within this thesis according to national 

guidelines published by the Joint Working Party of the British Transplantation Society and the 

Renal Association for living kidney donors.264  These guidelines set out the inclusion and 

exclusion criteria for living kidney donors.264, 265 In addition, subjects also required an age 

specific estimated glomerular filtration rate (eGFR) high enough to be suitable to donate in 

accordance with British Transplantation Guidelines.264 All healthy controls were also required to 

meet the same criteria, see Figure 2.1 Subjects recruited for the CRIB-DONOR II study were 

recruited from May 2017 to May 2019.  

2.2 Clinical assessment 

2.2.1 Basic demographics 
Basic demographics of the subjects were recorded. Subjects were asked to recall past medical 

history and any medical events since their previous visit. Medication history, including dates 

when medication was commenced or stopped were also included. Height and weight were 

recorded for calculation of BMI and body surface area. 

2.2.2 Office blood pressure 
A BpTRUTM (BPM_100 model) blood pressure device, validated by the British Hypertension 

Society was used for measures of office blood pressure.266, 267  The BpTRU device blood 

pressure measurements have been found to closely correlate with ambulatory blood pressure 

recordings.268 Office blood pressure was recorded when the patient was sitting at rest for at least 

5 minutes. Blood pressure was recorded using an appropriate cuff size on the non-dominant arm. 

The BpTRU uses an automated cycling setting to record five consecutive blood pressures and 

heart rates at one minute intervals and then generates an average. The average was used for the 
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analysis. The same process was followed for supine blood pressure, ensuring the subject had 

been lying for at least 5 minutes before commencing measurements.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Inclusion and exclusion criteria. Adapted from Moody et al.249 

GFR; Glomerular filtration rate. LV; Left ventricle.  
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2.2.3 Electrocardiogram 
A standard 12-lead electrocardiogram (ECG) was taken during the visit. The ECG was assessed 

for arrhythmia, changes in the ST segment and T wave inversion.  

2.2.4 Ambulatory blood pressure monitoring 
Following the study visit, subjects were fitted with 24-hr blood pressure monitors. A Mobil-O-

Graph®, PWA machine was used. An appropriate sized cuff was attached to the non-dominant 

arm. The monitor was set to record peripheral blood pressure every 30 minutes from 8:00am-

21:59pm and every hour from 22:00pm-7:59am. Subjects were encouraged to relax their arm 

during a recording and go about normal activities but to avoid heavy exercise.  

The 24-hr recordings were evaluated for both patient compliance and artefact. Adequate 

recordings were in accordance with the European Hypertension Society Guidelines which states 

at least 14 valid day time recordings and at least 7 night time recordings are required.269  

2.3 Biochemical tests and biomarkers 

2.3.1 Laboratory blood and urine samples 
Blood and urine samples were taken for standard laboratory tests including a full blood count 

(haemoglobin, white blood cells, and platelets), urea and electrolytes (sodium, potassium, urea, 

creatinine and bicarbonate), liver function tests (alkaline phosphatase, bilirubin) and bone profile 

(phosphate and corrected calcium). Blood samples were also taken for PTH, aldosterone, renin, 

vitamin D, urate, thyroid function, magnesium, total cholesterol (non-fasting), random glucose 

and glycated haemoglobin.  Blood was taken to the laboratory immediately after being drawn 

and processed within an hour of being taken. A urine sample was also sent for ACR.  In addition, 

two blood samples taken in serum separator tubes were allowed to clot for 10-30 minutes and 

then centrifuged at 4°C at 1500g for 15 minutes. The serum supernatant was aliquoted into 1ml 
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cryovials and stored at -80°C. Two samples taken in ethylenediamine tetraacetic acid (EDTA) 

tubes were also centrifuged at 4°C at 1500g for 15 minutes. The plasma supernatant was 

aliquoted and stored at -80°C. Urine was centrifuged twice at 4°C for 15min at 1500g then one 

aliquot of 2ml was stored at -80°C. 

2.3.2 Assessment of glomerular filtration rate 

Estimated glomerular filtration rate 
An eGFR is essential in the assessment of living kidney donors before donation.270  Assessment 

for elective nephrectomy however, provides challenges for all current methods of eGFR using 

endogenous filtration markers as they tend to be more inaccurate at the ranges of GFR 

encountered in donors.271  The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) 

2009 equation is the current recommended method of estimating GFR for those with high or 

normal renal function such as living kidney donor candidates and was therefore the chosen 

equation used for this study.270  

Measured glomerular filtration rate 
The 2018 British Transplantation Society guidelines for kidney donation recommend that 

prospective kidney donors undergo a measured GFR (mGFR) using exogenous filtration markers 

prior to donation.272 There are a range of exogenous filtration markers that can be employed. In 

the UK and specifically in our centre, 51Cr-EDTA is used most often and considered the ‘gold 

standard’.273, 274   

During this study only living kidney donors underwent an isotopic GFR (iGFR). This was in part 

due to financial constraints and in part due to the ethical considerations of repeat exposure to 

ionising radiation in a healthy control group. The dose of radiation per individual however, is 

estimated to be 0.004mSv and the background radiation exposure per person in the UK is 
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estimated to be 2.3 mSv per year.275 Consequently, the additional dose is less than the amount of 

natural background radiation a person would be exposed to in one day. 

Ethical approval and an Administration of Radioactive Substances Advisory Committee 

(ARSAC) research certificate were obtained for the radioactive GFR measurement.  

Study subjects were asked to eat a light breakfast on the morning of the GFR measurement visit. 

They were advised to avoid protein rich meals throughout the test as these can lead to a higher 

GFR with 51Cr EDTA.276 Normal hydration was encouraged. The iGFR was carried out within 

the Nuclear Medicine Department by specialist technologists and analysed by Clinical Scientists 

with support from a Medical Physics Expert.  

In line with the local departmental policy to comply with the Ionising Radiation Medical 

Exposure Regulation (IRMER) 2000 and 2017, women aged up to 55 years were asked if their 

menstrual period was overdue.277 If the menstrual period was not overdue the iGFR was 

performed.  This is known as the “missed period rule” and is based on guidance from the 

National Radiological Protection Board because conception is unlikely in the first 10 days of the 

menstrual cycle.277 If it were not overdue the iGFR was performed. If she could not exclude 

pregnancy and her period was overdue the iGFR could proceed provided a negative urine human 

chorionic gonadotropin pregnancy result was obtained on the day of the test.  

An estimated GFR within the last three months was required to decide on specific blood sample 

timing following administration of the radioisotope. Due to annual living kidney donor follow up 

being in the subject’s local hospital this was not always available and in such cases a venous 

sample of serum was sent urgently for eGFR on the day of the study visit and prior to injection 

of the radioisotope. All other blood samples required for the study were taken before isotope 

administration for consistency. 
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Following safety checks a single dose of 1.85 MBq 51Cr-EDTA in 2.5ml was injected into a large 

vein within antecubital fossa. This was followed by at least 10ml of saline flush through the 

cannula. The precise amount of 51Cr-EDTA was determined by weighing the syringe before and 

after administration to the patient using an analytical balance. Venous administration (rather than 

extravasation) was confirmed by using a Series 900 monitor with Type 44A scintillation detector 

(Mini Instruments Ltd. UK) to measure the gamma ray count rate from 51Cr at the injection site 

and the contralateral arm.  Three 10ml venous blood samples in heparinised tubes were taken 

from the contralateral arm to 51Cr-EDTA administration to avoid contamination at 2, 3 and 4 

hours post administration if the eGFR was >60ml/min/1.732 or 2, 4 and 6 hours if the eGFR was 

between 30-60ml/min/1.73m2 . The exact time of each sample was noted. 

The blood samples were stored at room temperature overnight.278 The following day, blood 

samples were centrifuged and equal volume aliquots of plasma pipetted from each tube for 

gamma counting. A standard solution was prepared by diluting 0.185 MBq (0.25ml) of the same 

51Cr EDTA batch as injected into the patient, to 1000ml with water. Aliquots of the standard 

(same volume as the plasma samples) were pipetted into two standard tubes for gamma counting. 

Two background tubes containing water,  the two 51Cr EDTA  standard tubes and the three 

plasma samples were then counted for 10 minutes using a Cobra Auto Gamma Counter  (Packard 

Ltd.) with energy window 240-400 keV to bracket the 51Cr gamma ray at 320 keV.  

Rates of plasma clearance were determined, taking into account background radiation using a 

slope-intercept method. A linear fit was applied to the log of the background-corrected count rate 

from the three plasma samples.278 The GFR was calculated for a 1.73m2 body surface area and 

the Brochner-Mortensen correction was applied as recommend by the British Nuclear Medicine 
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Society.278-280  The calculation was routinely performed using a Visual Basic programme on the 

Cobra Auto Gamma counter (Packard Ltd.).  

2.3.3 Enzyme-linked immunosorbent assays  

Fibroblast growth factor-23 
FGF23 levels were analysed using the Human FGF23 carboxyl-terminal 2nd generation enzyme-

linked immunosorbent assay (ELISA) kit manufactured by Immutopics, Inc, San Clemente, 

California (Catalogue number: 60-6100).281 It was chosen specifically as it matched that used in 

the original CRIB-DONOR study and has a lower reported intra-individual variability than intact 

FGF23.241, 282  The detection of c-terminal FGF23 uses a sandwich ELISA principle in which the 

antigen within the sample is bound to the coated plate. The capture antibody and enzyme (in this 

case horseradish peroxidase (HRP)) conjugated antibody bind to the antigen and thus once the 

substrate is added, enzymatic activity (measured by timed absorbance), is relative to the sample 

concentration.  

Three plates with the same serial and expiry number were ordered from the same manufacturer 

(lot number: 142958). Analysis for all the 5 year samples were conducted over consecutive days 

in the same temperature controlled laboratory. No identifying information was provided on 

sample cryovials and therefore I was blinded to donor/control status. Consequently, each plate 

contained a random selection of healthy controls and donors. A ‘biological control’ was analysed 

on each consecutive plate to ensure accuracy and consistency across the plates. This consisted of 

the same subject sample being tested on each plate. 

The plasma samples (from EDTA tubes) had been frozen at -80°C and only used once (no thaw-

refreeze cycle). Samples were gently thawed on ice whilst the following materials were prepared.  

Reagents: 
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All reagents were stored at 4°C and brought to room temperature prior to preparation as follows: 

 Human FGF23-standards: Six standards of human FGF23 (40-6131 to 40-6136) were 

provided within the kit with the concentration provided by the manufacturer. Standard 1 

(0 RU/ml) was reconstituted with 2.0ml of deionised water. The remaining standards 

were reconstituted with 1.0ml of deionised water each: standard 2 (19 RU/ml), 3 (50 

RU/ml), 4 (151 RU/ml), 5 (419 RU/ml) and 6 (1383 RU/ml). A timer was started to allow 

the vials to stand for at least 20 minutes. Vials were inverted on occasions to ensure they 

were well mixed. 

 Human FGF23-controls: Two vials, controls 1 and 2 (40-6141 and 40-6142) were 

provided with known concentrations. Control 1 had a known concentration of 26-44 

RU/ml and control 2 had a known concentration of 208-347 RU/ml. Each vial was 

reconstituted with 1.0ml of deionised water and again left to stand for 20 min with 

occasional inversion until thoroughly mixed.  

 ELISA wash concentrate (40-0041): The contents (20ml) was diluted with 480ml of 

deionised water.  

 ‘Working antibody’ solution: The biotinylated human FGF23 antibody (40-6110) and 

HRP conjugated human FGF23 antibody (40-6120) provided in the kit were mixed with 

equal volumes immediately prior to use.  

Assay procedure: Streptavidin coated microtiter plate strips were placed in the holder and 

100µl of each standard, control and thawed subject sample were carefully pipetted into the 

designated well. One blank well was left with substrate only.  All samples were analysed in 

duplicate. A volume (50µl) of the working antibody solution was subsequently pipetted into 

each well, the plate was then sealed and covered in aluminium foil before being incubated at 
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room temperature for three hours on a horizontal rotator set to 180-220rpm. The plate was 

then washed gently with 350 µl of wash solution per well; this step was repeated five times.  

ELISA HRP substrate (150µl) was added to each well, the plate was sealed and covered with 

foil then incubated at room temperature for 30min on a horizontal rotator at 180-220 rpm. 

Once the incubation had finished an absorbance was initially read at 620nm within 5 mins. 

ELISA stop solution (sulphuric acid, 50µl) was then added to each well and mixed on a 

horizontal rotator for further 1 min before a second absorbance reading at both 450nm and 

620nm was taken within 10min of the addition of stop solution. The absorbance for each 

duplicate was averaged and then the absorbance recorded from the blank well. The 

concentration of the sample was derived from a calibration curve of the standards determined 

at 450nm. Where the sample values were measured to be between the 5th and 6th standard the 

concentration was calculated from a calibration curve determined from the initial reading at 

620nm.  

Soluble α-klotho 

Soluble α-klotho levels were analysed using the human soluble α-klotho kit manufactured by 

Immuno-Biological Laboratories Co, Ltd, Japan (Catalogue number: JP27998).283, 284 A 

sandwich ELISA method has been developed using a monoclonal antibody with an affinity to 

human α-klotho and is one of the more widely used commercial assays currently available.285 

In a similar method used when conducting the FGF23 assays, three plates with the same serial 

and expiry date were ordered from the same manufacturer (lot number: 1E-809). All the samples 

at 5 years were analysed on consecutive days in the same laboratory. Again samples were 

anonymised and analysed in a random order and a biological control was used across plates to 

ensure consistency. 
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All reagents were stored at -4°C and brought to room temperature prior to use. 

Preparation: 

 Wash buffer concentration:  A 50ml of wash buffer concentrate containing 0.05% 

Tween20 in phosphate buffer provided in the kit was diluted with 1950ml of 

deionised water. 

 Labelled antibody preparation:  The antibody provided was a HRP conjugated anti-

human klotho mouse IgG monoclonal antibody and was diluted with the solution for 

labelled antibody (containing 1% bovine serum albumin, 0.05% tween phosphate 

buffered saline) in a 30x dilution. This was done immediately before use. 

 Preparation of standard concentrations: The standard solution provided is 0.5ml of 

12000 pg/ml soluble α-klotho. This was diluted with 0.5ml of deionised water. For 

the standard curve, eight micro centrifuge tubes were then labelled 1-8. 230µl of EIA 

buffer was pipetted into each tube.  Then 230µl of the standard solution was the 

pipetted into tube one. The tube was vortexed to ensure it was completely mixed. 

230µl was removed from tube 1 and pipetted into tube 2. The process was repeated 

until tube 7 to create a series dilution. Tube 8 remained a test sample ‘blank’ with 

only 230µl of EIA buffer. The following concentrations were achieved: Tube 1- 6000 

pg/ml, Tube 2- 3000 pg/ml, Tube 3- 1500 pg/ml, Tube 4- 750 pg/ml, Tube 5- 375 

pg/ml, Tube 6- 187.5 pg/ml, Tube 7- 93.75 pg/ml and Tube 8- 0 pg/ml. 

The subject samples used were plasma (from EDTA tubes) and stored at -80°C. They were only 

used once (no thaw-refreeze cycle). Samples were gently thawed on ice and centrifuged prior to 

use. 
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Assay procedure: The plate provided is pre-coated with anti-human klotho mouse IgG 

monoclonal antibody.  A volume of 100µl EIA buffer was pipetted into each well. The standard 

curve was created by pipetting a volume of 100µl from tube 1-8 in consecutive wells. The same 

volume of each subject sample was transferred into each well. All samples were analysed in 

duplicate. The plate was sealed, covered in aluminium foil and left to incubate at room 

temperature for 60 minutes. Following incubation, the plate was washed gently using the wash 

solution prepared, this step was repeated 7 times. A volume of 100µl of the labelled antibody 

was then pipetted into each well. The plate was sealed and covered in aluminium foil for a 

second incubation of 30 minutes. The plate was washed again gently, this step was repeated 9 

times. Chromogen (100µl) was added to each well. The plate was then left for a third 30 minute 

incubation wrapped in aluminium foil. Sulphuric acid (100 µl) was added to each well to stop the 

reaction. The plate was then read at 450nm within 30 minutes against the blank. The absorbance 

of the blank well was subtracted from the recorded absorbance to give the true absorbance. To 

calculate the sample concentration the standard solutions were plotted against the true 

absorbance recorded. Each subject sample was averaged and the absorbance of the blank was 

subtracted. The concentration was then calculated using the standard curve. 

N-terminal-pro B type natriuretic peptide  
N-terminal-pro B type natriuretic peptide (NT-pro BNP) was measured using serum samples 

previously stored at -80°C at laboratories within University Hospitals Coventry and 

Warwickshire, UK. Detection was via electrochemiluminescence immunoassay sandwich 

principle (Elecsys, Cobas®, Roche diagnostics, Mannheim).286 The lowest limit of detection for 

NT-pro BNP was 0.6pmol/L. 
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High sensitivity Troponin T 
Highly sensitive Troponin T (hsTrop T) was measured using serum samples previously stored at 

-80°C at laboratories within University Hospitals Coventry and Warwickshire, UK. Detection 

was via electrochemiluminescence immunoassay sandwich principle (Elecsys, Cobas®, Roche 

diagnostics, Mannheim).287 The lowest limit of detection for hsTrop T was 5ng/L. 

High sensitivity C-reactive protein 

High-sensitivity C-reactive protein (CRP) was measured using serum samples previously stored 

at -80°C at laboratories within Birmingham Heartlands Hospitals, UK. A latex immunoassay 

principle was used for immunoturbidimetric quantification of high sensitivity CRP 

(MULTIGENT CRP vario assay®, Sentinel Diagnostics, Milan). A 1:10 dilution was used to 

determine high sensitivity as per manufacturer guidelines.  The lowest limit of detection was 

0.01mg/dL. 

2.3.4 Multiplex magnetic immunoassays 
Two custom premixed multiplex magnetic bead-based immunoassay kits were used (Human 

Magnetic Luminex® multi-analyte assay, R&D systems, Bio-Techne brand, Minneapolis). One 

4-Plex assay kit (catalogue number: LXSAHM-04) and a further 12-Plex assay kit (catalogue 

number: LXSAHM-12), see Table 2.1. All assay kits were ordered from the same manufacturer 

and had the same lot number and expiry data (4-Plex Lot: 1573578 and 12-Plex Lot: L133365).  
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Table 2.1. Analytes and units for each immunoassay kit. 

4-Plex  12-Plex  

Galectin 3 (pg/ml) Monocyte Chemoattractant Protein-1 (pg/ml) 

Matrix Metallopeptidase-9 (pg/ml) Interleukin 6 (pg/ml) 

Neutrophil Gelatinase-Associated Lipocalin 

(pg/ml) 

Tumour Necrosis Factor Alpha (pg/ml) 

Uromodulin (pg/ml) Interleukin 8 (pg/ml) 

 Interleukin 10 (pg/ml) 

 Interleukin 1 receptor antagonist (pg/ml) 

 Angiopoietin-2 (pg/ml) 

 Vascular Endothelial Growth Factor (pg/ml) 

 Leptin (pg/ml) 

 Soluble Suppression of Tumourigenicity-2 

(pg/ml) 

 Atrial Natriuretic Peptide (pg/ml) 

 Kidney Injury Molecule-1 (pg/ml) 
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The Human Magnetic Luminex® multi-analyte assay allows quantification of multiple human 

biomarkers simultaneously within a single biological sample. In short, subject samples are added 

to a well and analyte-specific antibodies are added that have been pre-coated on magnetic beads 

(microparticles) with embedded fluorophores, to allow the antibodies to bind with any of the 

specific analytes present in the sample.  This type of ELISA based assay is termed a ‘sandwich-

based’ ELISA, as it ‘sandwiches’ the analyte of interest between two antibodies. Following this, 

a biotinylated antibody combination specific to the chosen analytes is added. A streptavidin-

phycoerythrin (PE) conjugate is added, which binds to the biotinylated antibody. Magnets within 

the analyser capture the magnetic beads and light emitting diodes excite both the fluorophores 

within the beads and the PE conjugate to allow determination of how much analyte has bound to 

the microparticle and which analyte it relates to. The resultant florescence emissions are used to 

plot a standard curve for each analyte.  

Samples of serum were anonymised and analysed at random with a biological control and a 

blank (negative control) on each plate to ensure quality and consistency. Subject samples were 

analysed neat. A standard curve was also run on each plate in duplicate. All samples were tested 

in duplicate and the mean fluorescence intensity (MFI) was used minus the blank MFI, to 

remove any non-specific background fluorescence. All samples were analysed on consecutive 

days in the same laboratory.  

All reagents were stored at -4°C and brought to room temperature prior to use. 

Preparation of kit components: 

 Wash buffer: 20ml of the wash buffer concentrate (buffered surfactant) was diluted in 

480ml of deionised water. 
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 Reconstitution of standard cocktails: Standards in the kit were unique to the analytes 

chosen (for the 4 plex, 4 were provided, for the 12 plex, 6 were provided). Each standard 

cocktail was reconstituted with calibrator diluent RD6-52 according to the standard 

cocktail lot information and reconstitution volume and allowed to dissolve for at least 15 

minutes.  

 Preparation of standard curve: Seven 1.5ml polypropylene tubes were labelled standard 

1-7. In tube 1, 100µL of each standard cocktail was added. Calibrator diluent RD6-52 

was added to ensure the total volume in tube 1 was 1000µL (for the 4 plex 600µL was 

added, for the 12 plex 400µL added). In tube 2-7, 200µL of calibrator diluent RD6-52 

was added to each tube. A 3-fold dilution series was then produced by removing 100µL 

from tube 1 and pipetting it into tube 2. Tube 2 was vortexed then 100µL was removed 

from tube 2 and pipetted into tube 3 and so on. Tube 7 remained a blank with calibrator 

diluent only.  

 Diluted microparticle cocktail preparation: The vial was put in a water bath for sonication 

for 15 minutes. The vial was then centrifuged at 1000g for 30 seconds. The microparticle 

cocktail (500µL) was diluted with calibrator diluent RD6-52 (5ml) immediately before 

use and stored in an amber bottle protected from light. 

 Diluted biotin-antibody cocktail: The vial was centrifuged at 1000g for 30 seconds and 

gently vortexed. Biotin-antibody cocktail (500 µL) was diluted with 5ml calibrator 

diluent RD6-52 and vortexed to mix. 

 Streptavidin PE preparation: The vial was centrifuged at 1000g for 30 seconds and gently 

vortexed. Streptavidin concentrate (220 µL) was diluted with 5.35ml of prepared wash 

buffer immediately before use and stored in an amber bottle protected from light.  
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Assay procedure: Serum samples, stored at -80°C, were gently defrosted on ice, then centrifuged 

at 16,000g for 4 minutes to pellet any unwanted cell debris. A volume of 50µL of either the 

standards controls, or participant samples were added to each well, according to a specific plate 

layout. The microparticle cocktail was sonicated and gently vortexed prior to being added to 

each well (50µL). The plate was sealed with a foil plate sealer and left to incubate at room 

temperature on a horizontal plate shaker set at 800rpm (Corning® LSE™ Digital microplate 

shaker) for 240 minutes. After incubation, wells were washed three times with 100µL of wash 

buffer using a magnetic wash station (Bio-Plex Pro™ Wash station, Bio-Rad, California), to 

ensure no magnetic microparticles were removed from the wells. A volume of 50µL of biotin-

antibody cocktail was then added to each well, the plate sealed with a foil plate sealer and left for 

a second incubation at room temperature for 60 minutes on a plate shaker at 800rpm. Following 

incubation, the wells were washed again three times with 100µL of wash buffer using the Bio-

Plex Pro™ Wash station. Streptavidin-PE (50µL) was added to each well. The plate was sealed 

with a foil plate sealer and allowed to incubate at room temperature for 30 minutes on a plate 

shaker at 800rpm. A final three washes were carried out using 100µL of wash buffer and the 

Bio-Plex Pro™ Wash station. Wash buffer (100µL) was added to each well to resuspend the 

microparticles and the plate was agitated gently for 2 minutes on a plate shaker at 800rpm with a 

foil lid to prevent unwanted photobleaching prior to quantification. Florescence emissions were 

measured immediately (Bio-Plex Luminex®200™, Bio-Rad, California).  A standard curve was 

created using the Bio-Plex Software Manager™, version 6.1 management system, using a five 

parameter logistic curve fit to calculate concentrations. 
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2.4 Non-invasive vascular assessment 

2.4.1 Measures of arterial stiffness and its surrogates 
A non-invasive vascular assessment of each subject was carried out using the SphygmoCor 

system®, Atcor medical Australia, which utilizes applanation tonometry, a widely used ‘gold 

standard’ method of assessment.288  This included measurements of both pulse wave analysis 

(PWA) at the radial artery and carotid-femoral PWV using a high fidelity micromanometer 

(SPC-301; Millar Instruments, Houston, TX).249  

Pulse wave analysis 
PWA is a non-invasive method of utilizing peripheral arterial waveforms, peripheral blood 

pressure and validated transfer functions to calculate central aortic blood pressure and surrogate 

indices of systemic arterial stiffness such as augmentation index (AIx). 289-292 This technique has 

been used over the last two decades in both CKD and ESRD to predict cardiovascular events and 

mortality.293, 294 It is highly reproducible in these cohorts and has often been used as outcome 

measures in a number of randomised controlled trials in CKD.103, 295, 296  

To obtain a peripheral waveform reading subjects were asked to lie supine for at least 15 minutes 

in a temperature controlled room prior to assessment.249 The elbow of the non-dominant arm was 

rested on a pillow with the wrist in a dorsiflex position.249  Peripheral supine brachial systolic 

and diastolic blood pressure (measurement as previously described) was entered into the 

SphygmoCor software system prior to analysis. The subject was asked to relax and not to talk 

during the analysis. The tonometer was placed on the radial artery with enough pressure to 

visualise a waveform without occlusion. The tonometer position was adjusted to ensure 

consistent, smooth uniform waveforms. At least 15 seconds of continuous waveforms were 

recorded before the data was captured. Inbuilt SphygmoCor software provides an index 

indicative of the quality and reproducibility of waveforms and other quality control metrics 
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including waveform height and variation in shape. An acceptable operator index was considered 

to be >90% and the quality control metrics (i.e. pulse height >100 and diastolic variation <5) 

generated from the software were reviewed before being accepted.297 At least three high quality 

recordings were taken.  Both the average central blood pressure and AIx generated from the 

recordings were used for statistical analysis.  

AIx is one of the primary outcome measures generated from PWA yet it is frequently referred to 

as only a surrogate marker of systemic arterial stiffness as it is the result of a multitude of factors 

in which vascular stiffness is just one.298, 299 Its determination is based on both a combination of 

forward flow from the ventricle and backward flow generated from reflection in peripheral 

vasculature, see Figure 2.2.298  The discrepancy between peripheral systolic blood pressure 

(forward flow) and aortic systolic blood pressure (reflected flow) is the augmentation pressure. 

Augmentation pressure is calculated as a percentage of pulse pressure, giving an AIx.288, 298 

Consequently, the timing of the reflected waveform and therefore heart rate has a major 

influence on AIx.298, 300 For comparative purposes, particularly in this longitudinal study, AIx 

was corrected for a heart rate of 75 beats per minute by the SphygmoCor system using regression 

(based on a 4.8% reduction in AIx for every 10bpm increase), see Figure 2.3.301, 302,288 
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Figure 2.2. Diagram of an aortic pressure waveform. Adapted from Stoner et al.288  

The forward and reflected wave are demonstrated. The difference between them is known as the 

augmentation pressure. Augmentation index is the augmentation pressure given as a percentage 

of pulse pressure. 

 

P1; First systolic pressure. P2; Second systolic pressure. 
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Figure 2.3. A typical recording from radial artery applanation tonometry.  

At the top a series of individual waveforms can be seen. In the top right panel the waveforms are 

overlaid to demonstrate quality and reproducibility. An operator index is given along with 

quality control metrics. The large waveform on the left is that of the radial artery waveform. The 

peripheral blood pressures entered at the time of the examination include the brachial systolic 

and diastolic blood pressure shown in black (115/73mmHg). The wave form on the right is the 

central pressure waveform generated using transfer functions along with derived central blood 

pressure readings in blue (109/74mmHg). Central haemodynamic parameters are given below 

and include augmentation pressure, augmentation index and augmentation index corrected for 

heart rate. 
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Carotid-femoral pulse wave velocity 
Carotid-femoral PWV has been demonstrated to be a reliable, reproducible and valid non-

invasive assessment of regional arterial stiffness in the general population and those in CKD.295, 

299, 303 Carotid-femoral PWV has been used in a wide range of longitudinal studies.294, 304 

Prior to assessment a supine peripheral blood pressure was entered into the SphygmoCor system 

software. The distance between the sternal notch and the femoral pulse (distal distance) and the 

distance between the sternal notch and the carotid artery (proximal distance) also entered into the 

software were measured using a tape measure after identifying anatomical landmarks. The 

distance used to calculate PWV was the difference between the distal distance and the proximal 

distance.299, 305 The algorithm used for calculating PWV was intersecting tangents. Electrodes 

were placed on the patient’s chest for a 3-lead electrocardiogram trace ensuring an R wave with a 

good amplitude.  The subject was assessed after 15 minutes supine rest and was asked to rotate 

their head laterally and point their chin into the air.306 The tonometer was placed where the 

carotid pulse felt strongest. The carotid waveforms were reviewed for quality and at least 15 

seconds of waveforms were recorded. The same was then repeated with the femoral pulse. 

Following at least a 15 second capture of the femoral waveform the PWV was calculated. The 

electrocardiogram and waveforms were reviewed for quality and consistency ensuring that the 

upstroke of the R wave is clear. At least three readings were taken but readings were repeated if 

there was a discrepancy of >0.5m/s between readings or the standard error of the mean was 

>1.0m/s, see Figure 2.4. An average of three readings was recorded.  

PWV is calculated using the time from the peak of the R-wave to the foot of both the carotid and 

femoral pulse.302 Arterial path length is calculated using body surface measures as previously 
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described.302 The difference between the time from R-waves to each pulse was then divided by 

the distance of the arterial path to give carotid-femoral PWV.302 

In accordance with the American Heart Association (AHA) scientific statement for standardising 

vascular research, PWV was adjusted for both heart rate and mean arterial pressure.299 PWV was 

adjusted using a general linear regression model to determine unstandardized residuals which 

were added to the predicted PWV using the constant and unstandardized β coefficient from the 

equation. 
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Figure 2.4. Example of SphygmoCor output for carotid-femoral pulse wave velocity. 

The peripheral blood pressure (158/77mmHg), distance (370mm) and algorithm (intersecting 

tangent) used are listed in the top panel. Site A refers to carotid waveforms and a series of 

carotid waveforms are shown in the middle panel with the corresponding electrocardiogram 

shown below. The foot of the pulse and the R-wave is highlighted as a green dot. Those 

highlighted in red are not included in the final analysis. Site B is shown in the bottom panel and 

refers to the femoral pulse. The pulse wave velocity and standard deviation is shown in the 

middle at the bottom of the screen. A reference range for normal subjects according to age can be 

seen in the graph in the bottom right panel. 
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2.4.2 Carotid intima-media thickness 
CIMT is the distance measured between the luminal-intimal interface and the medial-adventitial 

interface, see Figure 2.5.307 Detection of the intimal-media thickness using ultrasound is well 

correlated with histology.307, 308 Increased thickening of the intima can be considered indicative 

of early subclinical atherosclerosis.307 Furthermore, this non-invasive technique of CIMT 

measurement has been demonstrated to improve risk stratification of cardiovascular events in the 

general population and in those with CKD. 58, 309 

 

For adequate measurement it was vital the subject was supine, comfortable and with their head 

positioned at 45°. Subjects were asked to extend their neck with their chin pointing upwards and 

turned away from me.  A 3-lead electrocardiogram signal was obtained by attaching electrodes to 

the bony prominences.  

 

A Philips iE33 ultrasound machine was used with a L9-3Mhz linear array transducer 

recommended for vascular scanning. The ultrasound was set to B-mode system for 2-

dimensional scanning in black and white. The probe was placed horizontally at the maximal 

position of the carotid pulse to identify the carotid artery and jugular vein in a cross-sectional 

view. The artery was both pulsatile and non-compressible.  Once the vessels were seen the 

ultrasound was rotated to a 90° degree angle to obtain a longitudinal view of the artery. The 

ultrasound probe was moved superiorly or inferiorly until the bifurcation of the common carotid 

artery into the external and internal carotid was seen in the middle of the screen, see Figure 2.6. 

Once the anatomical position was identified the focus depth was adjusted to improve clarity of 

the vessel wall, usually 30-40mm. The screen brightness and then gain was adjusted to optimise 

edge detection ensuring adequate contact with minimal pressure. Excessive pressure will 
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obliterate the view of the artery. After adequate amplification of the signal, the carotid intima-

media thickness appears illuminated as a white double-line. The two lines delineate anatomical 

boundaries of the lumen-intima interface and the media-adventitia interface, see Figure 2.7. 

Images of adequate clarity were captured and analysed immediately. Software which allows 

semi-automated wall tracking by means of edge detection system was employed to measure the 

interface between the lumen-intima and the media-adventitia using (Automated; Intima-media-

thickness (IMT), QLAB, Philips, UK).310 Automated tracking has been demonstrated to produce 

lower values than manual tracking and reduce inter-observer variability which is particularly 

pertinent for longitudinal studies.310  

 

Measures were taken from the far wall only, 1cm proximal to the carotid bulb prior to the 

bifurcation of the common carotid artery and >0.5cm from its end.311, 312 The carotid bulb was 

defined as the point at which the common carotid was no longer parallel with the distal 

carotid.310  At least three measures were taken on the right and left carotid arteries. As it has 

previously been established that values are generally higher on the left side, an average of both 

sides was used in the final analysis and this approach is considered more reproducible.313, 314 
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Figure 2.5. Cross sectional diagram of the carotid artery. 

A cross sectional view of the carotid artery indicates the outer adventitia, the muscular media 

within the centre of the arterial wall and the inner intima. The intima-media thickness is the 

thickness between the lumen-intima interface and the media-adventitia interface shown as bright 

white lines on ultrasound. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



111 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Diagram of the carotid tree. Adapted from Touboul et al.312 

The common carotid artery bifurcates into the external and internal carotid artery. The origin of 

the internal carotid artery is the carotid bulb (not shown). The dotted line indicates the 

bifurcation. A 10mm length approximately 1cm proximal from the bifurcation is used to measure 

intima-media thickness.  

 

CCA; Common carotid artery. ECA; External carotid artery. ICA; Internal carotid artery IMT; 

Intima-media thickness 
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Figure 2.7. Example of intima-media thickness measurement using ultrasound. 

Following ultrasound of the common carotid artery of a study subject the image was assessed in 

real time using QLAB plug in software. The carotid bulb is seen and the origin of the internal 

carotid artery indicative anatomically of the bifurcation. Two white lines are highlighted within 

the box indicating the intima-media thickness has been detected, see yellow arrows. The 

thickness is calculated as 0.60mm. 

 
  



113 
 

2.5 Cardiac magnetic resonance imaging acquisition 

2.5.1 Scanner details and shimming considerations 
CMR studies were carried out using the same 3 Tesla scanner (Magnetom, Skyra, Siemens, 

Erlangen, Germany) in all subjects unless there were specific contraindications to high field 

strengths in accordance with published MRI safety guidance.315, 316 In subjects who had 

contraindications to high field strengths a 1.5 Tesla scanner (Avanto, Siemens, Erlangen, 

Germany) was used. A 1.5T scanner is frequently used for clinical cardiac CMR because of its 

ability to achieve high quality, reproducible steady-state free precession (SSFP) cine images 

owing to reduced sensitivity to flow related artefact.317 Higher field strengths however, have 

distinct advantages including increased signal to noise ratio, higher temporal resolution and 

altered relaxation times improving contrast enhanced scans.318 There are some disadvantages at 

higher field strengths such as B0 and B1 inhomogeneity which can lead to higher rates of band, 

flow and susceptibility artefact across the myocardium.318, 319 These were offset in this study with 

high order volume selective B0 shimming over the heart, B1 radiofrequency shimming and 

reviewing each image before proceeding.318, 320 This approach is recommended by the 2017 

consensus statement by the Society of Cardiovascular Magnetic Resonance (SCMR) for T1 and 

T2 mapping at higher field strengths.320 Localised volume-selective shimming was used in 

combination with frequency scouts to optimize image quality.318, 319, 321, 322 For dark banding 

artefacts, frequency scouts spanning resonance frequencies from -300hz to 300hz were routinely 

used.317, 323 Images were reviewed in 50hz intervals and the frequency was selected according to 

the optimum position of artefact away from the region of interest.317, 323          

2.5.2 Overview of general CMR imaging protocol 
A summary of the CMR imaging scanning protocol and timing of sequences is shown in Figure 

2.8. 
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Figure 2.8. A summary of the CMR imaging study protocol.  
HLA; horizontal long axis. MOLLI; Modified look-locker inversion recovery. SAX; Short axis 

stack. VLA; vertical long axis. SSFP; steady-state free precession. 
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2.5.3 Sequences and protocols 

Patient preparation 
Following MRI safety checks, subjects had an intravenous cannula inserted into the antecubital 

fossa and a sample of blood was taken in an EDTA tube for haematocrit levels immediately 

before the scan.320 The haematocrit level was required for later calculation of ECV.321 On the 

other arm, a blood pressure cuff was attached with the lead left free and unattached. Electrodes 

were applied to bony prominences for a 3-lead electrocardiogram, ensuring a good quality trace. 

Standard localisers and steady-state precession 
Standard multi-plane breath held localisers (sagittal, axial and coronal) were used for sequence 

planning and to ensure the heart was at the magnet isocenter.322 SSFP cine imaging 

(retrospective electrocardiographic gated) of the vertical long axis (VLA) and horizontal long 

axis (HLA) of both the right and left ventricle were used to pilot the LV short axis stack (SAX). 

SSFP sequences were taken during the end-expiratory phase of a breath hold to reduce 

inconsistency and respiratory motion.  Serial contiguous cines were obtained of the left ventricle 

starting from the atrioventricular junction and positioned parallel to the apex to formulate the LV 

stack  and thus parallel to the true LV reducing partial volume errors.324 Typical scan parameters 

were as follows: repetition time 45.48ms (TR); echo time 1.69 (TE); flip angle (FA); 65; field 

of view (FOV) 340mm with a slice thickness of 7mm with a 3mm gap over  25 phases per 

cardiac cycle. 325 Slice and gap thickness were chosen in keeping with the previous CRIB-

DONOR study protocol and previously well described.241, 326 At this point all images were 

reviewed to ensure cines were of a good quality before proceeding.  
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Pre-contrast modified Look-Locker inversion recovery sequence for native T1 

mapping 
The MOLLI sequence was the first sequence that enabled T1 mapping of the whole of the 

myocardium but it has since undergone improvement and modification with a wide range of 

acquisition protcols.115, 127 In this study, a breath-held SSFP motion corrected MOLLI sequence 

was used for native T1 mapping at the basal and mid ventricular SAX level and a single HLA 

view in diastole as recommended for the study of diffuse disease.320 The basal slice was defined 

as the first slice of the LV stack with 100% myocardial rim visible throughout the cardiac cycle, 

without outflow tract to avoid the blood pool. The mid slice was two slices below the basal slice 

with the presence of papillary muscles. The slice positions were noted and the same image 

positions were used for post contrast T1 and T2 mapping. Following inversion pulses, serial 

single shot images were taken in diastole at consecutive heart beats.327  Sampling for T1 recovery 

was taken using a 5(3)3 scheme over a total breath hold of 11 R-R intervals, leading to the 

acquisition of 8 T1 weighted images as previously described.322 That is in contrast to the older 

MOLLI scheme of 3(3)3(3)5 which acquired 11 T1 weighted images over a 17 R-R interval.127 

The shorter and therefore faster acquisition time has the advantage of shortening the subjects 

breath hold so improving image quality and reliability.328 Typical parameters for the MOLLI 

sequence were: TR 280.56ms, TE 1.12ms, FA 35 and FOV 360mm. In accordance with the 

SCMR and CMR Working Group of the European Society for Cardiology consensus statement 

the scan protocol and parameters remained consistent throughout the study.321 Acquisition of 

MOLLI sequences were reviewed throughout the scans for adequate ECG gating and monitoring 

sequence sounds for mis-trigged or skipped heart beats.320 All source images were reviewed for 

cardiac and respiratory motion and artefacts.320 Suboptimal images were repeated with care not 

to change any major parameters.320 
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T2 preparation pulse-based sequences 
T2 mapping sequences were bright-blood T2-preparation pulse-based sequences.133 These 

sequences are less susceptible to blood flow artefact than the alternative dark-blood turbo spin-

echo (TSE) sequences.133, 329 Three single shot T2 weighted SSFP images were acquired at the 

following T2 preparation times 0ms, 30ms and 55ms at exactly the same slice positions chosen 

for MOLLI sequences.329 

Aortic distensibility sequence and protocol 
A transverse SSFP cine of the ascending aorta at the level of the bifurcation of the pulmonary 

artery during a breath hold was chosen for adequate anatomical assessment of the ascending and 

descending aorta throughout the cardiac cycle. The sequence was retrospectively ECG-gated 

over 25 cardiac phases. Typical acquisition parameters were TR 45.90ms, TE 2.47ms, FA 12◦, 

FOV 340mm and voxel size 1.8x1.8x6.0mm. Following the transverse SSFP sequence three 

peripheral blood pressures were taken in succession and recorded whilst the subject remained on 

the scanner table (necessary for later calculation of aortic distensibility). A 3 Tesla compatible 

non-invasive blood pressure monitor by TeslaDuo® (Mammendorfer Institut für Physik und 

Medizin, Mammendorf) was used to determine blood pressure and attached to the cuff already in 

situ. After blood pressure recordings were taken a bolus of 0.15mmol/kg of gadolinium contrast 

(Gadovist®, Bayer Healthcare Pharmaceuticals) was injected followed by a 10ml saline flush.330 

The dose remained consistent throughout the study.320 At the time of injection a stop watch was 

started before proceeding. 

Aortic flow assessment 
In the time after gadolinium administration a retrospective ECG gated through-plane phase 

contrast velocity mapping sequence perpendicular to the ascending aorta was taken to assess 

aortic forward flow during a breath hold.331 Typical parameters for the sequence were: TR 
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37.12ms, TE 2.47ms, FA 20, FOV 340mm and velocity encoding 150cm/s. The phase cine was 

reviewed for pixilation in the aorta, evident of background noise and aliasing.331 Suboptimal 

images were repeated after adjustment for encoding velocity.331  

Late gadolinium enhancement protocol 
At 5-7 minutes after the administration of gadolinium, scanning commenced for the assessment 

of LGE. The first scout image was taken using a cine-inversion recovery-SSFP positioned at the 

mid ventricular slice, in which the normal myocardium is nulled. The inversion time selected 

was based on the image where the myocardium appears black.332, 333 Subsequent sequences for 

assessment of LGE were phase sensitive inversion recovery images of the VLA, HLA and LV 

SAX in late diastole.333 The inversion time was adjusted accordingly throughout scanning to 

ensure the magnetisation level of normal myocardium was nulled.  Due to time sensitivity of the 

sequences, all images were reviewed in real time. If any image was suspected to have evidence 

of LGE the image was repeated but with the alternative phase encoded direction (i.e. anterior to 

posterior or right to left) to ensure the abnormality seen is not artefact projected over the 

myocardium.  LGE is sensitive at detecting areas of focal fibrosis and for over twenty years has 

been a well-accepted standard for assessing viable myocardium .334, 335 For LGE the 

magnetisation level of normal viable myocardium is nulled and appears dark, thus areas of focal 

fibrosis with high concentrations of gadolinium are highlighted as bright white.328, 336 

Post contrast MOLLI protocol 
A contrast bolus as opposed to an infusion has been demonstrated to provide consistent values 

for ECV across a broad range of cardiac pathology.330 Post contrast MOLLI images were 

acquired using identical slice positions as native images using a 4(1)3(1)2 T1 recovery sampling 

scheme over 11 RR intervals to obtain 9 T1 weighted images no sooner than 15 minutes after the 

administration of gadolinium.327  
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2.6 Cardiac magnetic resonance analysis 

2.6.1 Anonymization technique 
CMR images were anonymised using an anonymisation code and analysed consecutively over a 

two month period. The only information that remained attached to the scan was height and 

weight for indexing mass and volumes to body surface area. The localisers and hastes were not 

reviewed as they had been previously reported for any extra cardiac findings. Therefore I was 

blinded to temporal sequence, control/donor status and all clinical details until all CMR analysis 

was complete. All analysis was performed using post processing software cvi42® (version 5.3.4 

Circle Cardiovascular Imaging, Canada) and in accordance with the SCMR Board of Trustees 

Task force on Standardized post processing.337 

2.6.2 Ventricular mass and volumes 
CMR is a highly accurate, non-invasive method of determining LV mass with high congruity to 

true LV mass seen at human post mortems.324, 338 It has also been demonstrated to be more 

precise and more reliable than echocardiography.339, 340 

Blinded analysis of ventricular volumes was performed using the contiguous SAX cine images.  

The positions of the atria and ventricles were confirmed by reviewing the VLA and HLA cine 

through all cardiac phases. The most basal slice was selected if over 50% of myocardium was 

present.341  For volumetric assessment, both the end diastolic and end systolic phase were 

determined by selecting the largest and smallest cavity respectively, see Figure 2.9.325 

Delineation of trabeculations and papillary muscles were performed using thresholding to 

determine the endocardial border.325 337 Papillary muscles were excluded from blood pool 

volumes yet included in calculations of LV mass as previously described.325 337 The epicardial 

border was drawn manually then smoothed and defined as the visual detectable boundary 



120 
 

between the myocardium and extra cardiac space and the middle of the chemical shift artefact 

line.325, 337 The same principles were repeated for the endocardial border of the right ventricle, for 

assessment of right ventricular (RV) volumes in which manual contours were traced in end 

systole and end diastole, see Figure 2.10.  

LV mass was calculated automatically within post processing software as the total epicardial 

volume subtracted by the endocardial volume and then multiplied by 1.05g/ml, the specific 

density of myocardium.337 Both endocardial and epicardial volumes are determined by the total 

sum of the slice thickness and slice gap multiplied by the cross sectional areas.337   To ensure LV 

volumetric data was precise several criteria were satisfied before accepting the values, provided 

there were no valve abnormalities: 

a. LV stroke volume and RV stroke volume should be within 10ml of each other.  

b. The LV stroke volume should be within 10ml of the aortic forward flow. 

c.  Finally, end systolic LV mass should be within 10g of end diastolic LV mass. 

Body surface area, calculated using the Mosteller formula was then used to index all volumetric 

measures and mass.342 
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Figure 2.9. Analysis of ventricular mass and volumes.  

A screen shot of the user interface of Circle Cardiovascular Imaging software, version 5.3.4 for the assessment of ventricular mass and 

volumes is shown. Each slice of the LV stack is displayed in thumbnails at the bottom of the screen from top to bottom (base to apex) 

with the 25 cardiac phases for each slice running from left to right (diastole to systole). In the main display a short axis slice in diastole 

can be seen with endocardial (red), epicardial (green) and right ventricular contours (yellow). For orientation, on the right of the main 

display, the HLA cine is shown with corresponding horizontal lines indicating short axis slice positions. Contours have been traced for 

phase 1 (diastole) and phase 9 (systole). A 3D model has been generated from the contours in the bottom far right hand corner. The 

ventricular mass and volumes have been calculated by the software and displayed at the top of the screen. HLA; horizontal long axis.  
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Figure 2.10.  An example of analysis of the left and right ventricle. 

Serial contours of the short axis stack in diastole are shown. Red contours indicate the endocardial border with pink contours 

excluding papillary muscles from calculation of volume.  Green contours represent the epicardial border. Yellow contours are traced 

around the right ventricle.   
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2.6.3 Left ventricular geometry calculations 
The wall thickness was determined by segregating the myocardium into segments as per the 

AHA 17 segment model with the exception of the apex.343 A wall thickness was obtained for 

each segment in the end diastolic phase. The largest segmental thickness was deemed the 

maximum wall thickness. The mass/volume ratio was calculated as LV mass divided by end 

diastolic volume.344  

2.6.4 Left atrial volumes 
Left atrial (LA) volume was measured applying the biplane area-length method for end diastolic 

and end systolic volumes from HLA and VLA cines.345  The cardiac phase was determined by 

observing the opening of the mitral valve and selecting the systolic phase accordingly.346 

2.6.5 Myocardial strain 
Three dimensional (3D) feature tracking calculating myocardial strain allows assessment of 

myocardial deformation beyond ejection fraction, it was assessed using standard SSFP cine 

images.347 Feature tracking has been demonstrated to have good intra-observer and inter-

observer reproducibility.348 Furthermore, 3D feature tracking is more reproducible than 2D 

tracking in healthy subjects.347 To track the myocardium, endocardial and epicardial rounded 

contours were drawn in end diastole only for the VLA cine, HLA cine and all slices of the short 

axis stack with the exception of the most basal slice if the LV outflow tract was visible. A 3D 

dimensional incompressible deformation model was fitted to each cine image using a validated 

algorithm to determine strain.349 The degree of deformation, represented as ‘boundary points’ on 

the endocardial and epicardial border was reviewed to ensure accuracy of tracking 
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throughout the cardiac cycle, see Figure 2.11.347 Three dimensional GCS, GLS and global radial 

strain (GRS) were measured. Strain rates for each parameter were also obtained (S’ peak systolic 

strain, E’ early diastolic strain and A’ late diastolic strain rate), see Figure 2.12. Segmental strain 

was not assessed due to previously reported poor reproducibility.350
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Figure 2.11. Analysis of systolic function and myocardial strain. 

A screen shot of the user interface of Circle Cardiovascular Imaging software, version 5.3.4 for 3 feature tracking is shown. The SAX, 

HLA and VLA cines have been used. Unlike assessment for volumes and mass, contours are rounded. Boundary points are viewed as 

dots and can be reviewed through all phases of the cardiac cycle to ensure suitable tracking. Results for 3D global circumferential 

strain are shown on the graph. HLA; horizontal long axis. SAX; Short axis stack. VLA; vertical long axis.  
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Figure 2.12. Feature tracking throughout the cardiac cycle and typical myocardial strain rate output. 
A. Two SAX slices are shown in diastole with boundary points observed. 

B. Corresponding slices are shown in systole where boundary points can be tracked throughout the cardiac cycle.  

C. Following 3D feature tracking analysis strain rates can also be generated. In this case strain rates can be seen for 

circumferential strain and include S’ peak systolic strain (the only negative rate), E’ early diastolic strain (largest positive rate) 

and A’ late diastolic strain rate. 

SAX; Short axis stack.

C A B 
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2.6.6 T1 mapping analysis and calculation of extracellular volume  
Prior to analysis of T1 images, the LGE sequences were reviewed to identify any focal areas of 

fibrosis. Additionally, the uncorrected T1 raw images and motion corrected raw images were 

reviewed systematically for artefact, see Figure 2.13a. Areas of LGE and artefact are excluded 

from the final analysis consistent with recommended consensus methodology from the SCMR 

working group.321 Endocardial and epicardial borders were traced onto raw images taking care to 

avoid inclusion of the blood pool using a 20% offset on both the endocardial and epicardial 

border.351 A 20% offset has previously been demonstrated to be the most reproducible 

contouring method.352  

A colour pixel-wise T1 map is generated according to T1 times and contours were transferred 

onto the map and subsequently reviewed. 351 The myocardium was segmented into 6 segments 

using inferior and superior insertion point references.343 Several T1 times were recorded: 

a. The global T1 time, which was an average of all viable segments. 

b. A septal time, which was the average of segment 2 and 3 or 7 and 8 depending on slice 

position. In keeping with published recommendations, a region of interest was drawn 

within the myocardium of the septum taking care to choose an area with enough 

pixels.320, 321  

c. A blood time was measured by contouring the largest circular area within the blood pool 

whilst avoiding papillary muscles.  

The same process was repeated with the post contrast images taking care to ensure the slice 

positon was the same, see Figure 2.13b and Figure 2.14. Using pre and post myocardial and 

blood T1 times global and septal ECV values were was calculated, as per the following 

calculation.115, 321, 353  
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𝐸𝐶𝑉 = (1 − ℎ𝑎𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡) −

1
𝑝𝑜𝑠𝑡 𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡 𝑇1 𝑚𝑦𝑜  −

1
𝑝𝑜𝑠𝑡 𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡 𝑇1 𝑏𝑙𝑜𝑜𝑑

 −

1
𝑛𝑎𝑡𝑖𝑣𝑒 𝑇1 𝑚𝑦𝑜

1
𝑛𝑎𝑡𝑖𝑣𝑒 𝑇1 𝑏𝑙𝑜𝑜𝑑

 

In the calculation T1 myo refers to the T1 time of the myocardium and T1 blood refers to the T1 

time of the blood pool. Haematocrit levels immediately prior to the scan were used in the 

calculation. 

Although T1 time is known to vary with tesla strength and protocol, ECV is a more reproducible 

and consistent measure. 351  
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Figure 2.13. Analysis of T1 mapping. First published in Price et al.354 

A. The grey scale image is a raw uncorrected MOLLI image of the mid ventricular short 

axis stack. There are eight pre-contrast raw images which were reviewed for artefact and 

cardiac and respiratory motion. Once satisfied the image is of sufficient quality the 

endocardial and epicardial borders were traced onto the raw image.  

B. Contours were subsequently transferred to a pixelated colour map. In this case, for 

clarity, the T1 map has been colour coded according to T1 time: 800ms dark blue, 

1000ms light blue, 1250ms green, 1400ms red and 2000ms dark red. Once insertion point 

markers are placed onto the image the myocardium is automatically segregated into 6 

segments seen on the colour map in white. T1 times are generated for each segment. The 

20% off set ensures generated segments are within the myocardium and are less likely to 

include blood pool. In addition a freehand manual contour of an area of interest, known 

as a region of interest has been drawn in blue within the septum. 

 

MOLLI; Modified look-locker inversion recovery.  

B A 
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Figure 2.14. Examples of native and post contrast T1 mapping. 

A. A typical example of native T1 mapping of the basal left ventricular slice. The orange 

contour represents the area selected for the determination for pre-contrast blood time.  

B. Corresponding T1 times are given for each segment of the myocardium seen in image A.  

C. A typical example of post contrast T1 mapping of the basal left ventricular slice. 

D. An example of a native T1 mapping of the HLA. A blue contour in the septum indicates a 

region of interest. 

HLA; horizontal long axis.  

 

 

D 
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2.6.7 T2 mapping 
A pixel wise T2 generated map based on curve fitting from a two-parameter equation was 

used.329 The same methodology as per T1 maps, was employed to analyse T2 maps, see Figure 

2.15. 

2.6.8 Late gadolinium enhancement quantification 
LGE was defined as presence of LGE on two contiguous cine images of the LV short axis stack 

or present on the LV short axis stack and a corresponding long axis view.3 LGE also needed to 

persist following a repeat image with a change in phase encoding direction to rule out artefact.3 

LGE was quantified using full width, half max methodology as previously described and given 

as a percentage of overall LV mass, Figure 2.16. 355  
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Figure 2.15. Analysis of T2 mapping. 

A. A typical example of T2 mapping at the basal left ventricular slice. The myocardium has 

been segmented into American heart association segments using a 20% off set. Red and 

green contours display the endocardial and epicardial contours respectively. 

B. Corresponding T2 times generated from image a.  
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Figure 2.16. Analysis and quantification of late gadolinium enhancement. Reproduced under 

the Creative Commons Attribution license and first published in Price et al.3 

A. Late gadolinium enhancement in the superior and inferior insertion point can be seen on 

this view of the SAX (see arrows). Areas of enhancement are shown as bright white in 

contrast to the dark myocardium.  

B. On occasions where late gadolinium enhancement was seen it can be quantified and 

expressed as a percentage of left ventricular mass. Using full width half max methods 

pixelated areas of late gadolinium enhancement are shown along with endocardial (red) 

and epicardial (green) contours in order to calculate left ventricular mass.  

 

SAX; Short axis stack.  
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2.6.9 Aortic distensibility 
Aortic distensibility is related to the elastic properties of the aorta and is calculated as the 

difference in luminal area from diastole to systole divided by the pulse pressure.356 It has been 

demonstrated to predict all-cause mortality and can be assessed non-invasively using non-

contrast CMR.357 Previous calculations of aortic distensibility relied on the use of manual 

contours throughout the cardiac cycle leading to high levels of variability. Even semi-automated 

methods subsequently developed still introduce variability.358 In this study, I used a fully 

automated Aortic Distensibility Analysis (ADA) software developed by Biasiolli et al. at the 

University of Oxford which has already been validated on 5100 scans from the UK Biobank 

cohort.356  

Analysis of aortic distensibility was conducted offline using the transverse SSFP cine of the 

ascending aorta at the level of the bifurcation of the pulmonary artery. Sequences were 

anonymised and exported as Digital Imaging and Communications in Medicine (DICOM) format 

files from cvi42® (version 5.3.4 Circle Cardiovascular Imaging, Canada) and analysis was 

conducted for all scans in a single time period.  Sequences were initially reviewed for quality, in 

terms of adequate slice position and severity of any artefact. For adequate slice position both the 

ascending and descending aorta needed to be clearly visible at the level of the bifurcation of the 

pulmonary artery.356 The sequences were also examined for artefact. If artefact disrupted the 

clarity of the vessel border at any point during the cardiac cycle the scan was excluded from 

analysis.
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The DICOM files were analysed by the ADA standalone application using Matlab version 

R2017a (MathWorks). This application allows detection of both the ascending and descending 

aorta and tracking of the vessel wall throughout the cardiac cycle.356 The software initially 

detects the vessels involved. Identification of the correct vessel was then manually confirmed 

before proceeding. On the rare occasion the algorithm fails to detect the correct vessel this can be 

altered or the contour can be hand drawn if required before continuing, see Figure 2.17.  

Following confirmation of the correct vessel both the ascending aorta and proximal descending 

aorta were tracked throughout the cardiac cycle, see Figure 2.18. Individual automated contours 

for each cine image were reviewed. Discrepancies or errors could be manually altered if 

required. The maximum area was selected for systole (Amax) and minimum area selected for 

diastole (Amin). An average of three values were taken.  
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Figure 2.17. User interface of aortic distensibility software. 

This is the user interface of software used for analysis. It demonstrates the automated detection 

of the proximal ascending aorta (AA) and the proximal descending aorta (PDA) on a transverse 

SSFP at the level of the bifurcation of the pulmonary artery. In this case, the software has 

correctly identified both arteries as green circles, the region of interest. Other ‘vessels’ 

potentially detected are indicated as red circles and can be chosen as alternatives. Only the 

vessels selected in green will be analysed.  
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Once the maximum and minimum luminal areas were determined aortic distensibility was 

calculated using the following equation. 359, 360 

(Amax mm2-Amin mm2

Amin mm2
)

Pulse pressure mmHg
=Aortic distensibility mmHg-1  

Pulse pressure (diastolic blood pressure –systolic blood pressure) was determined from the 

average of three peripheral blood pressures taken immediately following the sequence as 

described earlier. 
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Figure 2.18. An example of automated tracking of the ascending aorta.  

The first image generated is that of the region of interest, in this case the contour of the ascending aorta, seen on the left. A sliding bar 

allows visual assessment of all phases of the cardiac cycle. Any error in contours can be hand drawn, smoothed or adjusted if required. 

The calculated luminal area (mm2) is then plotted against each cine number producing a graph of luminal area over time. In systole the 

aortic lumen is at its maximum, whilst in diastole it is at its minimum. Three points are selected on the graph for both systole and 

diastole which generates an average luminal area (see points shaded in pink for example calculation) 
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2.7 Quality and reproducibility in CMR imaging 

2.7.1 Reproducibility in CMR imaging 
For the 5-year study intra-observer variability was assessed in 10 randomly selected studies, 

which were analysed twice by myself two months apart whilst blinded to subject identity and 

control/donor status. I also assessed inter-study variability for LV mass in ten subjects 

undergoing a repeat CMR imaging within one week of the original study. Inter-observer 

variability for LV mass, T1 and T2 times were assessed between myself and another 

independent reporter blinded to patient data and study visit. To ensure consistency in 

assessment for the baseline and 12 month CMR studies further inter-observer variability for 

LV mass (primary end point) between myself and the original researcher for CRIB-DONOR 

were assessed in an additional 20 subjects. 

2.7.2 Quality control for T1 mapping 
To ensure quality and consistency of T1 times throughout the study quality assurance tests 

were carried out every three months or when any updates were made to the MRI system using 

a validated phantom containing multiple vials of agar at different T1 values (Eurospin T05 

phantom Diagnostic Sonar, Scotland).320 Scanning of the phantom used the same MOLLI 

sampling schemes as those used in the study 5(5)3 and 4(1)3(1)2 with a simulated heartrate. 

In addition basic TSE sequence was also used to account and adjust for any temperature 

fluctuations and/or any degradation of the phantom.  

2.8 Statistical analysis 

2.8.1 General statistical approach 
Statistical analysis was carried out using SPSS©, version 23 (IBM, Armonk, New York, US) 

unless stated otherwise. Categorical variables are displayed as whole numbers and 

(percentages). In general, continuous variables were assessed graphically using histograms to 

determine normality.  Variables of a normal distribution are reported as mean ± standard 
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deviation otherwise data are displayed as median [interquartile range]. All continuous non-

parametric data was Log10 transformed prior to analysis and plotted graphically. If the 

logged values were normally distributed a parametric test was favoured otherwise a non-

parametric test was used. Data analysed in a logged format is highlighted in the results tables. 

A p value of < 0.05 was considered significant and no adjustments were made for multiple 

comparisons. In general missing values were handled using a listwise deletion (complete-case 

analysis) approach. 

For comparison of two different groups (donors vs. controls) independent samples t tests 

were used for continuous variables to estimate the mean difference and confidence intervals 

between groups. Where continuous variables of more than two groups were compared a one 

way analysis of variance (ANOVA) was carried out with post hoc Tukey test for comparisons 

between each group. For comparison of categorical variables between two different groups 

chi square or fishers exact tests were used.  On occasions where the difference between 

values at baseline and follow up were required in a single group, paired t tests were used to 

estimate the mean difference and confidence interval between time points.  

To assess the influence of confounding variables on the variable of interest multivariable 

linear regression models were used providing data was of a linear relationship, normally 

distributed and variables were not co-dependent. Associations between continuous variables 

were analysed using Pearson’s correlations for parametric data. 

For the longitudinal assessment of continuous and categorical variables over 5 years 

generalized estimating equations were used to compare change in variables over time. 

Pearson’s residuals generated from the models were plotted and assessed graphically on Q-Q 

plots to ensure linearity (normality of residuals) was a reasonable assumption. A linear or 

binary, unstructured model was chosen with the variable of interest as the dependent variable 
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and with participants as the subject variable. Study time was selected as within-subject factor 

and group (donor/control) as a between-subject predictor. An interaction term between each 

group and study time point was included to assess change over all time points (p-value for 

interaction). Pairwise analysis were also generated as part of the generalized estimating 

equations giving comparisons between donors and controls at each corresponding time point. 

Actual time was not included as a covariate as there was no significant difference in time to 

follow up between the two groups. 

For assessment of reproducibility of CMR parameters intraclass correlation coefficients were 

used for inter-study, intra-observer and inter-observer variability. Intraclass correlation 

coefficients were also used to assess consistency of T1 measures using the phantom.  

2.8.2 Adjustment for variables 
 

PWV was adjusted for mean arterial pressure (MAP) and heart rate (HR) as has been 

recommended by the AHA to standardise vascular research.299 Adjustment for MAP and HR 

was performed using a general linear regression model (where PWV is the dependent 

variable and MAP and HR are independent variables i.e. a multivariable model).361  

Calculations were as follows: 

 Predicted PWV= Constant (from regression equation) + [(Unstandardized B 

coefficient (from regression model equation)* mean MAP of cohort)] + 

[(Unstandardized B coefficient (from regression model equation)*mean HR of 

cohort)]. 

 Adjusted PWV for an individual= Predicted PWV (for mean MAP and HR) + 

Unstandardized residual for the individual (from regression model).  
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CHAPTER 3 

 EFFECT OF A REDUCTION IN GLOMERULAR 

FILTRATION RATE AFTER NEPHRECTOMY ON 

ARTERIAL STIFFNESS, BLOOD PRESSURE AND CENTRAL 

HAEMODYNAMICS. THE EARNEST STUDY 
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3. 1 Extent of personal contribution 
This study was a multi-centre study for which I was responsible for the Birmingham cohort 

of subjects. The Birmingham site was the second largest recruiting site for the study, 

accounting for over a third of all those consented. The regulatory documents, audits and 

correspondence with the sponsor for the Birmingham site were my primary responsibility. I 

maintained the site file and dealt with and documented any protocol deviations and adverse 

events. 

I organised and arranged the follow up visits for the Birmingham subjects with the assistance 

of a research nurse. I conducted the study visits myself which included office and ambulatory 

blood pressure, assessment of PWA, carotid-femoral PWV and central blood pressure using 

the SphygmoCor (Atcor Medical, Sydney, Australia). I took their blood and urine samples 

and arranged laboratory storage and booked the iGFRs. 

Following study completion I wrote the final report to the funder and was responsible for all 

electronic data input for the whole study for the Birmingham site. I also led the data analysis, 

statistical plan and interpretation of the whole national dataset. The first draft of the 

manuscript was written by myself and I was responsible for all edits and revisions. This 

chapter is based on the published first author original article where this data was first 

published.362 Price AM, Greenhall GHB, Moody WE, Steeds RP, Mark PB, Edwards NC, 

Hayer MK, Pickup LC, Radhakrishnan A, Law JP, Banerjee D, Campbell T, Tomson CRV, 

Cockcroft JR, Shrestha B, Wilkinson IB, Tomlinson LA, Ferro CJ, Townend JN. Changes in 

blood pressure and arterial hemodynamics following living kidney donation. Clinical Journal 

of the American Society of Nephrology. 2020;15 (9):1330-1339. DOI: 

https://doi.org/10.2215/CJN.15651219. 
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3.2 Abstract 
The Effect of A Reduction in Glomerular Filtration Rate after NEphrectomy on Arterial 

STiffness and Central Haemodynamics (EARNEST) was a multi-centre, prospective, 

controlled study designed to investigate the associations of an isolated reduction in kidney 

function on blood pressure and arterial haemodynamics. 

Prospective living kidney donors and healthy controls who fulfilled British Transplantation 

Society criteria for donation were recruited from seven UK centres with expertise in vascular 

research. Participants underwent office and ambulatory blood pressure measurements, 

assessment of arterial stiffness and biochemical tests at baseline and 12 months. 

A total of 469 participants were recruited with 306 (168 donors and 138 controls) returning for 

follow up at 12 months. At follow up, the mean eGFR rate was -27 mL/min/1.73m2 (95% CI -

29, -26) lower in donors compared to a +2 mL/min/1.73m2 (95% CI -0.4, 3.8) in controls. At 

12 months, mean ambulatory day systolic blood pressure was +0.1mmHg (95% CI -1.7, 1.9) 

in donors and +0.6mmHg (95% CI -0.7, 2.0) in controls with no significant difference between 

groups [-0.5mmHg (95% CI -2.8, 1.7), p=0.626]. Mean carotid-femoral PWV was +0.3m/s 

(95% CI 0.1, 0.4) in donors and +0.2m/s (95% CI -0.0, 0.4) in controls at 12 months but again 

there was no significant difference between groups [+0.1m/s (95% CI -0.2, 0.3) p=0.49]. 

Changes in ambulatory peripheral blood pressure and carotid-femoral PWV in living kidney 

donors at 12 months after nephrectomy were small, not clinically significant and no different 

from a healthy control group.   
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3.3 Introduction 
Arterial stiffness, corresponding rises in blood pressure and the ensuing haemodynamic stress 

on downstream vascular beds, are considered important key contributing factors to the 

development of cardiovascular disease in CKD.363 Furthermore, PWV, the non-invasive ‘gold 

standard’ measure of arterial stiffness, has been demonstrated to be an important predictor of 

adverse outcomes and has improved risk stratification of those at highest risk in the general 

population.304 Additionally, PWV is a strong independent risk factor for cardiovascular 

mortality, with a reported 15% increase risk of mortality per 1m/s increase in PWV and 

predictive of poor outcomes following cardiovascular events such as ischaemic stroke and 

peripheral vascular disease. 364 294, 304  

CKD leads to an accelerated phase of vascular ageing shown by increases in PWV compared 

to the general population.365 Increased arterial stiffness is both highly prevalent in the earlier 

stages of CKD and has been shown to be inversely correlated with GFR, with changes evident 

from stage 2 onwards.366-368  It is unclear however, whether increased blood pressure and 

arterial stiffness in CKD are direct consequences of the reduced GFR or result from the multiple 

co-morbid conditions that tend to accompany CKD.  

Living kidney donors provide an opportunity to prospectively examine the haemodynamic 

consequences of a reduction in kidney function without the confounding effects of co-morbid 

disease. The aim of this study was to determine the effect of the reduction in kidney function 

that occurs after kidney donation on arterial stiffness, blood pressure and central 

haemodynamics compared to an appropriately selected control group in a sample large enough 

to detect small differences.  
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3.4 Brief methods 
3.4.1 Study design 
The EARNEST study was a prospective multi-centre UK cohort study.  The study aimed to 

recruit 440 controls and 440 donors over a two year period from seven centres recognised for 

performing high numbers of living kidney transplants, see Table 3.1.   

Recruitment began in April 2012; the last follow up patient was studied in May 2016. 

Recruitment was terminated in May 2015 on pragmatic and financial grounds. This was 

principally due to unanticipated large numbers of recruited participants dropping out at follow 

up. 

3.4.2 Study population 
The inclusion and exclusion criteria for both donors and controls were in accordance with 

national guidelines disseminated by the Joint Working Party of the British Transplantation 

Society and the Renal Association for living kidney donors as previously described.264  

Most healthy controls taking part in EARNEST were individuals undergoing workup for 

donation but who were ultimately unable to donate due to factors such as immunological 

mismatch or recipient illness. Alternatively, donor-related family members or volunteers 

donating blood at local blood donation centres were recruited. All healthy controls were 

screened in the same way and to the same standard as the living kidney donors with the 

exception of detailed evaluation of renal anatomy by further imaging. 
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Table 3.1. Centres involved with recruitment. 

Hospital Location 

Queen Elizabeth Hospital Birmingham 

Addenbrooke’s Hospital Cambridge 

Western Infirmary Glasgow 

Southmead Hospital Bristol 

St George’s Hospital London 

Central Manchester University Hospitals Manchester 

Sheffield Teaching Hospitals Sheffield 
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3.4.3 Study protocol 
All participants were investigated at baseline (less than 6 weeks prior to nephrectomy for 

prospective living kidney donors) and at 12 months, see Figure 3.1. The protocol included 

measures of office and ambulatory blood pressure, assessment of PWA, carotid-femoral PWV 

and central blood pressure using the SphygmoCor (Atcor Medical, Sydney, Australia). All 

participants underwent blood and urine tests with donors also undergoing iGFR. Full details 

are within the methodology chapter. A detailed protocol has previously been published.249 

3.4.4 Study centre training 
All centres taking part in the study already had existing expertise in vascular research. To 

ensure uniformity of data collection, all centres received a detailed study manual with quality 

control criteria for acceptable data. In addition, those undertaking the measurements attended 

training in the use of SphygmoCor for the assessment of PWA and PWV to reduce inter-

observer variability as much as possible. Mean inter-observer variability difference has been 

demonstrated to be as low as 0.3±3.2m/s in those with CKD and −0.30 ± 1.25 m/s in healthy 

controls following an introduction to the technique and standard quality control criteria.295, 303   

3.4.5 Primary outcome measures 
1. Mean change in carotid-femoral PWV. 

2. Mean change in ambulatory systolic blood pressure. 

3.4.6 Statement of ethics 
Ethical approval was obtained in February 2013 from the South Cambridge Regional Ethics 

Committee (Integrated Research Application System Reference: 118797, Research Ethics 

Committee approval number 13/EE/0015). 
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Figure 3.1. Summary protocol for the EARNEST study. Adapted from Moody et al.249 
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3.4.7 Power calculations and sample size 
Using data from previous studies, the standard deviation of the within-patient changes was 

assumed to be 10 mmHg for blood pressure and 1.0 m/s for carotid-femoral PWV.303, 369 A 

sample size of 800 participants (400 subjects per group) was planned in order to provide 80% 

power to detect a difference of 2.2mmHg in systolic pressure or 0.22 m/s in carotid-femoral 

PWV using a 2-sided t-test at the 2.5% significance level.  Values for a sample size of 400 

participants (200 subjects per group) have 92% power to detect a difference of 4 mmHg for 

systolic blood pressure and 0.4 m/s for carotid-femoral PWV, allowing for 15% loss to follow 

up at a significance level of 5%.   

3.4.8 Statistical analysis  
Statistical analysis was performed using Stata statistical software (release 15. StataCorp LCC, 

College Station, TX). A paired samples t test was used to estimate the mean change and 95% 

CI between baseline and follow up in each group (within-group change). An independent t test 

was used to estimate the mean change and 95% CI between within-group change in donors and 

within-group change in controls (between-group change).  

Continuous variables at baseline for the whole cohort were compared using independent t tests. 

Categorical variables were compared using Chi squared or Fisher’s exact tests. Multivariable 

linear regression was used to account for factors which may have confounded the relationship 

between kidney donation and change in carotid-femoral PWV (age, sex and smoking status).  

A p-value of <0.05 was considered significant, no adjustments were made for multiple 

comparisons. Data presented includes subjects who returned for follow up. Missing data was 

dealt with by performing a complete case analysis. A further sub analysis was undertaken of 

those who remained in the study compared to those who were lost to follow up. 
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3.5 Results 

3.5.1 Follow up and events  

A total of 469 participants were recruited, see Figure 3.2. Following eligibility assessment 

there were 22 participants who consented to take part but were ultimately excluded; 20 lacked 

the minimal data set required for analysis and two were found to be ineligible after the initial 

visit. Those that were found to be ineligible were ‘healthy controls’ who did not meet criteria 

due to incidental findings; one was diagnosed with diabetes and one had an insufficient kidney 

function. Consequently, neither met living kidney donation criteria. Those who lacked the 

minimal data set were participants who consented to take part and withdrew prior to completing 

the baseline assessment. This was usually because of competing appointments during living 

kidney donor work up.  

Recruitment was terminated after 3 years despite the lower than planned sample size due to 

financial constraints. Of the remaining 447 participants, there were 201 controls and 246 

donors. Of these, a total of 38 controls and 46 donors were patients who originally consented 

into the CRIB-DONOR sub study, and re-consented to allow their data to be included.241 One 

hundred and forty-one participants were unable to attend follow up at 12 months leaving 168 

donors and 138 controls with complete paired carotid-femoral PWV data included in the final 

analysis. In addition, a further 49 donors and 27 controls who returned for follow up had 

incomplete ambulatory blood pressure recordings leaving 119 donors and 111 controls with 

complete paired ambulatory blood pressure data. 

The commonest reasons for lack of study completion by participants were change of address 

or difficulty attending clinic visits due to travel distance, work and childcare commitments 
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Figure 3.2. A flow chart illustrating those who were recruited and those lost to follow 

up. First published in Price et al.362  

Healthy controls n=111 

Complete data for ambulatory blood 

pressure outcome measure i.e. baseline and 

follow up 

Assessed for eligibility (n=469) 

(n=(n=469) 

Excluded (n=22) 
   Did not meet inclusion criteria 

(incidental finding of diabetes, 

inadequate GFR after blood sampling) 

(n=2) 

   Incomplete case record forms (n=20) 

 

Healthy controls (n=201) 

 
Subjects who did not donate a kidney in the 

12 months following baseline assessment 

and therefore remained healthy controls 

 

Living kidney donors (n=246) 
 

Subjects who subsequently donated a kidney 

within 6 weeks of baseline assessment and 

therefore considered donors at follow up 

 

Healthy controls (n=138) 

 Lost to follow-up (uncontactable/moved 

out of area) n= 57 

 Discontinued/incomplete visit (unable 

to commit) n= 3 

 Withdrew consent n= 3 

Enrolment 

Completed baseline assessment 

Living kidney donors (n=168) 

 Lost to follow-up (uncontactable/moved 

out of area) n= 76 

 Withdrew consent n= 2 

Follow-Up 

Living kidney donors n= 168 
Complete data for carotid-femoral pulse 

wave velocity outcome measure i.e. baseline 

and follow up 

Healthy controls n=138 

Complete data for carotid-femoral pulse 

wave velocity outcome measure i.e. baseline 

and follow up 

Analysis 

Living kidney donors n=119 

Complete data for ambulatory blood 

pressure outcome measure i.e. baseline and 

follow up 

Allocation 

Analysis 
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3.5.2 Patient characteristics 
The demographics of living kidney donors and healthy controls who attended for both 

baseline and 12 month follow up visits were comparable with the exception of tobacco use, 

see Table 3.2. A higher proportion of donors had a history of smoking compared to controls. 

The baseline haemodynamic and biochemical characteristics are shown in Tables 3.3, 3.4, 

3.5, 3.6 and 3.8.  
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Table 3.2.  Baseline characteristics of participants who completed both baseline and 12-

month evaluations. First published in Price et al.362 

 Controls 

n=138 

Donors 

n=168 

Sex (male) * 

 

57 (41) 78 (46) 

Age (years) * 49 ± 14 51 ± 12 

Race Caucasian=127 (92) 

Non-white=8 (6) 

Unknown=3 (2) 

Caucasian=158 (94) 

Non-white= 9 (5) 

Unknown= 1 (1) 

History of hypertension 

 

9 (7) 17 (10) 

Anti-hypertensive usage* 

 

9 (7) 18 (11) 

ACE/ARB usage 

 

4 (3) 5 (3) 

Calcium channel blocker usage 

 

4 (3) 6 (4) 

Current or ex-smoker * 

 

38 (28) 74 (44) 

eGFR, categories 

(mL/min/1.73m2) 

 

<80= 25 (18) 

80 to <90= 23 (17) 

>90 =88 (65) 

<80= 38 (23) 

80 to <90= 39 (23) 

>90= 91 (54) 

eGFR (mL/min/1.73m2) 94 ± 16 91 ±15 

Normalised isotopic GFR 

(ml/min/1.73m2) † 

 

89 ± 13 89 ± 12 

Categorical variables are presented as n (%) and continuous data are represented as mean ± 

standard deviation.  

ACE; Angiotensin Converting Enzyme. ARB; Angiotensin receptor blocker. CKD; Chronic 

Kidney Disease. eGFR; estimated Glomerular Filtration Rate. GFR; Glomerular Filtration 

Rate.  

 

*For the following categories: sex, age, anti-hypertensive usage and current or ex-smoker 

there were n=168 donors and n=137 controls due to an incomplete data set for one healthy 

control.  

† For isotopic GFR, results from controls were part of the CRIB-DONOR sub study and 

included n=90 donors and n=22 controls. 
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3.5.3 Kidney function at follow up 
At 12 months, eGFR fell by a mean of -27mL/min/1.73m2 in donors with no significant 

change in controls, see Table 3.3. Although iGFR measurement was part of the protocol for 

living kidney donors, in practice few subjects consented to a 12 month iGFR due to concerns 

about the duration of the test and exposure to ionising radiation.   

 

At follow up there were 6 living kidney donors whose eGFR fell into stage 3b CKD and one 

whose eGFR fell into stage 4 CKD according to the KDIGO.11 KDIGO stages at follow up 

were as follows; stage 1 n=9, stage 2 n=86, stage 3a n=66, stage 3b n=6 and stage 4 n=1. 

Furthermore, only 16 patients (10%) reduced their eGFR by >40ml/min/1.73m2 after 

nephrectomy.  There was also no significant within-group or between-group change in urine 

ACR, see Table 3.3. 

 

3.5.4 Comparison of blood pressure variables in living kidney donors 

and controls 
Office and ambulatory blood pressure parameters at baseline and 12 months are given in 

Tables 3.4 and 3.5. Changes observed in office systolic blood pressure from baseline to 12 

months in donors and controls were small, see Table 3.4. The mean change in office systolic 

blood pressure in donors (+1.8mmHg) was however, different to that in controls, in whom there 

was a mean reduction of -1mmHg [mean difference 2.8mmHg (95% CI 0.3-5.4), p=0.03]. The 

small increase in mean office diastolic blood pressure (+1.7mmHg) in donors was not 

significantly different to the (+0.7mmHg) value seen in controls. Minimal changes were seen 

in ambulatory blood pressure measures in both groups with no significant differences between 

donors and controls in any ambulatory blood pressure parameters at 12 months, see Table 3.5. 

The mean change in ambulatory heart rate however, was significantly greater in donors 

compared to controls at 12 months [mean difference 2.8 bpm, (95% CI 0.1-5.5), p=0.04].  
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3.5.5 Hypertension classification 
Using current AHA ambulatory blood pressure criteria, 13 (9%) in the control group and 15 

(9%) in the donor group developed hypertension over the 12 month period with no significant 

difference between the two groups, p=0.187.370 Using the same criteria a similar number of 

participants had resolved hypertension, (i.e. met criteria for hypertension at baseline but did 

not at follow up) controls n=12 (9%) and donors n=12 (7%), p=0.186.  

3.5.6 Determinants of a change in ambulatory blood pressure and 

sensitivity analysis 
A further sensitivity analysis was carried out for change in ambulatory day systolic blood 

pressure. Participants were restricted to patients known to have no history of hypertension at 

baseline. For change in ambulatory day systolic blood pressure the mean change was              

-0.67mmHg in donors (n=105) vs. 0.81mmHg in controls (n=105), [mean difference -1.49 

(95% CI -3.77, 0.78), p=0.197]. For change in ambulatory day diastolic blood pressure the 

mean change was -0.18mmHg in donors (n=105) vs. 0.99mmHg in controls (n=105), [mean 

difference -1.17 (95% CI -2.70, 0.35), p=0.133]. 

3.5.7 Comparison of haemodynamic variables in living kidney donors 

and controls 
Changes in central systolic blood pressure were significantly greater in donors compared to 

controls [mean difference 3.3mmHg, (95% CI 0.3, 6.3), p=0.030] due to a mean increase in 

donors and mean decrease in controls at 12 months. Central diastolic blood pressure however, 

was not significantly different between groups. Small mean increases in adjusted carotid-

femoral PWV and AIx were observed in both groups over the 12 month period although there 

was no significant between-group differences, see Table 3.6. 
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3.5.8 Determinants of a change in carotid-femoral pulse wave velocity 

and sensitivity analysis 
There was no association between kidney donation and change in carotid-femoral PWV when 

accounting for age at baseline, sex and smoking history, see Table 3.7.  

 In recognition of the high proportion of smokers at baseline and the impact this may have on 

carotid-femoral PWV a further sensitivity analysis was conducted. After restricting the cohort 

to those who were current or ex-smokers the mean change in adjusted carotid-femoral PWV 

was 0.23m/s in donors (n=74) vs. 0.16m/s in controls (n=38), [mean difference 0.07m/s (95% 

CI -0.37, 0.52), p=0.748]. In those who had never smoked, the mean change was 0.33m/s in 

donors (n=94) vs. 0.22m/s in controls (n=100), [mean difference 0.11m/s (-0.17, 0.39), 

p=452]. Consequently a history of smoking had no major effect on the outcome measure.  

Due to the participation of a small number of controls and donors with mild hypertension a 

further sensitivity analysis was carried out to account for this. Participants were restricted to 

patients with no history of hypertension at baseline. For participants with no history of 

hypertension the mean change was 0.29m/s in donors (n=147) vs. 0.69m/s in controls 

(n=128), [mean difference 0.12m/s (95% CI -0.12, 0.36), p=0.325]. 
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Table 3.3. Changes in kidney function over 12 months. First published in Price et al.362 

Variables Patient group Single time point Change 

 n=sample size Baseline 12 months Within-group* Between-group†     p-value ‡ 

Urea (mmol/L) 

 

Donors=167 

 

5.1 ±  1.3 6.4 ± 1.7 +1.4 (1.2, 1.6)  

 

+1.2 (0.9, 1.5) 

 

 

Controls=136 

 

5.0 ± 1.3 5.2 ± 1.4 

 

+0.2 (0.0, 0.4) <0.001 

Creatinine (µmol/L) Donors=168 

 

75  ± 14 104  ± 21 +29 (27.0, 31.4)  

 

+30 (27.4, 33.4) 

 

 

Controls=136 

 

72  ± 15 71  ± 15 -1 (-3.3, 0.8) <0.001 

eGFR (mL/min/1.73m2) Donors=168 

 

91 ± 15 

 

64 ± 14 

 

-27 (-29, -26) 

 

 

 

-29 (-32, -26) 

 

Controls=136 94 ± 16 96 ± 17 +2 (-0.4, 3.8) 

 

<0.001 

Urine albumin: creatinine ratio 

(mg/mmol) 

Donors=66 

 

2.78  ± 4.66  

 

2.61  ± 4.50  

 

-0.2 (-1.1, 0.8)  

 

 

 

 Controls=69 

 

2.27  ± 3.69 1.93  ± 3.61 -0.3 (-1.3, 0.6) -0.2 (-1.1, 1.4) 0.807 

Data is displayed as mean ± standard deviation or mean (95% lower CI-95% upper CI).  

CI; Confidence interval, eGFR; estimated glomerular filtration rate 

 

* Within-group change refers to change in values between baseline and follow up in each group.  

† Between-group change refers to the difference between donors and controls within-group change. 

‡ Comparison between controls and donors was made for within-group change using independent samples t tests. 
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Table 3.4. Changes in office blood pressure, weight and body mass index over 12 months. First published in Price et al.362 

 

Variables Patient group Single Time point Change 

  n=sample size    Baseline   12 months     Within-group*   Between-group†          p-value ‡ 

 

Weight (kg) 

Donors=168 75.4 ± 13.5 77.1 ± 14.7 +1.7 (0.4, 3.0) 

 

 

 

+1.5 (-0.12, 3.0) 

 

Controls=136 

 

74.7 ± 13.9 74.9 ± 13.8 +0.2 (-0.4, 0.8) 0.070 

BMI (kg/m2) Donors=168 

 

26.2 ± 3.3 26.8 ± 4.6 +0.6 (0.1, 1.2)  

 

+0.5 (-0.1, 1.1) 

 

 

 Controls=136 

 

26.0 ± 4.0 26.2 ± 4.0 +0.1 (-0.1, 0.3) 0.094 

Seated office systolic 

BP (mmHg) 

Donors=168 125 ± 14 

 

127 ± 12 

 

+1.8 (-0.0, 3.6) 

 

 

 

+2.8 (0.3, 5.4) 

 

 

Controls=135 

 

125 ±17 124 ± 17 -1.0 (-2.8, 0.7) 0.029 

Seated office diastolic 

BP (mmHg) 

Donors=168 78 ± 9 

 

80 ± 8 

 

+1.7 (0.4, 2.9) 

 

 

 

+1.0 (-0.74, 2.9) 

 

 

Controls=135 

 

77 ±10 78± 9 +0.7 (-0.8, 1.9) 0.245 

Data is displayed as mean ± standard deviation or mean (95% lower CI, 95% upper CI).  

BMI; Body mass index. BP; Blood Pressure, CI; Confidence interval. 

 

* Within-group change refers to change in values between baseline and follow up in each group i.e. mean weight in donors for baseline was 75.4 

kg and at follow up was 77.1 kg giving a within-group change of 1.7 kg. The 95% confidence interval was estimated using paired sample t tests. 

† Between-group change refers to the difference between donors and controls within-group change i.e. for weight, within group change for 

donors is 1.7 kg and 0.2 kg for controls giving a between-group change of 1.5 kg. The 95% confidence interval was estimated using independent 

t tests. 

‡ Comparison between controls and donors was made for within-group change [i.e. mean change in weight of donors (1.7kg) vs. mean change in 

weight of controls (0.2kg)] using an independent samples t tests. 
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Table 3.5. Changes in ambulatory blood pressure parameters over 12 months. First published in Price et al.362 

 

Variables  Patient group Single Time point Change 

  n=sample size     Baseline   12 months     Within-group*   Between-group†          p-value ‡ 

Ambulatory day 

systolic BP (mmHg) 

Donors=119 

 

124 ± 10 124 ± 10 

 

+0.1 (-1.7, 1.9)  

 

 -0.5 (-2.8, 1.7) 

 

Controls=111 

 

122 ± 10  123 ± 12 +0.6 (-0.7, 2.0) 0.626 

Ambulatory day 

diastolic BP (mmHg) 

Donors=119 

 

79 ± 8  

 

79 ± 8 

 

+0.2 (-0.9,1.4) 

 

 

 

 -0.6 (-2.1, 0.9) 

 

Controls=111 

 

77 ± 8 78 ± 9 +0.9 (0.0, 1.7) 0.402 

Ambulatory day HR 

(bpm) 

Donors=65 

 

73 ± 9 

 

74 ± 10 

 

+1.5 (-0.9, 3.9) 

 

 

 

+2.8 (0.1, 5.5) 

 

Controls=82 

 

72 ± 9 71 ± 10 -1.3 (-2.8, 0.2) 0.041 

Ambulatory night 

systolic BP (mmHg) 

Donors=111 

 

111 ± 11  

 

112 ±11  

 

+0.9 (-1.1, 3.0) 

 

 

 

 +1.5 (-1.2, 4.3) 

 

Controls=105 

 

110 ± 10 110 ±12 -0.6 (-2.5,1.3) 0.270 

Ambulatory night 

diastolic BP (mmHg) 

Donors=111 

 

 67 ± 9 

 

69 ± 9 

 

 +1.4 (-0.2, 3.0 ) 

 

 

 

 +1.1 (-0.9, 3.3) 

 

Controls=105 

 

 66 ± 8  66 ± 9 +0.3 (-1.15, 1.7) 0.270 

Data is displayed as mean ± standard deviation or mean (95% lower CI, 95% upper CI).  

BP; Blood Pressure, CI; Confidence interval, HR; Heart rate. 

  

* Within-group change refers to change in values between baseline and follow up in each group.  

† Between-group change refers to the difference between donors and controls within-group change. 

‡ Comparison between controls and donors was made for within-group change using independent samples t tests. 
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Table 3.6. Changes in central haemodynamic and arterial stiffness parameters over 12 months. First published in Price et al.362 

 

Variables Patient group Single Time point Change 

  n=sample size     Baseline    12 months      Within-group*   Between-group†           p-value ‡ 

Central systolic BP 

(mmHg) 

Donors=105 

 

113 ± 14 

 

115 ± 14 

 

+2.1 (-0.2, 4.4) 

 

 

 

+3.3 (0.3, 6.3) 

 

Controls=108 111 ± 17 109 ± 17 -1.2 (-3.1, 0.7) 0.030 

      

Central diastolic BP 

(mmHg) 

Donors=105 

 

77 ± 9 

 

78 ± 10 

 

+1.3 (-0.7, 3.2) 

 

 

 

+1.5 (-0.9, 4.0) 

 

Controls=108 

 

75 ± 10 75 ± 10 -0.3 (-1.9, 1.1) 0.220 

Augmentation index, 

corrected for HR (%) 

 

Donors=104 

 

22.1 ± 12.0 

 

25.6 ± 12.2 

 

+3.4 (1.5, 5.3) 

 

 

 

+1.6 (-1.0, 4.2) 

 

Controls=108 20.4 ±1 2.5 22.3 ± 12.0 +1.8 (-0.0, 3.6) 0.230 

      

Adjusted carotid-

femoral pulse wave 

velocity (m/s) 

Donors=168 

 

7.0 ± 1.3 

 

7.3  ± 1.4 

 

+0.3 (0.1, 0.4) 

 

 

 

+0.1 (-0.2, 0.3) 

 

Controls=138 

 

7.0 ± 1.4 7.2 ±1.4                                          +0.2 (-0.0, 0.4) 0.492 

Data is displayed as mean ± standard deviation or mean (95% lower CI, 95% upper CI).  

BP; Blood Pressure, CI; Confidence interval, HR; Heart rate.  

 

These results are obtained from the SphygmoCor (Atcor Medical, Sydney, Australia). 

 

* Within-group change refers to change in values between baseline and follow up in each group.  

† Between-group change refers to the difference between donors and controls within-group change. 

‡ Comparison between controls and donors was made for within-group change using an independent samples t tests. 
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Table 3.7. Linear regression model: association between 12 month changes in adjusted carotid-femoral pulse wave velocity and kidney 

donation, age, sex and smoking status. First published in Price et al.362 

 

 Univariable analysis Multivariable analysis 

  β  CI p β CI p 

Donor 0.083 -0.155 0.323 0.492 0.098 -0.147 0.343 0.432 

Age (years) at baseline -0.003 -0.012 0.005 0.481 -0.003 -0.012 0.005 0.470 

Female -0.067 -0.307 0.172 0.579 -0.074 -0.318 0.170 0.551 

Current or ex-smoker at baseline -0.065 -0.312 0.182 0.605 -0.089 -0.345 0.165 0.490 

Coefficients are given per unit change e.g. per year for age. 

β;Beta coefficient; CI; Confidence interval. cfPWV; carotid-femoral pulse wave velocity. 

 

Multivariable analysis shows mutually adjusted coefficients for each independent variable. Linear regression was used for all participants with 

both baseline and follow up data for cfPWV i.e. change in cfPWV (Living kidney donors n=168, Controls n=138). Carotid-femoral pulse wave 

velocity has been adjusted for mean heart rate and mean arterial pressure as previously described. Variables chosen for the multivariable model 

were based on clinical relevance and known factors influencing cfPWV.  
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3.5.9 Comparison of biochemistry in living kidney donors and controls 
Results are shown in Table 3.8. At 12 months phosphate levels had fallen in donors by -

0.1pmol/L but there was no change seen in the control group [mean difference -0.1pmol/L, 

(95% CI -0.1, -0.0), p=<0.001]. In contrast a significant increase in uric acid was seen in donors 

compared to controls [mean difference +51.7 µmol/L, (95% CI 39.5, 63.9), p=<0.001]. Mean 

albumin was lower at 12 months in donors compared to controls giving a significant, but 

clinically unimportant difference between groups [mean difference -0.7 (95% CI-1.5, -0.0), 

p=0.042). No significant changes were observed in corrected calcium or magnesium, see Table 

3.8. 

3.5.10 Sub analysis of participants lost to follow up 
Due to a significant proportion of participants not returning to follow up a further sub analysis 

compared those who were lost to follow up to those that remained in the study, see Table 3.9. 

Minimal differences were observed in those who did not return for follow up at 12 months 

compared to those that completed the study. Participants who continued in the study, had a 

marginally lower eGFR, were more likely to be taking anti-hypertensive medications and less 

likely to have a history of smoking.  

Patient demographics at baseline for all those recruited with valid data sets (n=447) are 

shown in Table 3.10. Donors had a higher mean age than controls; (51 yrs. vs 47 yrs., 

p=0.003) and were more likely to have a history of previous smoking; (46% vs. 33%, 

p=0.007). In all those recruited there was a greater use of anti-hypertensive usage in the 

donor group at baseline compared to controls (14% vs 7%, p=0.039). Baseline biochemical 

characteristics in all those recruited were comparable in donors and controls with the 

exception of a small clinically insignificant difference in albumin, see Table 3.11. 

Ambulatory blood pressure and measures of arterial stiffness were no different at baseline 

between donors and controls, Table 3.12. Only central systolic blood pressure was 
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marginally higher in the donor group at baseline compared to controls (113±13mmHg vs. 

110±16mmHg, p=0.040). 

. 
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Table 3.8. Changes in biochemistry over 12 months. First published in Price et al.362 

Variables Patient group Single time point Change 

 n=sample size Baseline 12 months Within-group*  Between-group†          p-value ‡ 

Albumin (g/L) 

 

Donors=145 

 

43  ±  4 

 

42  ±  4 

 

-0.4 (-1.0, 0.1) 

 

  

 Controls=135 42 ± 4 

 

42 ± 5 

 

+0.3 (-0.1, 0.8) -0.7 (-1.5, -0.0) 0.042 

Corrected calcium (mmol/L) 

 

Donors=148 

 

2.3 ± 0.1 

 

2.3  ± 0.1  

 

0.0 (-0.0, 0.0) 

 

 

 

-0.0 (-0.0 – 0.0) 

 

 

0.281 

 Controls=136 2.3 ± 0.1 2.3  ± 0.1 0.0 (-0.0, 0.0) 

 

  

Phosphate (pmol/L) Donors=130 

 

1.1  ±  0.2 

 

1.0  ± 0.2 

 

-0.1 (-0.1, -0.1) 

 

 

-0.1 (-0.1, -0.0) 

 

<0.001 

 Controls=121 1.1  ±  0.2 1.1  ± 0.2 0.0 (-0.0, 0.1) 

 

  

Magnesium (mmol/L) 

 

Donors=77 0.9  ± 0.7 

 

0.9 ± 0. 1 

 

0.0 (-0.0, 0.0)  

-0.0 (-0.0- 0.0) 

 

0.944 

 Controls=85 

 

0.9  ± 0.7 

 

0.9  ± 0.1 

 

0.0 (-0.0,  0.0) 

 

  

Uric acid (µmol/L) 

 

Donors=93 

 

299  ± 73 

 

349  ± 76 

 

+50.5 (41.2, 59.8) 

 

 

+51.7 (39.5, 63.9) 

 

<0.001 

 Controls=95 

 

285  ± 66 284  ± 67 -1.3 (-9.3, 6.8)   

Data is displayed as mean ± standard deviation or mean (95% lower CI-95% upper CI). CI; Confidence interval 

 

* Within-group change refers to change in values between baseline and follow up in each group.  

† Between-group change refers to the difference between donors and controls within-group change. 

‡ Comparison between controls and donors was made for within-group change using independent samples t tests. 
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Table 3.9. Baseline characteristics of patients who were lost to follow up compared to those who continued the study. First published in 

Price et al.362 

Baseline characteristics Attended follow up  

 

Lost to follow up p-value* 

All=306 (68%) All=141 (32%) Donors 

n=78 

Controls 

n=63 

Living kidney donor 168 (55) 

 

78 (55) 

 

- - 0.934 

Sex (male) 135 (44) 50 (35) 28 (36) 22 (35) 0.400 

Age (years) 

 

50 ± 13 47 ± 13 50 ± 12 44 ± 12 0.052 

Race Caucasian=285 (93) 

Non-white=17 (6) 

Unknown=4 (1) 

Caucasian=108 (77) 

Non-white=17 (12) 

Unknown=16 (11) 

Caucasian=64 (82) 

Non-white=4 (5) 

Unknown=10 (13) 

Caucasian=44 (70) 

Non-white=13 (21) 

Unknown=6 (9) 

0.040 

eGFR (ml/min/1.732) 

 

93 ± 15 97 ± 15 96 ± 15 99 ± 14 0.008 

History of hypertension 

 

26 (9) 9 (6) 7 (9) 2 (3) 0.080 

Anti-hypertensive usage  

 

27 (19) 8 (6) 6 (8) 2 (3) 0.039 

Current or ex-smoker 

 

112 (37) 68 (48) 39 (50) 29 (46) 0.006 

ACE/ARB usage 

 

8 (3) 2 (1) 1 1 0.295 

Calcium channel blocker usage 

 

10 (3) 4 (3) 3 (4) 1 (1) 0.628 

Categorical variables are presented as n (valid %) and were analysed using Chi squared tests. Continuous data are represented as mean ± 

standard deviation. ACE; Angiotensin Converting Enzyme. ARB; Angiotensin receptor blocker. eGFR; estimated glomerular filtration rate. 

 

* A comparison was made between all those lost to follow up n=141 compared to all those who returned for follow up n=306 using independent 

samples t test.
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Table 3.10.  Baseline patient demographics of the whole cohort recruited. First published 

in Price et al.362 

Variable 

n=sample size 
Controls Donors p-value * 

 

Male sex 

Donors n=246 

Controls n=201 

79 (39) 106 (43) 0.400 

Age, years 

Donors n=239 

Controls n=195 

47 ± 14 51 ± 12 

 
0.003 

Race 

Donors n=246 

Controls n=201 

Caucasian=171 (85) 

Non-white=21 (10) 

Unknown= 9 (5) 

Caucasian=222 (90) 

Non-white=13 (5) 

Unknown=11 (5) 

0.040 

Previous history of 

hypertension 

Donors n=232 

Controls n=194 

11 (6) 24 (10) 0.080 

Anti-hypertensive usage  

Donors n=173 

Controls n=159 

11 (7) 24 (14) 0.039 

ACE/ARB usage 

Donors n=246 

Controls n=201 

5 (2) 7 (3) 0.679 

Calcium channel blocker 

usage 

Donors n=246 

Controls n=201 

5 (2) 9 (4) 0.628 

eGFR (ml/min/1.732) ‡ 

Donors n=231 

Controls n=181 

96 ± 15 93 ±15 

 
0.048 

Weight, kg 

Donors n=237 

Controls n=193 

74.8 ± 13.8 76.0 ± 13.5 0.383 

Current or ex-smoker 

Donors n=246 

Controls n=193 

67 (33) 113 (46) 0.007 

Normalised isotopic GFR 

(ml/min/1.73m2) 

Donors n=115 

Controls n=24 

89 ± 13 89 ± 12 0.884 

*Categorical variables are presented as n (valid %) and analysed using Chi squared tests. 

Continuous data are represented as mean ± standard deviation and analysed using 

independent samples t-tests. ACE; Angiotensin Converting Enzyme. ARB; Angiotensin 

receptor blocker. CKD; Chronic Kidney Disease. eGFR; Estimated Glomerular Filtration 

Rate.  
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Table 3.11.  Baseline biochemical and office blood pressure characteristics of the whole 

cohort recruited. † First published in Price et al.362 

 

Variable 

Sample size  =n 

Controls Donors p-value 

* 

Urea (mmol/L) 

Donors n=232 

Controls n=184 

5.1 ± 1.4 5.0 ± 1.3 0.666 

Creatinine (µmol/L) 

Donors n=232 

Controls n=182 

72 ± 15 74 ± 14 0.290 

Albumin (g/L) 

Donors n=217 

Controls n=183 

42 ± 5 43 ± 4 0.006 

Corrected calcium (µmol/L) 

Donors n=217 

Controls n=183 

2.3 ± 0.1 2.3 ± 0.1 0.241 

Phosphate (pmol/L) 

Donors n=198 

Controls n=175 

1.1 ± 0.2 1.1 ± 0.2 0.156 

Magnesium (mmol/L) 

Donors n=123 

Controls n=114 

0.9 ± 0.1 0.9 ± 0.1 0.643 

Uric acid (µmol/L) 

Donors n=121 

Controls n=127 

287 ± 66 299 ± 70 0.180 

 

Urine albumin: creatinine ratio (mg/mmol) 

Donors n=126 

Controls n=125 

3.0 ± 6.4 2.8 ± 5.3 0.787 

Seated office systolic BP (mmHg) 

Donors n=234 

Controls n=195 

125 ± 16 126 ± 14 0.640 

Seated office diastolic BP (mmHg) 

Donors n=233 

Controls n=194 

77 ± 10 78 ± 9 0.196 

* Continuous data are represented as mean ± standard deviation and analysed using 

independent samples t-tests.  

†447 participants recruited into the study with valid data sets are represented 

 

BPM; Beats per minute. BP; Blood Pressure, CI; Confidence interval.  
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Table 3.12. Baseline ambulatory blood pressure and haemodynamic characteristics of 

the whole cohort recruited. † First published in Price et al.362 

 

Variable 

Sample size  =n 

Controls Donors p-value 

* 

Ambulatory day systolic BP (mmHg) 

Donors n=174 

Controls n=158 

123 ± 10 124 ± 10 0.562 

Ambulatory day diastolic BP (mmHg) 

Donors n=174 

Controls n=158 

78 ± 9 79 ± 8 0.365 

Ambulatory day HR (bpm) 

Donors n=109 

Controls n=124 

73 ± 9 74 ± 11 0.496 

Ambulatory night systolic BP (mmHg) 

Donors n=169 

Controls n=156 

111 ±  12 112 ± 11 0.740 

Ambulatory night diastolic BP (mmHg) 

Donors n=169 

Controls n=156 

67 ± 8 67 ±  9 0.579 

Central systolic BP (mmHg) 

Donors n=142 

Controls n=148 

110 ± 16 113 ± 13 0.040 

Central diastolic BP 

(mmHg) 

Donors n=142 

Controls n=148 

75 ± 10 77 ± 8 0.064 

Augmentation index, corrected for heart rate (%) 

Donors n=140 

Controls n=148 

20 ± 13 23 ± 15 0.103 

Adjusted carotid-femoral pulse wave velocity (m/s) 

Donors n=200 

Controls n=174 

6.9 ± 1.3 7.0 ± 1.4 0.667 

* Continuous data are represented as mean ± standard deviation and analysed using 

independent samples t-tests.  

†447 participants recruited into the study with valid data sets are represented 

 

BP; Blood Pressure, CI; Confidence interval. HR; Heart rate. 
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3.6 Discussion 
This prospective study of ambulatory blood pressure monitoring and arterial haemodynamics 

in kidney donors provides important findings. There was no difference in office or ambulatory 

blood pressure in donors compared to controls at 12 months after nephrectomy. Carotid-

femoral PWV also did not differ in these groups. Central systolic blood pressure increased 

slightly more in donors than controls and at 12 months was higher in the donor group. These 

results suggest that the risk of a significant rise in blood pressure at 12 months in kidney donors 

is small. This is in keeping with findings from the smaller sub-study CRIB-DONOR but is 

surprising in view of the high prevalence of hypertension in patients with CKD and similar 

levels of GFR.241 This data suggests that a simple loss of nephron numbers does not invariably 

result in an elevated blood pressure and that other aspects of CKD such as inflammation and 

nephron dysfunction may be required for this key pathophysiological mediator to occur.   

3.6.1 Changes in peripheral blood pressure after living kidney 

donation 
Previous data have been contradictory. In a 2006 meta-analysis of 48 studies of office blood 

pressure in kidney donors, including a total of 5145 patients, there was an increase in systolic 

blood pressure of 6 (95% CI 2-11) mmHg and an increase in diastolic pressure of 4 (95% CI 

1-7) mmHg in donors at 5 years.233 More recently however, Kasiske et al. found no significant 

difference in over 300 participants between kidney donors and controls in office blood pressure 

at any time point up to 36 months.235 There was also no difference in ambulatory blood pressure 

in 135 donors and 126 controls at 36 months.235 Taken together, this data and the study of 

Kasiske et al. suggest that the risk of a clinically important change in blood pressure in the 

short term following kidney donation is low.235 Longer term data are of course required.  
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3.6.2 Changes in central blood pressure after living kidney donation 

Despite the absence of change in peripheral pressure, the mean change in central systolic 

pressure was greater in donors at 12 months compared to controls (+ 2.1 vs -1.2mmHg, 

p=0.030). While this small difference may be a chance result due to multiple comparisons it 

may be important.  Central blood pressure is more strongly related to LV mass, CIMT and 

cardiovascular events than peripheral pressure.371, 372 Given that the central blood pressure was 

not measured directly but was derived from brachial pressure using a generalized transfer 

function, these data need to be interpreted with caution.373 The greater ambulatory heart rate in 

donors compared to controls at 12 months does raise the possibility that there may have been 

an increase in sympathetic neural activity which may have influenced central blood pressure.  

3.6.3 Changes in carotid-femoral pulse wave velocity after living 

kidney donation 
Previous studies examining arterial stiffness in kidney donors have been small, uncontrolled or 

lacking in longitudinal assessment. De-Seigneux et al. studied only 21 patients before and one 

year after nephrectomy and found no change in AIx or PWV.208  Similarly Fesler et al. found 

no change in PWV at 12 months post nephrectomy in 45 donors.248 A cross sectional study of 

101 living kidney donors, however, found that PWV was 10% higher compared to healthy 

controls.250 Nevertheless, a small effect on PWV in donors cannot be excluded, the study was 

not powered to detect a difference of less than 0.4m/s.  

3.6.4 Changes in central blood pressure without corresponding 

changes in carotid-femoral pulse wave velocity 
The small increases in AIx and central blood pressure were not accompanied by a similar 

change in carotid-femoral PWV. Discrepancies between changes in AIx and PWV have been 

found by other observers in a number of situations and remain incompletely explained.374 Any 

increase in AIx suggests an increase in wave reflection which might explain the increase in 
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central blood pressure. As carotid-femoral PWV was unchanged it is possible that this 

increased reflection occurred due to changes in peripheral, rather than central large conduit 

arterial stiffness. This may have occurred as a consequence of ligation of one of the renal 

arteries causing amplification of the reflection site without a corresponding change in carotid-

femoral PWV, although to date this has no supportive animal or human evidence.  

3.6.5 Changes in biochemistry after living kidney donation 
Most of the biochemical changes after donation are in accord with previous studies 235, 241 The 

increase in uric acid after donation is seen consistently in other studies and presumably reflects 

reduced clearance.235, 241 Urate is associated with cardiovascular risk and may play a direct 

pathophysiological role.375 

Our finding of lower phosphate levels in donors is perhaps surprising in view of the renal 

excretion of phosphate but is consistent with a large prospective study of bone metabolism in 

kidney donors.255 This may be a result of an increase in FGF23 which has a pivotal role in 

phosphate homeostasis and has been associated with LVH.376, 377 In the original CRIB-DONOR 

sub study an increase in LV mass in donors was observed with a corresponding increase in 

FGF23.241  The lack of change in peripheral blood pressure in this larger study is consistent 

with the suggestion that any cardiovascular structural change in kidney donors is more likely 

to be due to circulating factors than haemodynamic causes. 

3.6.6 Changes in weight and BMI after living kidney donation 
Compared to controls, whose weight remained unchanged, kidney donors had a 1.7kg increase 

in weight over 12 months although there was no significant between-group difference in either 

weight or BMI. This may be an important finding as weight gain post donation has been shown 

to be associated with the development of hypertension and diabetes.378  Donors are also more 

likely to develop metabolic syndrome even after adjustment for BMI.379 
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3.6.7 Participants with mild hypertension 
Participants with mild hypertension at baseline were included in this study. This is based on 

UK living kidney donor guidelines allowing potential donors with mild-moderate 

hypertension taking one or two anti-hypertensive agents without  target organ damage.272 The 

British guidelines are also in keeping with recommendations from Australia, Canada, 

European Best Practice and KDIGO.380 As more transplant centres are relaxing current 

guidelines for eligibility, extended criteria marginal living kidney donors such as those that 

are hypertensive are likely to be at the highest risk.380-382 Consequently, those with 

hypertension that meet current kidney donor criteria were typical of the true donor population 

representing real world data. Furthermore, sensitivity analysis suggests that the presence of 

hypertension at baseline made no difference to the primary measures of ambulatory blood 

pressure or carotid-femoral PWV.  

3.7 Limitations 
The main limitation of this study is that the planned sample size was not reached and a 

substantial proportion of participants did not return for follow up at one year, which reduced 

the study power and introduces the potential for selection bias. Barriers to studies of living 

kidney donors have been reported by others.234 They are often geographically remote from the 

transplant centre (in contrast to the recipient) and after donation are usually in full-time work. 

Barriers to ambulatory blood pressure monitoring in this study were in keeping with those 

previously observed, where one in five patients describe 24-hr monitoring as uncomfortable 

and nearly 70% were woken from sleep.383, 384  

These limitations however, do not affect the internal validity of the results. There were only 

minor differences between participants who did and did not return for follow up so these results 

should be generalisable to the wider pool of potential kidney donors. Although not statistically 

different, the healthy controls were on average 2 years younger, more likely to be male and 
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more likely to have a history of hypertension. Whilst differences in morbidity at baseline 

between groups have been acknowledged, in any non-randomised study differences between 

groups may occur due to random chance and all participants recruited into the study met strict 

requirements for kidney donation. 

There was a greater rate of smoking amongst donors which could be due in part to social 

deprivation based on geographical area or reflect health promoting behaviour in healthy 

controls. This however made no difference to the primary outcome measure during sensitivity 

analysis. 

In addition, the large number of parameters measured beyond the pre-specified primary 

outcomes mean that there are issues of multiple testing necessitating caution in interpreting 

results as some differences may have arisen by chance. 

Lack of ethnic diversity has been a notable problem in living kidney donor research.2 Over 

90% of this cohort were Caucasian and this does reflect the vast racial disparity currently facing 

transplantation.385 Whilst data at 12 months are reassuring, longer term (5-10yrs+) and more 

diverse studies are required particularly in light of literature showing higher cardiovascular risk 

in the long term.223  Marked pathogenic differences between donors and controls in non-

invasive vascular measures may not be evident at the 12 month mark. 

Finally, although our control group participants were carefully selected to adhere to living 

kidney donor criteria, those recruited included both those genetically related to recipients and 

those attending blood donation services. It is recognised that genetic relationships could have 

implications for both future risk of CKD and aortic stiffness can be considered to some extent 

an inheritable trait.229, 386 
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3.8 Conclusion 
In summary, this multi-centre controlled longitudinal prospective study of haemodynamics in 

living kidney donors indicates that there is no change in ambulatory blood pressure or arterial 

stiffness at 12 months post nephrectomy despite changes in biochemistry. This has important 

implications for the future of living kidney donors but also provides valuable insight into the 

pathophysiology of hypertension and myocardial disease in CKD suggesting that an increase 

in blood pressure is not an inevitable consequence of an isolated reduction in GFR.  
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CHAPTER 4 

CARDIOVASCULAR EFFECTS OF UNILATERAL 

NEPHRECTOMY IN LIVING KIDNEY DONORS AT 5 

YEARS. THE CHRONIC RENAL IMPAIRMENT IN 

BIRMINGHAM (CRIB)-DONOR II STUDY 
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4.1 Extent of personal contribution 
This study was a 5-year longitudinal, parallel group, blinded end point study funded through 

a personal British Heart Foundation Clinical Training Fellowship (FS/16/73/32314). Ethical 

approval was obtained by myself through the Integrated Research Application System and I 

presented the study to the West Midlands-Solihull Research Ethics Committee for final 

approval. All regulatory documents, audits and correspondence with the sponsor were my 

primary responsibility. I maintained the site file and dealt with and documented any protocol 

deviations and adverse events. 

I recruited and consented all the participants at 5 years and arranged the 5-year follow up 

visits myself. The arterial stiffness measures (PWA/PWV), ultrasound for CIMT, blood 

pressure measurements and all blood sampling were taken by myself as part of that visit. 

CMR imaging safety checklist, scanning of participants and administration of gadolinium to 

participants was conducted by myself with the assistance of a radiographer. The Wellcome 

Trust Birmingham Clinical Research Facility centrifuged blood samples for storage of serum 

and plasma. I then later performed the ELISA for FGF23. CMR imaging analysis at baseline 

and 5 years were carried out myself including all mass and volumetric assessments, feature 

tracking, T1/T2 mapping, and assessment of aortic distensibility and LGE with the exception 

of a second observer for reproducibility. 

Final data interpretation, statistical analysis and presentation of data was carried out by 

myself with the advice and guidance of a medical statistician. The first draft of the 

manuscript was written by myself and I was responsible for all edits and revisions. This 

chapter is based on the published first author original article where this data was first 

published354: Price AM, Moody WE, Stoll VM, Vijapurapu R,  Hayer MK, Biasiolli L, 

Weston CJ, Webster R, Wesolowski R, McGee KC, Liu B, Baig S, Pickup LC, 

Radhakrishnan A, Law JP, Edwards NC, Steeds RP, Ferro CJ, Townend JN. Cardiovascular 
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effects of unilateral nephrectomy in living kidney donors at 5 years. Hypertension. 2021; 77: 

In press (April). DOI: https://doi.org/10.1161/HYPERTENSIONAHA.120.15398. 
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4.2 Abstract 
The Chronic Renal Impairment in Birmingham-DONOR II study (CRIB-DONOR II) was a 

5-year longitudinal, parallel group, blinded end point study designed to investigate the 

associations of an isolated reduction in kidney function on cardiovascular structure and 

function at 5 years after nephrectomy. 

Living kidney donors (n=50) and healthy controls (n=45) who had previously undergone 

extensive cardiovascular assessment at baseline and 12 months were recruited for follow up 

at 5 years. The primary end point, LV mass, was measured using CMR. Secondary end 

points, 24-hr ambulatory blood pressure, and PWV were measured using validated blood 

pressure monitors and the SphygmoCor device. Effect sizes were calculated as differences 

between change from baseline in the donor and control groups. 

Baseline (pre-donation) eGFR in donors was 95 ± 15ml/min/1.73m2, 65 ± 13ml/min/1.73m2 

at 12 months and 67 ± 14ml/min/1.73m2 at 5 years compared to a -1 ±2 ml/min/1.73m2 

decline in controls per annum.  Change in LV mass at 5 years compared to baseline was not 

different between donors and controls, [mean difference +0.40g (95% CI -4.68, 5.49), 

p=0.876], despite an initial increase in mass observed in donors compared to controls at 12 

months. There was also no difference in either LV volumes, LV geometry or LV functional 

parameters on MRI.  

Carotid-femoral PWV, which had increased in donors at 12 months, returned to levels no 

different from controls at 5 years, [mean difference -0.24 m/s (95% CI -0.69, 0.21), p=0.303].  

Office and ambulatory blood pressures in donors did not differ significantly from controls at 

any time point.  At 5 years, there were no significant differences in the prevalence of a 

detectable troponin or mean plasma NT pro-BNP. Uric acid remained persistently elevated in 

kidney donors compared to controls on interval assessment. 



 

180 
 

The reduction in GFR to levels of 60-70 ml/min/1.73m2 (CKD stage 2 range) after kidney 

donation does not lead to deleterious changes in cardiovascular structure and function or 

cardiac biomarkers at 5 years. Factors associated with kidney disease other than an isolated 

fall in GFR are likely to explain the increased cardiovascular risk in patients with CKD. 
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4.3 Introduction 
CKD is an independent risk factor for cardiovascular morbidity and mortality even after 

adjusting for comorbidities such as hypertension and diabetes.15, 41 A graded inverse 

relationship between eGFR and cardiovascular risk is observed in epidemiological studies 

beginning at marginally reduced levels of kidney function, between 60 and 

75ml/min/1.73m2.15, 387 The threshold of kidney function associated with increased 

cardiovascular risk is unclear, yet a 10 year follow up study of 8913 healthy participants 

found those with an eGFR as high as 76.6-89.4ml/min/1.73m2 still had an increased risk of 

cardiovascular mortality [HR 2.48 (1.26-4.87)] after adjustment for common confounding 

factors.388  

Evidence from echocardiography and CMR imaging studies suggest that not only is there an 

increased risk of cardiovascular morbidity and mortality at the early stages of CKD but there 

are also adverse changes to cardiac structure and function including elevated LV mass.125, 353, 

389  

The immediate effect of kidney donation is a 50% fall in eGFR but, following hyperfiltration 

in the remaining kidney, patients regain 60-70% of their baseline eGFR. 390, 391  To date, most 

clinical outcome studies from kidney donors have not demonstrated an increase in major 

cardiovascular events.221 A recent 15-year retrospective study of living kidney donors 

however, reported an increase in cardiovascular mortality with a HR of 1.40 compared to 

healthy controls raising concern about the long term safety of kidney donation.223 

Furthermore, the CRIB-DONOR study (NCT01028703) highlighted potentially important 

short term adverse changes in cardiovascular structure and function.241 Compared to controls, 

donors at 12 months after nephrectomy had an increase in LV mass, a deterioration in 

myocardial strain and arterial function without change in blood pressure.241 
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 The CRIB-DONOR II study was designed to follow up the same cohort at 5 years to 

examine the medium term effects of kidney donation on cardiovascular structure, function 

and haemodynamics. It was considered important to find out whether the small adverse 

changes: myocardial mass, systolic function and arterial function continued to progress up to 

5 years, remained unchanged or tended to resolve. Any evidence of progression would have 

implications for potential kidney donors and for subjects with early stage CKD.  
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4.4 Brief methods 

4.4.1 Study design and patient population 
CRIB-DONOR II (NCT02973607) was a 5-year longitudinal, parallel group, controlled, 

blinded end point study of healthy controls and living kidney donors241 All participants who 

originally consented to take part in the CRIB-DONOR study (NCT01028703) were approached 

for follow up between May 2017 and May 2019.241  

Patients in the original CRIB-DONOR study were recruited from March 2011 to August 2014. 

In this study 124 subjects (68 living kidney donors and 56 healthy controls) underwent 

extensive cardiovascular assessment at baseline (within 6 weeks of donation for living kidney 

donors) and 12 months after nephrectomy. For controls the second assessment was 12 months 

after the baseline assessment.   

The aim of CRIB-DONOR II was to restudy the same cohort of patients at approximately 5 

years from donation. Patients were eligible for inclusion into the study only if they 

participated in the original CRIB-DONOR study. Only subjects who were pregnant or lacked 

capacity for informed consent were excluded. This accepts that those patients followed up 

may have had medical events in the last 5 years which means they no longer meet the 

inclusion criteria of the original study.  

4.4.2 Ethical and local approval 
This study was supported by a British Heart Foundation Clinical Research Fellowship 

awarded to Dr Anna Price (FS/16/73/32314). Professor J Townend was the principal 

investigator.  Ethical approval for the study was applied for using the Integrated Research 

Application System (IRAS ref: 214780).  The study was presented to the West Midlands-

Solihull Research Ethics Committee (ref: 17/WM/0048 and 214780) and granted approval 

from the Health Research Authority on 08/03/17. Site specific approval was granted by the 

University Hospitals Birmingham local Research and Development team who also acted as 
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the study sponsor (RRK5913). The study was routinely audited by the Trust in May 2019 in 

line with their responsibilities as a sponsor and it was satisfied that the study adhered to Good 

Medical Practice guidance. Due to the use of radiation an ARSAC certificate for the study 

was also granted (reference number RPC 290/1051/36062). All subjects gave informed 

consent to take part in accordance with the principles set out in the Declaration of Helsinki. 

4.4.3 Study protocol 
The study was designed to collect data approximately 5 years after the original date of 

enrolment and, as far as possible, to use the same methods, equipment and assays described 

in the CRIB-DONOR study.241, 249 The methods and protocol have previously been 

published.249 In brief, participants underwent CMR imaging (including sequences for aortic 

distensibility assessment), SphygmoCor measures of haemodynamics (PWA, carotid-femoral 

PWV and central blood pressures), office and ambulatory blood pressure assessment, CIMT 

imaging and blood and urine sampling.  

See Table 4.1 for an overview of the study protocol and methodology. 

 

4.4.4 Definition of hypertension 
The definition of hypertension was in accordance with the European Society of Hypertension 

ambulatory blood pressure monitoring guidelines.269 The European Hypertension guidelines 

for 24-hr ambulatory blood pressure monitoring suggest the following thresholds for the 

diagnosis of hypertension; 24-hr >130/80mmHg or Day >135/85mmHg or Night 

>120/70mmHg.269 Any result crossing any one of these thresholds (systolic or diastolic) was 

identified as hypertensive. 
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Table 4.1. Summary of study protocol and methodology. 

Study protocol Methodology Measure 

Clinical 

assessment 

Demographics 

Office blood pressure 

Electrocardiogram 

Ambulatory blood pressure 

monitoring 

Sitting and lying blood 

pressure 

24-hr blood pressure 

 

Biochemical tests 

and biomarkers 

Blood and urine samples 

Enzyme linked immunosorbent 

assays 

Multiplex magnetic immunoassays 

Estimated GFR 

Isotopic GFR 

FGF-23, α-Klotho, CRP, NT 

Pro BNP 

Selected cytokines 

Non-invasive 

vascular 

assessment 

SphygmoCor®  

Philips iE33 ultrasound machine 

Pulse wave analysis 

Pulse wave velocity 

Carotid intima-media thickness 

Cardiac magnetic 

resonance imaging 

3 Tesla MRI scanner 

0.15mmol/kg of gadolinium 

contrast 

Post processing software cvi42®  

Ventricular mass and volumes 

analysis 

T1 mapping 

T2 mapping 

Late gadolinium enhancement 

Aortic distensibility 

 

CRP; C-reactive protein. GFR; Glomerular filtration rate. NT pro BNP; N-terminal-pro B 

type natriuretic peptide 
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4.4.5 Primary and secondary end points 
The primary end point was change in LV mass at 5 years compared to baseline. Exploratory 

secondary end points included changes in blood pressure, PWA, PWV, aortic distensibility, 

biomarkers and CIMT.  

4.4.6 Composite blood pressure end point 
The composite end point was part of a post hoc analysis of blood pressure. Time was defined 

at the date of the baseline visit to the date of the final follow up. A composite end point 

defining clinically significant increases in blood pressure was defined using 4 combined 

outcomes: 

1. 24-hr systolic blood pressure increase of 10mmHg or more. 

2. 24-hr diastolic blood pressure increase of 5mmHg or more. 

3. 24-hr ambulatory blood pressure monitoring of 130/80mmHg or more.  

4. Receipt of anti-hypertensive medication. 

An event was identified as the time to occurrence of the first of the listed outcomes above. 

Subjects that were receiving anti-hypertensive treatment at baseline were excluded from this 

analysis.  

4.4.7 Power calculations and sample size 
Using the effect sizes and variances from the original CRIB-DONOR study (change in LV 

mass 7g, standard deviation of change 10g), recruiting 50 subjects in each group would 

provide 93% power to detect a difference in LV mass of 7g with an alpha value of 0.05.241, 392 

For 80% power, 34 subjects in each group were required.    

4.4.8 Data reanalysed 
To allow adequate comparison of the primary end point, LV mass and volume measurements 

at baseline and 5-year scans were reanalysed by a single observer blinded to both 

donor/control status and temporal order (cvi42® software version 5.3.4, Circle 
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Cardiovascular Imaging, Canada). In addition, 3D feature tracking for GCS, GLS and GRS, 

was performed as previously described with the baseline and 12 month data reanalysed 

(TomTec 2D not available for CRIB-DONOR II) to allow comparison.241, 347 Aortic 

distensibility was also reanalysed for all time points using the latest software developed in 

Matlab version R2017a (MathWorks, US). 

4.4.9 Statistical analysis 
Statistical analysis was carried out using SPSS©, version 23 (IBM, Armonk, New York, US). 

Continuous variables were assessed graphically using histograms to determine normality. Non-

parametric data was log10 transformed and assessed graphically. For continuous data, within-

group change from baseline to 12 months and baseline to 5 years was analysed using paired 

samples t tests. Between-group difference was analysed using independent samples t tests to 

compare within-group change at 5 years between groups and generate the p value for the 

primary end point. Non-parametric data was analysed in a logged format then antilogged and 

displayed as multipliers. Categorical data is displayed as counts and percentages, between-

group changes are displayed as relative risks and 95% CI, and analyses were performed using 

MedCal for windows, version 19.4 (MedCal Software, Ostend, Belgium).  

Interactions between each variable and donor/control status were determined by general linear 

models. Multivariable model analysis was performed using linear regression and incorporating 

any significant interactions. An interval censored cox regression was used for analysis of the 

combined blood pressure end point using the icenReg package in R. Reproducibility was 

assessed using intraclass correlation coefficients. 

Further analysis using all available data was carried out using generalized estimating equations. 

Generalized estimating equations were used to compare change in variables over time for 

cardiac, haemodynamic and biochemical effects. A linear or binary, unstructured model was 

chosen with the variable of interest as the dependent variable and both subject identification 
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and study time point as unique identifiers for each data point. Study time was selected as the 

within-subject factor and subgroup (donor/control) as a between-subject predictor. An 

interaction term between each group and study time point was included to assess change over 

all time points (p-value for interaction). Pairwise analysis was also generated as part of the 

generalized estimating equations giving comparisons between donors and controls at each 

corresponding time point. 

4.5 Results 
The results are presented as changes from baseline in Tables 4.5-4.15 only from patients who 

had follow up investigations at 5 years (i.e. not the entire CRIB-DONOR cohort). The 

between-group difference at 5 years was then compared using an unpaired t test. The absolute 

values of all participants at each time point are given in the appendix in Tables 4.A1-4.A6 

and were analysed using a generalized estimating equations. 

4.5.1 Study subjects 
Records from all 124 subjects who took part in the original study were reviewed. Of these, 1 

had died of bronchial carcinoma and 3 were not contactable; 120 were considered eligible for 

approach. 

4.5.2 Follow up 
A total of 67 living kidney donors and 53 healthy controls were approached; 50 kidney 

donors and 45 healthy controls agreed to participate, see Figure 4.1. One kidney donor and 

one healthy control declined a CMR study. Nine subjects did not undergo a baseline CMR 

study, therefore, there were 42 kidney donors and 42 controls with paired sets of end point 

data (baseline and 5-year CMR data). At follow up three patients had contraindications 

preventing them from undergoing 3 Tesla strength CMR and had 1.5 T scans (intrauterine 

device, shrapnel in situ and stapedectomy). 
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4.5.3 Subject characteristics 
At follow up, the mean age was 54 ± 12 yrs. in living kidney donors and 50 ± 13 yrs. in 

controls, see Table 4.2. The majority in both groups were female and Caucasian. Over the 

follow up period there was an increase in rates of hypercholesterolemia in both living kidney 

donors (4% to 16%) and healthy controls (7% to 16%). One healthy control was diagnosed 

with diabetes as a result of the study and one was diagnosed with ischaemic heart disease. 

There was an increase from baseline in the prevalence of self-reported hypertension in living 

kidney donors (4% to 16%) with little change in controls (7% to 9%). There was a decline in 

current smoking in both groups but more current and ex-smokers amongst living kidney 

donors compared to controls. There were no significant differences in baseline demographics 

of those who attended follow up compared to those lost to follow up with the exception of 

family history of cardiovascular disease, see Table 4.3. 

4.5.4 Medication use 
Both groups reported increasing use of medication. At 5 years the proportion of donors and 

controls on anti-hypertensive medication was not different between groups. On review of all 

anti-hypertensive usage there was a net increase of +1 (+2%) in healthy controls vs. +3 

(+6%) in living kidney donors for all drugs. The increasing use of medication was due to one 

healthy control requiring a second agent (addition of a beta blocker) and three living kidney 

donors commencing ACE inhibitors. With a 4% difference between-groups. Both groups had 

more subjects taking non-steroidal anti-inflammatories at 5 years compared to baseline. 

4.5.5 Events 
There were no deaths or major cardiovascular events in subjects during the study period. One 

living kidney donor was found to be in atrial fibrillation during the study visit. Two living 

kidney donors were found to be in first degree heart block. One of whom described a history 

of several episodes of syncope and was referred to a cardiologist.  



 

190 
 

Following the study visit one living kidney donor was diagnosed with bowel carcinoma as a 

result of an incidental finding of microcytic anaemia during the study. A further patient 

(living kidney donor) was admitted to hospital with a new diagnosis of fast atrial fibrillation 

having previously been in sinus rhythm during the study. For details of all incidental findings 

during the study, see Table 4.4. 

4.5.6 Kidney function 
In kidney donors, the mean eGFR was 95 ± 15 ml/min/1.73m2 at baseline before donation, 65 

±13 ml/min/1.73m2 at 12 months and 67 ± 14 ml/min/1.73m2 at 5 years. Changes in iGFR 

(normalised to body surface area) in kidney donors were comparable: baseline 91 ± 12 

ml/min/1.73m2; 12 months 59 ± 11 ml/min/1.73m2; 5 years 64 ± 11 ml/min/1.73m2. In 

controls there was a mean -1 ± 2ml/min/1.73m2 decline annually in eGFR: (baseline 99 ± 16 

ml/min/1.73m2; 12 months 96 ± 15 ml/min/1.73m2; 5 years 94 ± 15 ml/min/1.73m2). 

4.5.7 Effects on LV mass, volumes and geometry  
At 12 months a greater increase in LV mass was observed in donors in comparison to 

controls (+10g vs. +1g), similar to the pattern seen in the original CRIB-DONOR study. At 5 

years, however, change in LV mass in kidney donors was no different to healthy controls 

[+0.40g (95% CI -4.68, 5.49), p=0.876], see Table 4.5, Figure 4.2A and Table 4.A1. 

Consequently, LV mass in donors had resolved to a level comparable to healthy controls at 5 

years. There was also no significant between-group difference in LV or LA volumes indexed 

for body surface area, or LV geometry as evidenced by mass/volume ratio, see Table 4.5.  

4.5.8 Effects on LV function 
At 5 years, no significant between-group differences were demonstrated in either LV ejection 

fraction, peak GLS, peak GCS or peak GRS, see Table 4.6, 4.7 and 4.A1. Similarly there 

were no significant differences in any of the myocardial strain rate parameters (peak systolic, 

early diastolic or late diastolic), see Table 4.6, 4.7 and 4.A2. 
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4.5.9 Effects on blood pressure 
The increase in self-reported hypertension in the living kidney donor group at 5 years was not 

consistent with a significant increase in mean office or ambulatory blood pressures compared 

to the control group. There were no significant between-group differences in office blood 

pressure or heart rate at 5 years, see Table 4.8 and 4.A3.  Compared to baseline, mean office 

systolic blood pressure had fallen in both groups by 5 years. Both mean day and night 

ambulatory blood pressure readings increased from baseline in both groups at 5 years see 

Table 4.9 and 4.A3. Although mean day ambulatory readings were higher in donors 

compared to controls at 5 years the difference was not significant between groups: [day 

systolic blood pressure +1.91mmHg (95% CI-2.72, 6.54)] and [day diastolic blood pressure 

+1.59 (95% CI-1.99, 5.16)] see Figure 4.2B and Table 4.9.  

A further sub analysis using a composite end point of clinically significant increases in blood 

pressure also showed no significant differences between the two groups. At 5 years a total of 

21 (47%) controls and 28 (56%) donors had reached the composite end point. The HR for 

hypertension using the combined outcome in donors relative to controls was increased but not 

significant [HR, 1.38 (95% CI, 0.74, 2.60), p=0.313]. 

4.5.9 Effects on prevalence of diagnosed hypertension 
Despite the lack of effect of kidney donation on any significant measure of blood pressure the 

diagnosis of hypertension was increased in donors. There was however no significant 

difference in hypertension prevalence according to European Society of Hypertension 

ambulatory blood pressure monitoring criteria, see Table 4.9.269  

4.5.10 Effects on haemodynamics and arterial stiffness and structure 
At 12 months, there was an increase from baseline in carotid-femoral PWV in kidney donors, 

which was not seen in controls, see Figure 4.3A. From 12 months to 5 years, PWV increased 

in both groups and by 5 years the between-group difference was not significant, see Figure 
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4.3A, Table 4.10 and 4.A4. A similar pattern was observed in the augmentation index 

corrected to 75 beats per minute (AI75) in which there was a small increase in kidney donors 

at 12 months compared to a fall in healthy controls, see Figure 4.3B. AI75 at 5 years was not 

significantly different between kidney donors and controls, see Table 4.10. In both groups 

PWV and AI75 increased with time, see Figure 4.3A and 4.3B. Aortic distensibility in the 

proximal ascending and descending aorta decreased in both groups over time with no 

between-group difference, see Table 4.11. There was no significant change in CIMT over 

time, Table 4.11. 

4.5.11 Biochemical effects 
Biochemical data are given in Table 4.12-4.15, 4.A5 and 4.A6. No significant differences 

were seen in haemoglobin over time, see Table 4.12. Six donors developed detectable levels 

of ACR compared to baseline in comparison to one control, however, the difference between 

them was not significant, see Table 4.12. There was no significant difference in lipid profiles 

between the two groups or over time, see Table 4.13. At 12 months there was a greater 

prevalence of detectable troponin in donors compared to controls (+25% vs. 1%) and a 

greater increase in NT pro BNP in donors compared to controls (×1.69 vs. ×0.72) but by 5 

years the effect size had dissipated so that levels were comparable to controls, see Table 

4.13. All detectable troponin levels were low, only two donors (4.7%) had a troponin level 

>14 ng/L at 5 years. 

A similar pattern was observed with FGF23, in which levels at 12 months were greater in 

donors but the difference between groups had narrowed by 5 years, see Figure 4.4A. In 

contrast to other biomarkers, FGF23 however remained significantly higher in donors than in 

controls [mean difference ×1.25 (95% CI 1.02, 1.54), p=0.020]. 

There was an increase in high sensitivity CRP, vitamin D and corrected calcium over time in 

both donors and controls with no significant difference between groups, see Table 4.14 and 
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Figure 4.4B. A small reduction at 5 years was seen in phosphate levels in donors compared 

to stable levels in controls, however, there was no between-group difference, see Table 4.14. 

Marked differences were seen in uric acid with increases continuing in donors beyond 12 

months in contrast to a small reduction seen in controls, see Table 4.14 and Figure 4.5A. 

There was no significant change in PTH, renin or aldosterone between the groups at 5 years, 

see Table 4.15 and Figure 4.5B. 

4.5.12 Factors influencing change in LV mass 
A linear regression analysis was carried out to determine variables influencing change in LV 

mass from baseline to 5 years adjusted for both follow up time and donor/control status, see 

Table 4.16. There was no significant influence of sex or LV mass at baseline on change in 

LV mass at 5 years. Change in ambulatory systolic blood pressure, however, was 

significantly associated with change in LV mass. None of the other variables were significant 

when included in a multivariable model with change in day systolic blood pressure.  

4.5.13 Relationships between GFR and LV mass 
The relationship between GFR and LV mass in both groups is illustrated in Figure 4.6. 

Whilst the mean GFR declines in controls over 5 years compared to baseline values, there is a 

small increase seen in donors following nephrectomy, see Table 4.12. This is in contrast to 

the small rise in LV mass seen in the healthy control group and the fall in LV mass seen in 

donors after 12 months, see Table 4.5. 

4.5.14 Reproducibility for primary end point 
There was high reproducibility for LV mass assessment at 5 years. The interclass correlation 

coefficients (95% CI) for inter-study, intra-observer and inter-observer variability were: 0.99 

(0.98 - 0.99), 0.99 (0.96 - 0.99) and 0.99 (0.97, 0.99) respectively, see Table 4.17 and 4.18. 

Bland-Altman plots of bias are illustrated in Figure 4.7. The least variability was seen in 

inter-study reproducibility followed by intra-observer and inter-observer reproducibility. In 
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addition there was high LV reproducibility for LV mass assessment across all time points 

[mean bias -1.15±2.6 (95% CI -6.24, 3.94), p=0.066] with an interclass correlation coefficient 

(95% CI) of 0.99 (0.97, 0.99). 

4.5.15 Longitudinal sub analysis of all cases 
All available data at all time points are shown in the appendix. In addition to the paired 

analysis in the main study, a generalized estimating equation analysis was performed using 

all cases and all time points available, see Tables 4.A1-4.A6.  A significant p value for the 

interaction term between each group and study time point was seen for PWV, LV mass and 

PTH reflecting changes in the donor group at 12 months.  
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Figure 4.1. Flow diagram of recruitment. First published in Price et al.354 

Paired data i.e. a CMR at baseline and 5 

years (n=42)  

 No baseline CMR (n=7) 

 

Paired data i.e. a CMR at baseline and 5 

years (n=42)  

 No baseline CMR (n=2) 

 

Assessed for eligibility from 

original study (n=124) 

Excluded (n=4) 
   Died (n=1) 

   No contact details (n=3) 

CMR at 5-year follow up (n=49)  

 Declined CMR (n=1) 

Living kidney donors (n=50) 
 

Living kidney donors (n=67) 
 Lost to follow up (n=2) 
 Declined to take part (n=11) 

 Did not attend scheduled visit (n=4) 

 

 

Healthy controls (n=45) 
 

Healthy controls (n=53) 
 Lost to follow up (n=1) 

 Declined to take part (n=5) 

 Abroad (n=1) 

 Military assignment (n=1) 

 

CMR at 5-year follow up (n=44)  

 Too claustrophobic for CMR (n=1) 

Approached 

End point data 

Follow up 

n=120 

Screening 

Paired analysis 
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Table 4.2. Clinical demographics at baseline and 5 years. First published in Price et al.354 

Variable Healthy controls n=45 Living kidney donors n=50 

 N Baseline visit N 5 years N Baseline visit N 5 years 

Age (years) 45 44.33 ± 13.07 45 50.30 ± 12.91 50 47.96 ± 12.49 50 54.28 ± 12.31 

Male sex 45 17 (38) - - 50 18 (36) - - 

Race         

White 45 38 (84) - - 50 47 (94) - - 

Asian 45 4 (9) - - 50 3 (6) - - 

Black 45 3 (7) - - 50 0 (0) - - 

Cardiovascular risk factors         

Hypercholesterolemia 43 3 (7) 45 7 (16) 49 2 (4) 50 8 (16) 

Diabetes 43 0 (0) 45 1 (2) 49 0 (0) 50 0 (0) 

Hypertension 43 3 (7) 45 4 (9) 49 2 (4) 50 8 (16) 

Stroke/TIA 43 0 (0) 45 0 (0) 49 0 (0) 50 0 (0) 

IHD 43 0 (0) 45 1 (2) 49 0 (0) 50 0 (0) 

Family history         

Cardiovascular 43 10 (22) 45 10 (22) 48 17 (34) 50 17 (34) 

Smoking history         

Current smoker 43 2 (4) 44 1 (2) 49 4 (8) 49 3 (6) 

Ex-smoker 43 12 (27) 44 13 (29) 49 15 (30) 49 17* (34) 

Anti-hypertensive usage         

ACEi 43 3 (7) 45 3 (7) 49 0 (0) 50 3 (6) 

β blocker 43 0 (0) 45 1 (2) 49 1 (2) 50 1 (2) 

Calcium channel 43 1 (2) 45 1 (2) 49 1 (2)  50 1 (2) 

Other medication usage         

Statin 43 3 (7) 45 5 (11) 49 2 (4) 50 2 (4) 

Aspirin 45 0 (0) 45 1 (2) 50 0 (0) 50 0 (0) 

NSAIDs 45 1 (2) 45 3 (7) 50 1 (2) 50 5 (10) 

Data are displayed as mean ± standard deviation or number of patients (percentage).  ACEi; Angiotensin converting enzyme inhibitor, BMI; 

Body mass index. IHD; Ischaemic heart disease; N; Number of subjects.  NSAIDS; Non-steroidal anti-inflammatories. TIA; Transient ischaemic 

event. *One subject started smoking during follow up period for a total of 3.5 years and then gave up. 
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Table 4.3. Baseline demographics in those that attended follow up and were lost to follow up at the 5-year study visit. 

Variable Follow up at 5 years n=95 Lost to follow up n=29 p-value 

Donor 50 (53) 18 (62) 0.249 

Age (years) 46 ± 13 43 ± 11 0.230 

Male sex 35 (37) 15 (51) 0.113 

Race    

White 85 (90) 2 (83) 0.288 

Asian 7 (7) 
3 (10) 

 

Black 3 (3) 2 (7)  

Cardiovascular risk factors    

Hypercholesterolemia 5 (5) 1 (3) 0.557 

Diabetes 0 (0) 0 (0) - 

Hypertension 5 (5) 2 (7) 0.534 

Stroke/TIA 0 (0) 0 (0) - 

IHD 0 (0) 0 (0) - 

Family history    

Cardiovascular 27 (28) 3 (10) 0.048 

Smoking history    

Current smoker 6 (6) 5 (17) 0.126 

Ex-smoker 27 (28) 7 (24) 0.466 

Anti-hypertensive usage    

ACEi 3 (3) 1 (3) 0.671 

β blocker 1 (1) 1 (3) 0.423 

Calcium channel 2 (2) 0 (0) 0.564 

Other medication usage    

Statin 5 (5) 1 (3) 0.557 

Aspirin 0 (0) 0 (0) - 

NSAIDs 2 (2) 0 (0) 0.585 

Data are displayed as mean ± SD or number of patients (percentage). Analysis was carried out using independent samples t tests for continuous 

data and fisher’s exact tests or chi squared tests for categorical data. ACEi; Angiotensin converting enzyme inhibitor, BMI; Body mass index. 

IHD; Ischaemic heart disease. NSAIDS; Non-steroidal anti-inflammatories. SD; Standard deviation. TIA; Transient ischaemic event 



 

198 
 

Table 4.4. Incidental findings during the study. First published in Price et al.354 

Group n=sample size, incidental finding 

 

Healthy controls n=1 Hypertension requiring medication. 

n=1 Large pericardial cyst. 

n=1 Prolapsing mitral valve under surveillance. 

n=1 Abnormal liver function. 

n=1 Iron deficiency anaemia. 

n=1 Dilated aorta. 

n=1 Asymptomatic 1st degree heart block. 

Living kidney donors n=1 Borderline diabetes. 

n=2 Breast cysts requiring referral. 

n=1 Iron deficiency anaemia. 

n=1 Asymptomatic 1st degree heart block. 

n=1 1st degree block and syncope requiring loop recorder. 

n=1 Atrial fibrillation. 
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Table 4.5. Cardiovascular structural effects. First published in Price et al.354 

Variable Baseline Within-group change * 

(baseline to 12 months) 

Within-group change * 

(baseline to 5 years) 

Between-group difference †  

(for 5 year change)  

p-value † 

LVM (g)      

Donor 112 ± 27 +10.19 (6.04, 14.34) +3.37 (-0.70, 7.46)  

+0.40 (-4.68, 5.49) 

 

0.876 Control 112 ± 30 +1.19 (-1.77, 4.15) +2.97 (-0.18,  6.14) 

LVMi (g/m2)      

Donor 59 ± 9 +6.10 (3.75, 8.44) +1.51 (-0.41, 3.44)  

+0.30 (-2.16, 2.76) 

 

0.809 Control 59 ± 12 +1.46 (0.00, 2.94) +1.21 (-0.37, 2.80) 

LVEDVi (ml/m2)      

Donor 64 ± 10 +2.10 (-0.15, 4.37) -4.11 (-6.47, -1.75)  

-1.20 (-4.40, 2,00) 

 

0.457 Control 67 ± 11 +2.75 (0.27, 5.22) -2.91 (-5.15, -0.67) 

LVESVi (ml/m2)      

Donor 18 ± 6 +1.66 (0.23, 3.08) -0.14 (-1.62, 1.32)  

+0.71 (-1.51, 2.92) 

 

0.529 Control 21 ± 7 +1.10 (-0.25, 2.46) -0.85 (-2.56, 0.85) 

Mass/volume ratio (g/ml)      

Donor 0.92 ± 0.12 +0.06 (0.02, 0.11) +0.09 (0.05, 0.14)  

+0.03 (-0.02, 0.09) 

 

0.230 Control 0.90 ± 0.15 -0.00 (-0.03, 0.02) +0.06 (0.02, 0.10) 

Atrial volumes      

LAVi (ml/m2)      

Donor 39 ± 8 +6.95 (4.24, 9.67) -1.40 (-4.98, 2.16)  

+5.78 (0.00, 11.54) 

 

0.050 Control 41 ± 11 +2.24 (-0.65, 5.13) -7.18 (-11.77, -2.58) 

Data are displayed as mean ± standard deviation at baseline for the whole cohort. Mean (95% CI) are displayed for within-group change and 

between-group difference.  CI; Confidence interval. LAVi; Left atrial indexed volume.  LVEDVI; Left ventricular end diastolic volume. LVESVI; 

Left ventricular end systolic volume index. LVM; Left ventricular mass. LVMI; Left ventricular mass index.  

 

*Within-group change and 95% CI were determined using paired samples t tests. Results are displayed as the mean change in values (95% CI) 

between baseline and 12 months and baseline and 5 years for each group.  
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† Between-group difference and 95% CI were determined using independent samples t tests for comparison of within-group change at 5 years 

between groups.  Results are displayed as the mean difference in values (95% CI) between groups for within-group change. The p value is from 

the independent samples t tests. 
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Figure 4.2. Longitudinal change in LV mass and day systolic blood pressure in donors and controls. 
Data plotted include data available at baseline and 5 years (i.e only for those who had both baseline and 5 year data). Black solid lines are means 

and standard errors for donors. Black diashed lines are means and standard errors for controls. Black squares indicate study visits. The p values 

are from inedpendent samples t tests of between-gruup difference for 5 year change for participants with paired data sets.  

A. Left ventricular mass (g), n=84. First published in Price et al.354 

B. Day systolic blood pressure (mmHg), n=60. 
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Table 4.6. Cardiovascular functional effects. First published in Price et al.354 

 

Variable Baseline Within-group change * 

(baseline to 12 months) 

Within-group change * 

(baseline to 5 years) 

Between-group difference †  

(for 5 year change)  

p-value † 

LVEF (%)      

Donor 72 ± 6 -1.45 (-3.19, 0.28) -1.49 (-3.42, 0.43)  

-1.08 (-3.87, 1.70) 

 

0.443 Control 69 ± 7 -0.46 (-2.24, 1.31) -0.41 (-2.48, 1.66) 

Peak GLS %      

Donor -14.8 ± 3.0 -0.31 (-1.56, 0.92) -1.18 (-2.46, 0.09)  

-1.37 (-2.82, 0.07) 

 

0.063 Control -15.1 ± 2.3 +0.16 (-0.96, 1.28) +0.19 (-0.58, 0.96) 

GLS S’      

Donor -0.73 ± 0.18 -0.10 (-0.20, -0.01) -0.01 (-0.08, 0.05) -0.09 (-0.19, 0.00) 0.054 

Control -0.76 ± 0.22 -0.00 (-0.09, 0.09) +0.08 (0.01, 0.15) 

GLS E’      

Donor 0.70 ± 0.23 +0.05 (-0.07, 0.17) +0.15 (0.04, 0.25) +0.08 (-0.05, 0.21) 0.818 

Control 0.80 ± 0.25 -0.04 (-0.14, 0.04) +0.07 (-0.02, 0.16) 

GLS A’      

Donor 0.48 ± 0.17 +0.03 (-0.02, 0.09) +0.08 (0.01, 0.15) +0.05 (-0.03, 0.13) 0.247 

Control 0.44 ± 0.15 +0.06 (0.00, 0.13) +0.03 (-0.01, 0.08) 

Data are displayed as mean ± standard deviation at baseline for the whole cohort. Mean (95% CI) are displayed for within-group change and 

between-group difference. 

A’; Late diastolic peak. E’; Early diastolic peak.  CI; Confidence intervals, GCS; Global circumferential strain, GLS; Global longitudinal strain, 

GRS; Global radial strain. LVEF; Left ventricular ejection fraction. S’; Peak systolic peak.  

 

*Within-group change and 95% CI are from paired analyses.  

† Between-group difference, 95% CI and p values are from unpaired analyses. 
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Table 4.7. Myocardial strain and strain rates. First published in Price et al.354 

 

Variable Baseline Within-group change * 

(baseline to 12 months) 

Within-group change * 

(baseline to 5 years) 

Between-group difference †  

(for 5 year change)  

p-value † 

Peak GCS (%)      

Donor -18.3 ± 2.2 -0.09 (-0.78, 0.59) -0.63 (-1.32, 0.05)  

-0.77 (-1.68, 0.11) 

 

0.087 Control -17.8 ± 2.3 -0.01 (-0.79, 0.76) +0.14 (-0.45, 0.75) 

GCS S’      

Donor -0.90 ± 0.14 -0.05 (-0.13, 0.02) 0.00 (-0.05, 0.06)  

-0.06 (-0.13, 0.01) 

 

0.118 Control -0.89 ± 0.18 -0.02 (-0.09, 0.04) 0.06 (0.01, 0.11) 

GCS E’      

Donor 0.96 ± 0.22 -0.02 (-0.11, 0.05) +0.10 (0.01, 0.18)  

-0.01 (-0.14, 0.11) 

 

0.820 Control 0.98 ± 0.23 -0.06 (-0.16, 0.03) +0.11 (0.01, 0.21) 

GCS A’       

Donor 0.55 ± 0.19 +0.04 (-0.04, 0.14) +0.07 (0.00, 0.14)  

+0.00 (-0.07, 0.08) 

 

0.845 Control 0.46 ± 0.15 +0.04 (-0.00, 0.10) +0.07 (0.02, 0.11) 

Peak GRS (%)      

Donor 45.0 ± 11.8 -3.31 (-8.60, 1.97) -0.48 (-4.59, -3.61)  

+2.72 (-2.30, 7.74) 

 

0.337 Control 43.6 ± 12.7 -0.33 (-4.56, 3.89) -3.20 (-6.32, -0.09) 

GRS S’      

Donor 2.72 ± 1.01 -0.02 (-0.52, 0.47) -0.24 (-0.62, 0.14) +0.38 (-0.14, 0.90) 0.155 

Control 2.70 ± 1.32 -0.05 (-0.50, 0.39) -0.62 (-0.99, -0.24) 

GRS E’      

Donor -2.83 ± 0.91 +0.40 (-0.03, 0.85) +0.11 (-0.29, 0.52) +0.15 (-0.30, 0.61) 0.506 

Control -2.85 ± 1.02 +0.20 (-0.19, 0.59) -0.03 (-0.28, 0.21) 

GRS A’      

Donor -0.77 ± 0.33 -0.09 (-0.26, 0.07) -0.01 (-0.16, 0.13) -0.03  (-0.22, 0.13) 0.621 

Control -0.66 ± 0.28 -0.07 (-0.16, 0.02) +0.02 (-0.07, 0.13) 

Data are displayed as mean ± standard deviation at baseline for the whole cohort. Mean (95% CI) are displayed for within-group change and 

between-group difference. A’; Late diastolic peak. E’; Early diastolic peak.  CI; Confidence intervals, GCS; Global circumferential strain, GRS; 

Global radial strain. LVEF; S’; Peak systolic peak.  

*Within-group change and 95% CI are from paired analyses. † Between-group difference, 95% CI and p values are from unpaired analyses. 
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Table 4.8. Office blood pressure effects. First published in Price et al.354 

 

Variable Baseline Within-group change * 

(baseline to 12 months) 

Within-group change * 

(baseline to 5 years) 

Between-group difference † 

(for 5 year change) 

p-value † 

Office measures      

BMI (kg/m2)      

Donor 26.5 ± 4.3 +0.16 (-0.33, 0.66) +1.05 (0.20, 1.91)  

+0.37 (-0.70, 1.45) 

 

0.494 Control 25.9 ± 3.3 -0.12 (-0.56, 0.31) +0.68 (0.03, 1.33) 

SBP (mmHg)      

Donor 125 ± 12 -0.54 (-3.59, 2.51) -2.62 (-6.24, 0.99)  

+1.84 (-3.63, 7.32) 

 

0.506 Control 125 ± 13 -3.21 (-6.33, -0.09) -4.46 (-8.73, -0.20) 

DBP (mmHg)      

Donor 75 ± 9 +2.06 (-0.01, 4.15) +2.39 (0.07, 4.71)  

+3.53 (-0.20, 7.28) 

 

0.063 Control 76 ± 10 -0.12  (-2.68, 2.42) -1.14 (-4.22, 1.93) 

HR (bpm)      

Donor 67 ± 10 -0.03 (-3.22, 3.14) -0.62 (-4.08, 2.83)  

-0.69 (-5.29, 3.90) 

 

0.765 Control 66 ± 10 +1.02 (-1.64, 3.69) +0.07 (-2.96, 3.10) 

Data are displayed as mean ± standard deviation at baseline for the whole cohort. Mean (95% CI) are displayed for within-group change and 

between-group difference. 

BMI; Body mass index. CI; Confidence interval. DBP; Diastolic blood pressure. HR; Heart rate. SBP; Systolic blood pressure.  

 

*Within-group change and 95% CI are from paired analyses.  

† Between-group difference, 95% CI and p values are from unpaired analyses. 
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Table 4.9. Ambulatory blood pressure effects. First published in Price et al.354 

Variable Baseline Within-group change * 

(baseline to 12 months) 

Within-group change * 

(baseline to 5 years) 

Between-group difference † 

(for 5 year change) 

p-value † 

Day SBP (mmHg)      

Donor 121 ± 9 +0.20 (-4.01, 4.42) +2.57 (-0.63, 5.78)  

+1.91 (-2.72, 6.54) 

 

0.413 Control 122 ± 11 -1.25 (-3.48, 0.98) +0.66 (-2.79, 4.12) 

Day DBP (mmHg)      

Donor 73 ± 7 +0.96 (-1.89, 3.82) +5.03 (2.52, 7.54)  

+1.59 (-1.99, 5.16) 

 

0.379 Control 75 ± 9 +0.45 (-1.78, 2.70) +3.44 (0.80, 6.08) 

Day HR (bpm)      

Donor 72 ± 9 +2.60 (-1.83, 7.04) +2.43 (-0.55, 5.42)  

+3.39 (-0.39, 7.19) 

 

0.078 Control 73 ± 9 -1.41 (-4.50, 1.67) -0.96 (-3.25, 1.32) 

Night SBP (mmHg)      

Donor 104 ± 9 +3.00 (-1.19, 7.19) +6.64 (2.23, 11.04)  

+4.99 (-1.34, 11.31) 

 

0.120 Control 109 ± 11 -3.12 (-9.46, 3.21) +1.65 (-3.15, 6.46) 

Night DBP (mmHg)      

Donor 60 ± 7 +1.71 (-1.68, 5.11) +5.84 (2.65, 9.02)  

+2.93 (-1.94, 7.79) 

 

0.233 Control 64 ± 10 -0.87 (-5.57, 3.82) +2.91 (-0.99, 6.82) 

Hypertension criteria on ABPM ‡§  

Donor 4 (8.2) 4 (9.8) 9 (20.0) 1.95 (0.65, 5.84) 0.245 

Control 6 (14.0) 0 (0.0) 4 (10.3)   

Data are displayed as mean ± standard deviation at baseline for the whole cohort. Mean (95% CI) are displayed for within-group change and 

between-group difference. ABPM; Ambulatory blood pressure monitoring. CI; Confidence interval. DBP; Diastolic blood pressure. HR; Heart 

rate. SBP; Systolic blood pressure. 

*Within-group change and 95% CI are from paired analyses.  

† Between-group difference, 95% CI and p values are from unpaired analyses. 

‡ For categorical data, the baseline prevalence is presented and the within-group change is the incidence at 12 months and 5 years in those who 

did not have the condition at baseline. Prevalence and incidence are given as counts (%). The between-group difference is the relative risk 

(incidence for donors relative to controls) and 95% CI. The p value is from a fisher’s exact test. 

§ The definition of hypertension was in accordance with the European Society of Hypertension ambulatory blood pressure monitoring guidance 

and in addition included those who had commenced anti-hypertensive medication.269 
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Figure 4.3. Longitudinal change in adjusted pulse wave velocity and augmentation index in donors and controls. 

Data plotted include data available at baseline and 5 years (i.e only for those who had both baseline and 5 year data). Black solid lines are means 

and standard errors for donors. Black diashed lines are means and standard errors for controls. Black squares indicate study visits. The p values 

are from inedpendent samples t tests of between-gruup difference for year change for participants with paired data sets. 

A. Adjusted pulse wave velocity (m/s), n=84. First published in Price et al.354 

B. Augmentation index (Log10), n=85. 
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Table 4.10. Central blood pressure and haemodynamic effects. First published in Price et al.354 

 

Variable Baseline Within-group 

change * 

(baseline to 12 

months) 

Within-group change * 

(baseline to 5 years) 

Between-group 

difference † 

(for 5 year change) 

p-value  

Central SBP (mmHg)      

Donor 112 ± 11 +1.02 (-2.07, 4.13) +3.03 (-0.42, 6.49)  

+0.91 (-4.70, 6.51) 

 

0.748 Control 111 ± 14 -0.42 (-3.03, 2.18) +2.12 (-2.47, 6.72) 

Central DBP (mmHg)      

Donor 77 ± 9 +1.55 (-0.96, 4.07) +1.48 (-1.43, 4.40)  

+1.24 (-3.14, 5.62) 

 

0.576 Control 76 ± 10 +0.35 (-2.27, 2.97) +0.24 (-3.14, 3.63) 

AI75  ||      

Donor 15.84 [12.30, 19.95] ×1.17 (1.04, 1.31) ×1.69 (1.41, 2.04)  

×0.97 (0.72, 1.31) 

 

0.861 Control 14.79 [10.00, 19.05] ×0.95 (0.66, 1.34) ×1.73 (1.34, 2.23) 

Adj cfPWV (m/s)      

Donor 6.74 ± 1.04 +0.50 (0.30, 0.70) +0.54 (0.26, 0.82)  

-0.24 (-0.69, 0.21) 

 

0.303 Control 6.76 ± 1.09 -0.03 (-0.23, 0.17) +0.78 (0.40, 1.15) 

Data are displayed as mean ± standard deviation or geometric mean [95% CI] at baseline for the whole cohort. Mean (95% CI) are displayed for 

within-group change and between-group difference. 

AI75; Augmentation index corrected for 75 beats per minute. Adj cfPWV; carotid-femoral pulse wave velocity adjusted for mean arterial 

pressure and heart rate. CI; Confidence interval. DBP; Diastolic blood pressure. SBP; Systolic blood pressure.  

 

*Within-group change and 95% CI are from paired analyses.  

† Between-group difference, 95% CI and p values are from unpaired analyses. 

|| Non-parametric data was log10 transformed prior to analysis. Values for within-group change and between group differences are displayed as 

antilogged values with (95% CI). These values are multipliers. For example, for AI75
 the within group change at 12 months is 1.17 in living 

kidney donors. The 12 month result on average is ×1.17 the baseline value but the 95% confidence interval indicates that the multiplier could be 

anywhere between 1.04 and 1.31. The multiplier for between group differences is 0.97 meaning the within-group 5 yr. change in donors is ×0.97 

that of the change seen in controls. Therefore the between group difference is a ratio of the donor multiplier to control multiplier. 
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Table 4.11. Aortic distensibility and carotid intima-media thickness effects. First published in Price et al.354 

Variable Baseline Within-group change * 

(baseline to 12 months) 

Within-group change * 

(baseline to 5 years) 

Between-group 

difference † 

(for 5 year change) 

p-value † 

Aortic distensibility      

Proximal ascending aorta  (×10–3 mm Hg−1)  ||  

Donor 2.81 [2.18, 3.54] ×0.97 (0.85, 1.07) ×0.91 (0.75, 1.04)  

×1.00 (0.77, 1.23) 

 

0.894 Control 3.01 [2.34, 3.89] ×1.00 (0.93, 1.04) ×0.91 (0.77, 1.04) 

Proximal descending aorta (×10–3 mm Hg−1) ||  

Donor 3.31 [2.81, 3.89] ×1.04 (0.95, 1.14) ×1.00 (0.85, 1.12)  

×1.04 (0.85, 1.31) 

 

0.644 Control 3.46 [3.09, 3.89] ×1.00 (0.95, 1.04) ×0.93 (0.79, 1.09) 

Arterial structure      

CIT (mm)      

Donor  0.59 ± 0.09 +0.01 (-0.00, 0.02) +0.00 (-0.01, 0.03) +0.02 (-0.00, 0.06)  

0.089 Control 0.59 ± 0.11 -0.00 (-0.01, 0.01) -0.02 (-0.05, 0.00) 

Data are displayed as mean ± standard deviation or geometric mean [95% CI] at baseline for the whole cohort. Mean (95% CI) are displayed for 

within-group change and between-group difference. 

CI; Confidence interval. CIT: Carotid intima-media thickness. 

 

*Within-group change and 95% CI are from paired analyses.  

† Between-group difference, 95% CI and p values are from unpaired analyses. 

|| Non-parametric data was log10 transformed prior to analysis. Values for within-group change and between group differences are displayed as 

antilogged values with (95% CI). These values are multipliers. 

 

 

 

 

 



 

209 
 

Table 4.12. Haematological and kidney function effects. First published in Price et al.354 

Variable Baseline Within-group change * 

(baseline to 12 months) 

Within-group change * 

(baseline to 5 years) 

Between-group difference † 

(for 5 year change) 

p-value † 

Haemoglobin (g/dl)      

Donor 13.7 ± 1.2 -0.35 (-0.57, -0.13) +0.00 (-0.28, 0.29)  

-0.07 (-0.44, 0.31) 

 

Control 13.5 ± 1.2 +0.01 (-0.21, 0.24) +0.07 (-0.16, 0.30) 0.730 

Creatinine (µmol/L)      

Donor 73 ± 14 +27.97 (24.46,  31.49) +23.14 (19.40,  26.87)  

+22.28 (17.65, 26.90) 

 

Control 71 ± 13 +1.17 (-1.48, 3.84) +0.86 (-1.70,  3.42) <0.001 

eGFR (ml/min/1.73m2) 

Donor 95 ± 15 -29.20 (-32.09,  -26.32) -27.64 (-31.09,  -24.18)  

-22.74 (-27.39, -18.07) 

 

Control 99 ± 16 -2.12 (-5.63, 1.37) -4.90 (-8.02,  -1.78) <0.001 

ACR (≥3mg/mmol) ‡ 

Donor  1 (2.0)  3 (6.4)  6 (12.2)  

5.26 (0.66. 42.02) 

 

Control  1 (2.2)  0 (0.0)  1 (2.3) 0.083 

Data are displayed as mean ± standard deviation at baseline for the whole cohort. Mean (95% CI) are displayed for within-group change and 

between-group difference. 

ACR; Albumin creatinine ratio. CI; Confidence interval. eGFR; estimated glomerular filtration rate.  

 

*Within-group change and 95% CI are from paired analyses.  

† Between-group difference, 95% CI and p values are from unpaired analyses. 

‡ For categorical data the baseline prevalence is presented and the within group change is the incidence at 12 months and 5 years in those who 

did not have the condition at baseline. Prevalence and incidence are given as counts (percentage). The between-group difference is the relative 

risk (incidence for donors relative to controls) and 95% confidence intervals. The p value is from a fisher’s exact test. 
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Table 4.13. Lipids profile and cardiovascular biomarker effects. First published in Price et al.354 

Variable Baseline Within-group 

change * 

(baseline to 12 

months) 

Within-group 

change * 

(baseline to 5 

years) 

Between-group difference † 

(for 5 year change) 

p-value † 

Total Cholesterol (mmol/L) 

Donor 5.4 ± 1.1 -0.01 (-0.27, 0.23) -0.17 (-0.38. 0.02)  

-0.10 (-0.42, 0.21) 

 

0.513 Control 5.0 ± 1.0 -0.00 (-0.21, 0.20) -0.07 (-0.32, 0.17) 

LDL cholesterol (mmol/L) 

Donor 3.1 ± 1.0 +0.07 (-0.10, 0.24) -0.13 (-0.34, 0.07)  

+0.11 (-0.23, 0.45) 

 

0.522 Control 2.9 ± 0.9 -0.09 (-0.30, 0.11) -0.24 (-0.53, 0.03) 

Triglycerides (mmol/L)  || 

Donor 1.11 [0.97, 1.28] ×1.07 (0.97, 1.20) ×1.14 (1.00, 1.34)   

Control 0.96 [0.85, 1.09] ×1.02 (0.93, 1.17) ×1.17 (1.00, 1.38) ×0.97 (0.79, 1.20) 0.812 

FGF23 (RU/ml) ||      

Donor 72.44 [63.09, 83.17] ×1.23 (1.09, 1.41) ×1.02 (0.91, 1.17)  

×1.25 (1.02, 1.54) 

 

0.020 Control 75.85 [63.09, 89.12] ×1.04 (0.89, 1.28) ×0.81 (0.69, 0.97) 

hsTNT ≥ 5(ng/L) ‡      

Donor  3 (7.0)  10 (25.0) 28 (59.6)  

1.25 (0.84, 1.85) 

 

0.212 Control  4 (10.0) 1 (3.1) 20 (48.8) 

NT pro BNP (pmol/L)  || 

Donor 1.17 [0.61, 2.18] ×1.69 (0.79, 3.71) ×0.60 (0.30, 1.14)  

×1.54 (0.61, 3.98) 

 

Control 1.21 [0.58, 2.51] ×0.72 (0.42, 1.23) ×0.38 (0.19, 0.75) 0.354 

 

Data are displayed as mean ± standard deviation or geometric mean [95% CI] at baseline for the whole cohort. Mean (95% CI) are displayed for 

within-group change and between-group difference. CI; Confidence interval. FGF23; Fibroblast growth factor-23. hsTNT; High sensitivity 

troponin T. NT pro BNP; N-terminal pro B-type natriuretic peptide. LDL; Low-density lipoprotein. 

*Within-group change and 95% CI are from paired analyses. † Between-group difference, 95% CI and p values are from unpaired analyses. 

‡ For categorical data the baseline prevalence is presented and within group change is the incidence at 12 months and 5 years in those who did 

not have the condition at baseline. Prevalence and incidence are given as counts (percentage). The between-group difference is the relative risk 

(incidence for donors relative to controls) and 95% confidence intervals. The p value is from a fisher’s exact test. 
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|| Non-parametric data was log10 transformed prior to analysis. Values for within-group change and between group differences are displayed as 

antilogged values with (95% CI). These values are multipliers. 
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Table 4.14. Biochemical effects. First published in Price et al.354 

 

Variable Baseline Within-group change 

* 

(baseline to 12 

months) 

Within-group 

change * 

(baseline to 5 years) 

Between-group difference † 

(for 5 year change) 

p-value † 

Corrected calcium (mmol/L) 

Donor 2.20 ± 0.98 +0.01 (-0.01, 0.05) +0.08 (0.05,  0.11)  

+0.03 (-0.00, 0.06) 

 

0.117 Control 2.19 ± 0.08 +0.02 (-0.01, 0.05) +0.05 (0.03,  0.08) 

Phosphate (mmol/L)      

Donor 1.07 ± 0.16 -0.02 (-0.06, 0.01) -0.05 (-0.10, -0.00)  

-0.05 (-0.14, 0.02) 

 

0.146 Control 1.09 ± 0.16 +0.04 (-0.06, 0.15) +0.00 (-0.06, 0.08) 

Vitamin D (nmol/L)      

Donor 50 ± 27 +7.12 (-0.36, 14.61) +5.20 (-4.55, 14.95)  

-2.17 (-16.66, 12.31) 

 

0.765 Control 53 ± 22 +0.62 (-6.90, 8.15) +7.37 (-3.60, 18.35) 

Uric acid (µmol/L)      

Donor 267 ± 74 +55.52 (44.44, 66.59) +68.08 (53.64, 82.53)  

+77.59 (55.25, 99.94) 
 

<0.001 Control 288 ± 54 -1.13 (-11.90, 9.62) -9.51 (-27.31, 8.29) 

hsCRP (mg/L) ||      

Donor 0.87 [0.60, 1.23] ×1.65 (1.20, 2.23) ×2.18 (1.58, 3.01)  

×1.38 (0.93, 2.04) 

 

0.122 Control 0.83 [0.61, 1.12] ×1.14 (0.91, 1.44) ×1.58 (1.24, 2.04) 

Data are displayed as mean ± standard deviation or geometric mean [95% CI] at baseline for the whole cohort. Mean (95% CI) are displayed for 

within-group change and between-group difference. CI; Confidence interval. hsCRP; High sensitivity C-reactive protein.  

 

*Within-group change and 95% CI are from paired analyses.  

† Between-group difference, 95% CI and p values are from unpaired analyses. 

|| Non-parametric data was log10 transformed prior to analysis. Values for within-group change and between-group differences are displayed as 

antilogged values with (95% CI). These values are multipliers. 
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Table 4.15. Hormonal effects. First published in Price et al.354 

Variable Baseline Within-group change * 

(baseline to 12 months) 

Within-group 

change * 

(baseline to 5 years) 

Between-group 

difference † 

(for 5 year change) 

p-value † 

Parathyroid hormone (pmol/L) 

Donor 4.4 ± 1.36 +1.31 (0.72, 1.89) +0.78 (0.26, 1.31)  

+0.33 (-0.37, 1.03) 

 

0.349 Control 4.28 ± 1.19 +0.29 (-0.10, 0.69) +0.45 (-0.03, 0.95) 

Renin (ng/L) ||      

Donor 9.5 [8.5, 11] ×0.74 (0.61, 0.89) ×1.09 (0.91, 1.31)  

×0.95 (0.71, 1.27) 

 

0.764 Control 9.8 [8.3, 12] ×1.09 (0.95, 1.26) ×1.14 (0.93, 1.41) 

Aldosterone ||      

Donor 107 [81, 141] ×1.14 (0.78, 1.65) ×1.80 (1.23, 2.64)  

×1.29 (0.77, 2.17) 

 

0.313 Control 110 [89, 135] ×1.34 (1.03, 1.74) ×1.38 (0.97, 1.98) 

Data are displayed as mean ± standard deviation or geometric mean [95% CI] at baseline for the whole cohort. Mean (95% CI) are displayed for 

within-group change and between-group difference.  

CI; Confidence interval.  

 

*Within-group change and 95% CI are from paired analyses.  

† Between-group difference, 95% CI and p values are from unpaired analyses. 

|| Non-parametric data was log10 transformed prior to analysis. Values for within-group change and between-group differences are displayed as 

antilogged values with (95% CI). These values are multipliers. 
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Figure 4.4. Longitudinal change in biochemistry in donors and controls. 

Data plotted include data available at baseline and 5 years (i.e only for those who had both baseline and 5 year data). Black solid lines are means 

and standard errors for donors. Black diashed lines are means and standard errors for controls. Black squares indicate study visits. The p values 

are from independent samples t tests of between-gruup difference for year change for participants with paired data sets. 

A. Fibroblast growth factor-23 (Log10), n=83. 

B. High sensitivity C- reactive protein (Log10). 

 

A                                                                                                                         B 
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Figure 4.5. Longitudinal change in biochemistry in donors and controls. 

Data plotted include data available at baseline and 5 years (i.e only for those who had both baseline and 5 year data). Black solid lines are means 

and standard errors for donors. Black diashed lines are means and standard errors for controls. Black squares indicate study visits. The p values 

are from independent samples t tests of between-gruup difference for year change for participants with paired data sets. 

 

A. Uric acid (µmol/L), n=86. 

B. Parathyroid hormone (pmol/L), n=55.  

 

A                                                                                                                B 
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Table 4.16. Multiple linear regression model of variables influencing change in absolute LV mass (g) at 5 years in the whole cohort. First 

published in Price et al.354 

  Multivariable analysis Final model analysis 

 β CI        p-value Β CI p-value 

Donor * *  * 0.668† -6.675, 5.339† 0.824  

Follow up (mths.) * *  * 0.217 -0.147, 0.580 0.237  

Age at baseline (yrs.) * *  * 0.212 ‡ -0.225, 0.648 ‡ 0.335   

Interaction between age and 

donor/control status 

* *  * -0.484 -0.225, 0.648 0.065  

Male sex 2.458 -2.675, 7.591  0.343     

Baseline LVM (g) -0.018 -0.110, 0.073  0.689     

Change in eGFR (ml/min/1.73m2) -0.029 -0.265, 0.208  0.811     

Change in BMI (kg/m2) 0.897 -0.050, 1.844  0.063     

Change in office MAP (mmHg) 0.148 -0.156, 0.451  0.336     

Change in day SBP (mmHg) 0.459 0.063, 0.855  0.024 0.459 0.063, 0.855 0.024  

Change in day DBP (mmHg) 0.312 -0.197, 0.821  0.224     

Change in adjusted PWV (m/s) 1.057 -1.493, 3.608  0.411     

Change in uric acid (µmol/L) 0.037 -0.014, 0.087  0.154     

Change in PTH (pmol/L) -0.502 -2.174, 1.709  0.649     

 

Change in absolute left ventricular mass (g) was the dependent variable in all analyses. A general linear model was used to test for the 

interaction between each variable and donor/control status. The only significant interaction was between age at baseline and donor/control status 

and this was therefore incorporated into all models. For each explanatory variable the values reported under multivariable analysis are from a 

linear regression model that also included follow up time, donor/control status, age at baseline and the interaction between age and donor/control 
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status. As the only significant variable in the multivariable analyses, change in day SBP was chosen for the final model, which also included 

follow up time, donor/control status, age at baseline and the interaction between age and donor/control status. None of the other variables were 

significant when added to this model. 

 

* Indicates variables included in all multivariable analysis models. 

 

†The estimated difference in means (donor minus control) is given for an individual of mean age (46 yrs.).  

‡ Value for a control. 

 

BMI; Body mass index. β; Unstandardized beta coefficient. CI; Confidence interval. eGFR; estimated glomerular filtration rate. DBP; Diastolic 

blood pressure. LVM; Left ventricular mass. MAP; mean arterial pressure. Mths: Months. PTH; Parathyroid hormone. PWV; Pulse wave 

velocity adjusted for MAP and HR. SBP: Systolic blood pressure. Yrs: Years. Coefficients are given per unit change e.g. per year for age. 
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Figure 4.6. Relationships between GFR and LV mass in living kidney donors and controls over time. 

 

Solid lines are means with one standard error for left ventricular mass (g). Dashed lines are means with one standard error for estimated 

glomerular filtration (ml/min/1.73m2). Black squares indicate study visits.  

 

A. Healthy controls. 

B. Living kidney donors. 
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Table 4.17. Inter-study and Intra-observer reproducibility for LV mass and volumes. 

A. Inter-study reproducibility. 

B. Intra-observer reproducibility. 

A Inter-study  Scan Re-scan Absolute bias 95% CI p-value* ICC (95% CI) † 

LVEDV (ml) 120 ± 24 123 ± 24 2.45 ± 3.4  9.1336 -4.2336 0.049 0.98 (0.92, 0.99) 

LVEDVI (ml/m2) 64 ± 8 65 ± 8 1.35 ± 1.9 5.1132 -2.4132 0.053 0.96 (0.80, 0.99) 

LVESV (ml) 34 ± 10 35 ± 9 1.26 ± 3.2 7.63 -5.11 0.250 0.94 (0.78, 0.98) 

LVESVI (ml/m2) 18 ± 5 19 ± 4 0.77 ± 1.8 4.3372 -2.7972 0.215 0.89 (0.65, 0.97) 

LVSV (ml) 86 ± 15 88 ± 17 1.77 ± 2.2 5.5408 -3.2008 0.130 0.98 (0.95, 0.99) 

LVEF (%) 72 ± 4 71 ± 4 -0.80 ± 0.7 3.7864 -5.3864 0.303 0.84 (0.50, 0.95) 

LVM (g) 118 ± 27 117 ± 28 -1.11 ± 2.3 3.3296 -5.5296 0.153 0.99 (0.98, 0.99) 

LVMI (g/m2) 63 ± 9 62 ± 9 -0.65 ± 1.2 1.8392 -3.1392 0.141 0.98 (0.95, 0.99 

 

B  Intra-observer  Analysis 1 Analysis 2 Absolute bias 95% CI p-value* ICC (95% CI) † 

LVEDV (ml) 118 ± 20 118 ± 20 0.41 ± 3.7 7.662 -6.842 0.712 0.98 (0.94, 0.99) 

LVEDVI (ml/m2) 61 ± 9 61 ± 9 0.23 ± 1.7 3.562 -3.102 0.687 0.98 (0.93, 0.99) 

LVESV (ml) 35 ± 11 37 ± 12 1.32 ± 3.9 8.964 -6.324 0.320 0.94 (0.79, 0.98) 

LVESVI (ml/m2) 18 ± 5 19 ± 6 0.71 ± 2.0 4.63 -3.21 0.306 0.93 (0.75, 0.98) 

LVSV (ml) 82 ± 10 82 ± 9 -0.88 ± 1.9 2.844 -4.604 0.193 0.97 (0.90, 0.99) 

LVEF (%) 70 ± 5 69 ± 5 -0.93 ± 2.60 4.166 -6.026 0.287 0.87 (0.59, 0.96) 

LVM (g) 113 ± 22 113 ± 22 -0.21 ± 3.13 5.9248 -6.3448 0.834 0.99 (0.96, 0.99) 

LVMI (g/m2) 58 ± 9 58 ± 9 -0.07 ± 1.62 3.1052 -3.2452 0.881 0.98 (0.94, 0.99) 

Data are displayed as mean ± standard deviation with (95% confidence intervals).  

CI; Confidence interval. ICC; Intra-class correlation coefficient. LVEDV; Left ventricular end diastolic volume. LVEDVI; Left ventricular end 

diastolic volume index. LVESV; Left ventricular end systolic volume LVESVI; Left ventricular end systolic volume index. LVSV; Left ventricular 

stroke volume. LVEF; Left ventricular ejection fraction. LVM; Left ventricular mass. LVMI; Left ventricular mass index.  

 

*The p-values are derived from paired samples t tests comparing either each scan result (inter-study reproducibility) or each analysis (intra-observer 

reproducibility).  

†A single measures intra-class correlation coefficient is given with 95% confidence intervals for absolute agreement. 
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Table 4.18. Inter-observer reproducibility for LV mass and volumes. 

Inter-observer Rater 1 Rater 2 Absolute bias 95% CI p-value* ICC (95% CI) † 

LVEDV (ml) 147 ± 39 144 ± 33 -3.96 ± 11.29 18.1684 -26.0884 0.296 0.95 (0.82, 0.98) 

LVEDVI (ml/m2) 72 ± 17 70 ± 14 -1.84 ± 5.53 8.9988 -12.6788 0.320 0.93 (0.78, 0.98) 

LVESV (ml) 46 ± 18 44 ± 15 -2.03 ± 6.10 9.926 -13.986 0.319 0.93 (0.76, 0.98) 

LVESVI (ml/m2) 22 ± 8 21 ± 6 -0.92 ± 3.03 5.0188 -6.8588 0.363 0.91 (0.71, 0.97)  

LVSV (ml) 101 ± 23 99 ± 20 -1.92 ± 8.66 15.0536 -18.8936 0.500 0.92 (0.74, 0.98) 

LVEF (%) 69 ± 5 70 ± 4 0.27 ± 3.04 6.2284 -5.6884 0.778 0.81 (0.41, 0.95) 

LVM (g) 137 ± 37 139 ± 39 1.28 ± 4.24 9.5904 -7.0304 0.363 0.99 (0.97, 0.99) 

LVMI (g/m2) 67 ± 15 67 ± 16 0.23 ± 1.98 4.1108 -3.6508 0.714 0.99 (0.97, 0.99) 

 

Data are displayed as mean ± standard deviation with (95% confidence intervals).  

 

CI; Confidence interval. ICC; Intra-class correlation coefficient. LVEDV; Left ventricular end diastolic volume. LVEDVI; Left ventricular end 

diastolic volume index. LVESV; Left ventricular end systolic volume LVESVI; Left ventricular end systolic volume index. LVSV; Left ventricular 

stroke volume. LVEF; Left ventricular ejection fraction. LVM; Left ventricular mass. LVMI; Left ventricular mass index.  

 

*The p-values are derived from paired samples t tests comparing each rater (inter-observer reproducibility).  

†A single measures intra-class correlation coefficient is given with 95% confidence intervals for absolute agreement. 
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Figure 4.7. Bland-Altman plots for reproducibility of LV mass. 

A. Bland-Altman plot for inter-study reproducibility 

B. Bland-Altman plot for intra-observer reproducibility 

C. Bland Altman plot for intra-observer reproducibility 

Solid black line indicates mean absolute bias. Dashed lines indicate 95% limits of agreement. 
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4.6 Discussion 
This longitudinal study of living kidney donors examined cardiovascular structure and 

function, haemodynamics and biochemical parameters 5 years after nephrectomy. The main 

finding was that by 5 years, kidney donors did not differ significantly from control subjects in 

their LV mass, volumes or geometry. Change in office and ambulatory blood pressures, large 

arterial haemodynamics and biomarkers indicative of myocardial damage, inflammation and 

LV stretch were also not significantly different compared with controls. Of the biomarkers 

analysed, uric acid and FGF23 remained elevated compared to controls at 5 years. Only uric 

acid continued to increase in donors, diverging further from the control group.  

In the first 12 months after donation, the reduction in eGFR was associated with increases in 

LV mass, PWV and troponin compared to controls, despite no difference in blood pressure.  

The differences previously reported in kidney donors at 12 months had not only failed to 

progress over the succeeding years but had either resolved or the control group had caught up 

over time so that the groups had become insignificantly different.  

The determinants of change in LV mass at the 5 year visit were change in ambulatory systolic 

blood pressure, a strong predictor for increasing LV mass in the general population.393  These 

results indicate that kidney donors show no detectable evidence of cardiovascular structural 

or functional change at 5 years from donation compared to a healthy control group. These 

data should be viewed as reassuring findings for those considering kidney donation and for 

clinicians involved in live donor transplant programs. 

4.6.1 Longitudinal changes in LV mass after living kidney donation 
In the first CRIB-DONOR study, there was a significant increase in LV mass in kidney 

donors compared to healthy controls at 12 months (+7±10g in donors vs. -3±8g in controls; 

p=<0.001).241 These results were reinforced by a later small uncontrolled study of 23 kidney 
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donors from Germany, Altmann et al. found LV mass increased from 112±22g to 115±23 g 

(p<0.001) on CMR imaging at 12 months after nephrectomy.242 

Whilst this is currently the only CMR study of donors at 5 years, these latest results are in 

contrast to the previous literature demonstrating an increase in LV mass at 12 months. These 

data suggest that changes previously seen at 12 months resolve over time and become 

insignificantly different to changes seen in healthy controls by 5 years. The reasons for these 

fluctuations in LV mass over time are unclear.   

A contributing factor to the reduction in between-group differences at 5 years may have been 

the reduction over time in the differences in eGFR. In donors, while 12 month iGFR reduced 

by about 30ml/min/1.73m2, by 5 years there was a mean increase from this nadir of 

2ml/min/1.73m2.  In contrast, eGFR in healthy controls declined by -1 ml/min/1.73m2 per 

year. In the first CRIB-DONOR study, there was a significant association between the 

increase in LV mass and change in iGFR (β=−0.3; R2=0.19; P<0.001).241 Given this, and the 

strong associations of LV mass with reduced eGFR in community studies, a reduced 

difference in eGFR might be expected to be associated with a reduced difference in LV 

mass.97, 100, 394  The relationship between eGFR and LV mass has also been demonstrated by 

LV mass regression following renal transplantation in which an improvement in eGFR was 

associated with a reduced risk of fatal and non-fatal cardiovascular events [HR 0.95 (0.91–

0.99), p=0.03].101 It should also be noted that other studies have demonstrated small increases 

in eGFR in kidney donors after nephrectomy and some report that eGFR may actually 

continue to increase over 15-17 years before reaching a plateau. 217, 395  

4.6.2 Effects of nephrectomy surgery on LV mass at 12 months 
Other direct and indirect effects of the nephrectomy surgery on LV mass seem unlikely to 

explain the 12 month findings. Although donors experience a small acute reduction in 
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haemoglobin, a rise in erythropoietin and in CRP, most of these effects have resolved by 12 

months.396  The prevalence of late anaemia in kidney donors has been reported at only 

11%.397 Consistent with this, there was no difference in haemoglobin at 12 months in the 

cohort.397 Erythropoietin, however, was not measured and has been associated with LVH.398  

Influences on LV mass at 12 months due to circulating and haemodynamic factors which 

either were not measured or were too small to be detected cannot be excluded. 

Although acute post-operative pain may cause sympathetic nervous system activation, the 

resultant short term haemodynamic changes seem unlikely to explain changes in LV mass at 

12 months after surgery.399 Furthermore, laparoscopic nephrectomy seldom causes long term 

debilitating pain, particularly hand assisted laparoscopic nephrectomy which has been 

demonstrated to be less painful that open nephrectotmy.400, 401 Hand assisted laparoscopic 

nephrectomy has been consistently used at our unit since 2004 and therefore a change in 

surgical technique during the course of this study cannot be used to account for the results at 

12 months. 

4.6.3 Reasons for a regression in LV mass 
Other causes of a regression in LV mass from 12 months to 5 years may be explained by a 

change in either preload or afterload principally due to a reduction in blood pressure. 

Aggressive blood pressure control through early commencement of anti-hypertensive 

medication has been demonstrated to have a positive effect on LV mass reduction.402 ACE 

inhibitors in particular have been shown to reduce LV mass in both those with hypertension 

and those with CKD.403, 404 Although there was an increased use of ACE inhibitors in the 

donor group the difference between donors and controls was small and there were no 

corresponding differences demonstrated in mean blood pressure to account for the change in 

LV mass. 
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4.6.4 Phenotype of left ventricular hypertrophy 
As the CMR abnormalities seen at 12 months had resolved by 5 years it raises the question as 

to whether the nature of the rise in LV mass could be a benign adaptive response to 

physiological stressors, similar to those changes seen in athletic hearts.93 Cardiac changes in 

response to exercise can be rapid but ultimately are reversed when training stops.93 The 

increase in LV mass at 12 months in donors may be a physiological response which is both 

adaptive and reversible at 5 years. This would be in contrast to the rise in LV mass associated 

with CKD which can be considered maladaptive.112 Elevated LV mass in CKD may also be 

expected to be more permanent as previous studies have found it is associated with increased 

fibrosis, functional impairment and increased risk of arrhythmia.130, 135 Therefore, perhaps the 

increase in LV mass seen in donors is of a different phenotype. Further study would be 

required to determine whether this is the case. 

4.6.5 Surveillance bias in living kidney donors 
The apparent finding of increased rates of self-reported hypertension in donors could be the 

result of surveillance bias.2 The increase in self-reported hypertension in the living kidney 

donor group at 5 years was not consistent with the use of anti-hypertensives nor significant 

changes in office or ambulatory blood pressure. This perhaps suggests that donors have a 

greater awareness of their own blood pressure due to post donation annual surveillance but 

ultimately did not reach a threshold in which medication was commenced. This phenomenon 

of surveillance bias has been described repeatedly in living kidney donor studies as a result of 

several factors.2 Firstly, it is well known that donors tend to have greater contact with 

primary care services as a result of annual surveillance.2, 215, 222 Secondly, in addition there 

may be a higher rate of health seeking behaviour. An example of this was reported by Reese 

et al. who found higher diagnoses of non-melanoma skin cancer, arguably completely 

unrelated to donation and possibly a reflection of increased contact with primary care.222  
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Similarly there are several reports of high rates of white coat hypertension in donors with 

great discrepancies between office and ambulatory blood pressure unlikely to have been 

observed to the same degree in the general population.373, 405 Finally, there is a lack of clarity 

on management of post donation hypertension leaving it to the discretion of the individual 

clinician.380 Whilst there is a general consensus that donors should be followed up annually it 

falls short on any specific thresholds of blood pressure patients such treated at meaning some 

primary care providers may term a donor hypertensive at a lower threshold than others.380, 406 

Finally, this study was not powered to detect small effects on blood pressure and, as the 

ambulatory blood pressure values in donors at 5 years were numerically slightly higher than 

those in controls, longer and larger studies of ambulatory blood pressure in kidney donors are 

still required.  

4.6.6 GFR threshold for cardiovascular damage 
It is possible that epidemiological studies have attributed increased cardiovascular risk to 

early stage CKD as a result of inadequate correction for traditional risk factors and that the 

reduction in eGFR in donors is insufficient to cause cardiovascular damage. The precise 

threshold at which cardiovascular damage and risk occurs is still a subject under study and 

this will be described in chapter 7. While epidemiological studies using calculated eGFR 

values suggest an effect beginning at 75ml/min/1.73m2 other studies using cystatin C suggest 

this threshold is lower at around 66ml/min/1.732.387  Despite this, adverse cardiovascular 

structural and functional effects in subjects with early stage CKD who have eGFR values 

similar to this cohort have been reported.151 Furthermore, of the donors in our cohort, 36% 

still had a GFR of <60ml/min/1.732 at 5 years, under the threshold expected to see 

cardiovascular damage in CKD. 



 

227 
 

4.6.7 Lack of harm at 5 years 
These results provide reassuring information for donors suggesting lack of cardiovascular 

harm at 5 years. Although GFR in donors may not decline dramatically in the long term, 

longer follow up studies are required to address the long term effects of a reduction in GFR 

on the cardiovascular system. Large scale registry studies with diverse patient groups, long 

term follow up (+10yrs) and carefully selected healthy controls are crucial to address this. 

Complimentary data from patho-physiological studies aiming to identify possible mediators 

and key intermediates are also needed.   

4.7 Limitations 
The major strength of this study is that it was a blinded end point analysis from a prospective 

longitudinal study of a donor cohort with an appropriately healthy control group allowing 

assessment of serial change. A high return rate for a longitudinal study was achieved with 

79% from the original cohort.  

Limitations include potential selection bias due to attrition as a result of the longitudinal 

design. Whilst attempts were made to minimise changes in techniques and methodology, 

upgrades to our imaging system meant that the MRI scanner used at 5 years was 3T rather 

than 1.5T.  Signal-to-noise ratio and artefact increases with increasing field strength and can 

potentially affect scan quality, but the field strength itself is not deemed to have a significant 

influence on mass and volume quantification.407  This cohort were predominantly Caucasian 

and therefore, the results cannot be generalisable to all kidney donors. It has previously been 

established that risk is highly likely to be race and age dependent.2 Finally, due to the large 

number of variables analysed it is recognised that some significant differences are likely to 

occur by chance.   



 

228 
 

4.8 Conclusion 
In summary, there is no evidence from this study to suggest kidney donation has an adverse 

effect on cardiovascular structure and function at 5 years over and above those of ageing in 

the general population.  The greatest predictor of a change in LV mass in this cohort are in 

keeping with those well established in the general population, systolic blood pressure.393   
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4.9 Appendix 
Table 4.A1. Cardiovascular structural and functional effects. 

     

 Baseline 12 month 5 years p-value* 

LV volumetrics     

LVEDVi (ml/m2)    0.598 

Donor 64 ± 10 66 ± 12 60 ± 11  

Control 67 ± 11 69 ± 15 63 ± 9  

p-value † 0.304 0.297 0.068  

LVESVi (ml/m2)    0.836 

Donor 18 ± 6 20 ± 7 17 ± 7  

Control 21 ± 7 23 ± 7 20 ± 5  

p-value † 0.014 0.052 0.021  

LVEF (%)    0.704 

Donor 72 ± 6 71 ± 5 71 ± 7  

Control 69 ± 7 68 ± 5 69 ± 6  

p-value † 0.006 0.016 0.020  

LVM (g)    <0.001 

Donor 112 ± 27 122 ± 29 113 ± 31  

Control 112 ± 30 112 ± 28 115 ± 30  

p-value † 0.653 0.157 0.707  

LVMi (g/m2)    <0.001 

Donor 59 ± 9 65 ± 11 60 ± 10  

Control 59 ± 12 60 ± 11 60 ± 11  

p-value † 0.591 0.098 0.639  

LV geometry     

Mass/volume ratio (g/ml)     

Donor 0.92 ± 0.12 0.99 ± 0.16 1.00 ± 0.18 0.002 

Control 0.90 ± 0.15 0.87 ± 13 0.96 ± 0.19  

p-value † 0.319 0.002 0.206  

Atrial volumes     

LAVi (ml/m2)    0.068 

Donor 39 ± 8 44 ± 8 38 ± 11  

Control 41 ± 11 44 ± 9 36 ± 9  

p-value † 0.168 0.638 0.311  

LV function     

Peak GLS (%)    0.066 

Donor -14.8 ± 3.0 -15.3 ± 2.5 -16.2 ± 2.5  

Control -15.1 ± 2.3 -15.0 ± 2.4 -14.9 ± 2.1  

p-value † 0.603 0.457 0.007  

Peak GCS (%)    0.052 

Donor -18.3 ± 2.2 -18.3 ± 2.3 -19.0 ± 2.5  

Control -17.8 ± 2.3 -18.1 ± 2.4 -17.7 ± 2.2  

p-value † 0.240 0.313 0.004  

Peak GRS (%)    0.473 

Donor 45.0 ± 11.8 43.6 ± 10.3 44.8 ± 11.9  

Control 43.6 ± 12.7 41.0 ± 9.6 40.2 ± 10.2  

p-value † 0.455 0.127 0.030  

 

Data are displayed as mean ± standard deviation.  

*p-values are from generalized estimating equation models. p-values reported are that of the ‘interaction’ i.e. the 

interaction between study time point and subgroup. The interaction p-value compares the change over time 

between the donor and control groups.  

† p-values are from generalized estimating equation models. p-values represent pairwise comparisons at the 

corresponding time point i.e. values at baseline in living kidney donors vs. values at baseline in healthy controls.  

GCS; Global circumferential strain, GLS; Global longitudinal strain, GRS; Global radial strain, LAVi; Left 

atrial indexed volume.  LVEDVI; Left ventricular end diastolic volume. LVESVI; Left ventricular end systolic 
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volume index. LVSV; Left ventricular stroke volume. LVEF; Left ventricular ejection fraction. LVM; Left 

ventricular mass. LVMI; Left ventricular mass index.  
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Table 4.A2. Myocardial strain rates. 
 

Data are displayed as mean ± standard deviation.  

* p-values are from generalized estimating equation models. p-values reported are that of the ‘interaction’ i.e. 

the interaction between study time point and subgroup. The interaction p-value compares the change over time 

between the donor and control groups.  

† p-values are from generalized estimating equation models. p-values represent pairwise comparisons at the 

corresponding time point i.e. values at baseline in living kidney donors vs. values at baseline in healthy controls.  

A’; Late diastolic peak. E’; Early diastolic peak.  GCS; Global circumferential strain, GLS; Global longitudinal 

strain, GRS; Global radial strain. S’; Peak systolic peak.   

 

 

 

 

     

 Baseline 12 month 5 years p-value* 

GLS strain rates     

S’    0.039 

Donor 0.73 ± 0.18 0.80 ± 0.16 0.77 ± 0.15  

Control 0.76  ± 0.22 0.72 ± 0.15 0.68 ± 0.11   

p-value † 0.542 0.024 0.001  

E’    0.211 

Donor 0.70 ± 0.23 0.72 ± 0.20 0.87 ± 0.22  

Control 0.80 ± 0.24 0.72  ± 0.20 0.86  ± 0.25  

p-value † 0.069 0.920 0.970  

A’    0.509 

 Donor 0.48 ± 0.17 0.51 ± 0.15  0.58 ± 0.17  

Control 0.45  ± 0.15 0.44 ± 0.13 0.50  ± 0.14  

p-value †   0.304 0.046 0.009  

GCS strain rates     

S’    0.234 

Donor 0.90 ± 0.14 0.94 ± 0.13 0.90 ± 0.14  

Control 0.89  ± 0.18   0.89 ± 0.16 0.82  ± 0.10  

p-value † 0.631 0.147 0.002  

E’    0.992 

Donor 0.96  ± 0.22 0.92 ± 0.20 1.0 ± 0.28  

Control 0.98  ± 0.23 0.92 ± 0.21 1.0  ± 0.28  

p-value † 0.993 0.986 0.916  

A’    0.821 

Donor 0.55 ± 0.19 0.56 ± 0.16 0.64 ± 0.19  

Control 0.46 ± 0.15 0.48 ± 0.14 0.55 ± 0.15  

p-value † 0.018 0.015 0.010  

GRS strain rates     

S’    0.238 

Donor  2.72  ± 1.01  2.83 ± 1.00 2.57 ± 1.00   

Control 2.70 ± 1.32 2.45 ± 0.89 2.09 ± 0.65  

p-value † 0.787 0.069 0.004  

E’    0.664 

Donor 2.83  ± 0.91   2.59 ± 0.86 2.98 ± 1.06  

Control 2.85 ± 1.02  2.50  ± 0.83  2.76 ± 1.03   

p-value † 0.858 0.641 0.275  

A’    0.650 

Donor 0.77 ± 0.33 0.83 ± 0.28 0.78 ± 0.33  

Control 0.66  ± 0.28 0.66  ± 0.23 0.67 ± 0.24  

p-value † 0.167 0.005 0.064  
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Table 4.A3. Office and ambulatory blood pressure effects. 

     

 Baseline 12 month 5 years p-value* 

Office measures     

BMI (kg/m2)    0.702 

Donor 26.5 ± 4.3 26.9  ± 4.2 27.5 ± 4.9  

Control 25.9 ± 3.3 25.8 ± 3.3 26.4 ± 3.9  

p-value † 0.402 0.275 0.248  

SBP (mmHg)    0.382 

Donor 125 ± 12 125  ± 9 122 ± 12  

Control 125 ± 13 122  ± 11 122 ± 14  

p-value † 0.858 0.250 0.613  

DBP (mmHg)    0.124 

Donor 75 ± 9 78  ± 8 78 ± 8  

Control 76 ± 10 76  ± 8 76 ± 8  

p-value † 0.490 0.473 0.175  

HR (bpm)    0.654 

Donor 67 ± 10 67  ± 11 66 ± 8  

Control 66 ± 10 67  ± 11 67 ± 13  

p-value † 0.885 0.643 0.416  

Ambulatory BP     

Day SBP (mmHg)    0.542 

Donor 121 ± 9 122 ± 10 124 ± 11  

Control 122 ± 11 121 ± 11 122 ± 10  

p-value † 0.882 0.586 0.411  

Day DBP (mmHg)    0.554 

Donor 73 ± 7 77 ± 8 79 ± 9  

Control 75 ± 9 76 ± 10 78 ± 8  

p-value † 0.656 0.925 0.616  

Day HR (bpm)    0.104 

Donor 72 ± 9 74 ± 11 74 ± 8  

Control 73 ± 9 73 ± 1 73 ± 9  

p-value † 0.225 0.725 0.509  

Night SBP (mmHg)    0.044 

Donor 104 ± 9 109 ± 10 111 ± 11  

Control 109 ± 11 107 ± 9 111 ± 10  

p-value † 0.080 0.294 0.970  

Night DBP (mmHg)    0.246 

Donor 60 ± 7 65 ± 8 68 ± 8  

Control 64 ± 10 64 ± 10 67 ± 7  

p-value † 0.237 0.666 0.780  

Hypertension diagnosis ‡    0.369 

Donor 3 (8) 7 (21) 8 (16)  

Control 5 (18) 4 (16) 6 (14)  

p-value † 0.322 0.602 0.722  

Data are displayed as mean ± standard deviation, median [IQR] or number (percentage).  

* p-values are from generalized estimating equation models. p-values reported are that of the ‘interaction’ i.e. 

the interaction between study time point and subgroup. The interaction p-value compares the change over time 

between the donor and control groups 

† p-values are from generalized estimating equation models. p-values represent pairwise comparisons at the 

corresponding time point i.e. values at baseline in living kidney donors’ vs values at baseline in healthy controls.  

‡ The definition of hypertension was in accordance with the European Society of Hypertension ambulatory 

blood pressure monitoring guidelines.269 BMI; Body mass index. DBP; Diastolic blood pressure. HR; Heart rate. 

SBP; Systolic blood pressure.  
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Table 4.A4. Central haemodynamic and vascular effects. 
     

 Baseline 12 month 5 years p-value* 

Arterial stiffness     

Central SBP (mmHg)    0.724 

Donor 112 ± 11 113 ± 11 114 ± 12  

Control 111 ± 14 110  ± 14 112 ± 14  

p-value † 0.659 0.304 0.413  

Central DBP (mmHg)    0.705 

Donor 77 ± 9 79 ± 8 78 ± 9  

Control 76 ± 10 76  ± 9 77 ± 8  

p-value † 0.837 0.318 0.397  

AI75 (%) ‡    0.275 

Donor 18 [5-24] 20 [10-25] 27 [19-35]  

Control 16 [3-26] 14 [3.6-23] 25 [11-29]  

p-value † 0.437 0.043 0.381  

Adj cfPWV (m/s)    0.001 

Donor 6.74 ± 1.04 7.17 ± 1.03 7.29 ± 1.27  

Control 6.76 ± 1.09 6.69  ± 0.9 7.37 ± 1.36  

p-value † 0.758 0.016 0.780  

Aortic distensibility     

Proximal ascending aorta  

(×10–3 mm Hg−1) ‡ 

   0.346 

Donor 2.97 [1.83-4.66] 2.68 [1.89-4.29] 3.10 [1.63-4.90]  

Control 3.79 [2.25-5.06] 3.39 [2.05-5.05] 3.15 [1.50-5.43]  

p-value † 0.949 0.501 0.907  

Proximal descending aorta 

(×10–3 mm Hg−1) ‡ 

   0.504 

Donor 3.34 [2.77-4.14] 3.54 [2.48-4.55] 3.13 [2.34-4.74]  

Control 3.59 [2.72-4.52] 3.48 [2.77-4.22] 3.63 [1.80-5.31]  

p-value † 0.350 0.817 0.725  

Arterial structure     

CIT (mm)    0.101 

Donor 0.59 ± 0.09 0.60 ± 0.09 0.59 ± 0.10  

Control 0.59 ± 0.11 0.58  ± 0.09 0.55 ± 0.07  

p-value † 0.849 0.433 0.032  

Data are displayed as mean ± standard deviation or median [IQR].  

*p-values are from generalized estimating equation models. p-values reported are that of the ‘interaction’ i.e. the 

interaction between study time point and subgroup. The interaction p-value compares the change over time 

between the donor and control groups 

†p-values are from generalized estimating equation models. p-values represent pairwise comparisons at the 

corresponding time point i.e. values at baseline in living kidney donors’ vs values at baseline in healthy controls 

(under the baseline column).  

‡ Log10 transformed prior to analysis. 

AI75; Augmentation index corrected for a heart rate of 75. Adj cfPWV; Adjusted carotid-femoral pulse wave 

velocity. CIT; Carotid intima-media thickness. DBP; Diastolic blood pressure. HR; Heart rate. SBP; Systolic 

blood pressure.  
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Table 4.A5. Haematological and biochemical effects. 

     

 Baseline 12 month 5 years p-value* 

Haemoglobin (g/dl)    0.041 

Donor 13.7 ± 1.2 13.3 ± 1.1 13.7 ± 1.8  

Control 13.5 ± 1.2 13.4 ± 1.3 13.6 ± 1.2  

p-value † 0.364 0.536 0.561  

Creatinine (µmol/L)    <0.001 

Donor 73 ± 14 101 ± 19 96 ± 21  

Control 71 ± 13 71 ± 13 72 ± 12  

p-value † 0.671 <0.001 <0.001  

eGFR (ml/min/1.73m2)    <0.001 

Donor 95 ± 15 65 ± 13 67 ± 14  

Control 99 ± 16 96 ± 15 94 ± 15  

p-value † 0.178 <0.001 <0.001  

ACR (≥3mg/mmol)    0.442 

Donor 1 (2.0) 4 (8.0) 7 (14)  

Control 1 (2.2) 1 (2.2) 2 (4)  

p-value † 0.905 0.250 0.105  

Corrected calcium (mmol/L)    0.106 

Donor 2.20 ± 0.98 2.23 ± 0.08 2.30 ± 0.08  

Control 2.19 ± 0.08 2.21 ± 0.07 2.25 ± 0.09  

p-value † 0.330 0.298 0.006  

Phosphate (mmol/L)    0.130 

Donor 1.07 ± 0.16 1.06 ± 0.15 1.02 ± 0.18  

Control 1.09 ± 0.16 1.14 ± 0.26 1.13 ± 0.18  

p-value † 0.502 0.106 0.010  

Parathyroid hormone 

(pmol/L) 

   0.002 

Donor 4.4 ± 1.36 5.55 ± 1.64 5.58 ± 3.38  

Control 4.28 ± 1.19 4.38 ± 1.22 4.57 ± 1.53  

p-value † 0.389 <0.001 0.065  

Vitamin D (nmol/L)    0.150 

Donor 50 ± 27 62 ± 32 59 ± 30  

Control 53 ± 22 56 ± 24 63 ± 27  

p-value † 0.717 0.337 0.499  

Data is displayed as mean ± standard deviation or number (percentage).  

*p-values are from generalized estimating equation models. p-values reported are that of the ‘interaction’ i.e. the 

interaction between study time point and subgroup. The interaction p-value compares the change over time 

between the donor and control groups 

† p-values are from generalized estimating equation models. p-values represent pairwise comparisons at the 

corresponding time point i.e. values at baseline in living kidney donors’ vs values at baseline in healthy controls 

(under the baseline column).  

ACR; Albumin creatinine ratio. eGFR; estimated glomerular filtration rate.  
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Table 4.A6. Biochemical and biomarker effects. 

  

Baseline 

 

12 month 

 

5 years 

 

p-value* 

FGF23 (RU/ml)    0.099 

Donor 70 [56-85] 81 [68-107] 74 [58-105]  

Control 67 [54-90] 65 [ 51-95] 59 [47-75]  

p-value † 0.893 0.267 0.054  

Urate (µmol/L)    <0.001 

Donor 267 ± 74 326 ± 66 335 ± 83  

Control 288 ± 54 287 ± 51 276 ± 73  

p-value † 0.159 0.002 <0.001  

hsCRP (mg/L) ‡    0.105 

Donor 1.0 [0.4-1.9] 1.7 [0.7-3.0] 1.3 [0.9-3.2]  

Control 0.8 [0.4-1.8] 1.0 [0.5-1.8] 0.9 [0.9-1.9]  

p-value † 0.979 0.114 0.029  

Total Cholesterol (mmol/L)    0.739 

Donor 5.4 ± 1.1 5.4 ± 1.0 5.2 ± 0.8  

Control 5.0 ± 1.0 4.9 ± 1.0 5.0 ± 0.9  

p-value † 0.131 0.109 0.171  

LDL cholesterol 

(mmol/L) 

   0.423 

Donor 3.1 ± 1.0 3.1 ± 0.9 2.9 ± 0.8  

Control 2.9 ± 0.9 2.8 ± 0.9 2.8 ± 0.8  

p-value † 0.498 0.105 0.288  

Triglycerides (mmol/L) ‡     0.406 

Donor 1.1 [0.8-1.4] 1.2 [0.8-1.9] 1.3 [0.9-1.7  

Control 1.0 [0.7-1.3] 0.9 [0.6-1.5] 1.3 [0.8-1.7]  

p-value † 0.184 0.160 0.758  

Aldosterone (pmol/L) ‡    0.149 

Donor 145 [68-209] 126 [81-188] 225 [139-347]  

Control 

 

105 [65-188] 159 [73-275] 182 [110-270]  

p-value † 0.900 0.416 0.106  

Renin (ng/L) ‡    0.016 

 Donor                                                                          9.4 [7.1-13.1] 7.6 [4.8-11.0] 11.5 [6.1-14.8]  

Control 9.2 [7.3-13.2] 10.6 [7.0-16] 11.4 [7.0-19.9]  

p-value † 0.421 0.001 0.432  

hsTNT ≥ 5(ng/L)    0.071 

Donor 3 (7) 13 (30) 31 (65)  

Control 4 (10) 1 (3) 22 (49)  

p-value † 0.585 <0.001 0.111  

hsTNT ≥ 14(ng/L)     

Donor 0 (0) 0 (0) 2 (4) NA 

Control 0 (0) 0 (0) 0 (0)  

p-value † NA NA NA  

NT pro BNP (pmol/L) ‡    0.178 

Donor 0.3 [0.3-7.0] 0.3 [0.3-22.2] 0.6 [0.4-1.1]  

Control 0.3 [0.3-17] 0.3 [0.3-3.8] 0.5 [0.2-0.9]  

p-value † 0.932 0.086 0.043  

Data are displayed as mean ± standard deviation or median [IQR] or number (percentage).  

*p-values are from generalized estimating equation models. p-values reported are that of the ‘interaction’ i.e. the 

interaction between study time point and subgroup. The interaction p-value compares the change over time 

between the donor and control groups 

† p-values are from generalized estimating equation models. p-values represent pairwise comparisons at the 

corresponding time point i.e. values at baseline in living kidney donors’ vs values at baseline in healthy controls 

(under the baseline column).  

‡ Log10 transformed prior to analysis. 
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FGF23; Fibroblast growth factor-23. hsCRP; High sensitivity C-reactive protein.  NT Pro BNP; N-terminal pro 

B-type natriuretic peptide. LDL; Low density lipoprotein.  
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CHAPTER 5  

MYOCARDIAL CHARACTERISATION AND 

INFLAMMATORY BIOMARKERS IN LIVING KIDNEY 

DONORS AT 5 YEARS, A CROSS SECTIONAL STUDY. THE 

CHRONIC RENAL IMPAIRMENT IN BIRMINGHAM (CRIB)-

DONOR II STUDY 
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5.1 Extent of personal contribution 
This study was an extension to the CRIB-DONOR II study. Ethical approval from the 

Research Ethics Committee/Health Research Authority and study sponsor was obtained by 

myself including the amendment to allow recruitment of a further cohort of patients with 

chronic kidney disease. I was responsible for all regulatory documents and maintenance of 

the site file. Recruitment and consent of all the participants were carried out by myself with 

the occasional assistance from a research nurse for the selected CKD cohort.   

The study visit was carried out myself including CMR imaging scanning and blood sampling. 

For living kidney donors and healthy controls serum and plasma samples were prepared for 

storage by the Wellcome Trust Birmingham Clinical Research facility. All serum and plasma 

samples obtained from the CKD cohort were centrifuged and aliquoted for storage by myself.  

I carried out all the CMR analysis including T1/T2 mapping, LGE quantification and 

calculation of ECV. The only notable exception being the reproducibility assessment for 

inter-observer variability which required a second observer. Laboratory analysis of α-klotho 

and all the multiplex immunoassays were carried out by myself including the subsequent data 

analysis of the output and calculation of the blood concentration. 

All age-sex matching of participants for final analysis were carried out by myself. I also 

conducted all data interpretation, statistical analysis and written presentation of the results 

with the advice of a medical statistician.  
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5. 2 Abstract 
CMR T1 mapping is a non-invasive measure of diffuse interstitial cardiac fibrosis. Elevated 

T1 times have also been observed in those with CKD. Native T1 times and post contrast 

derived ECV are predictive of cardiovascular events and mortality in non-ischaemic 

cardiomyopathies. This study aimed to establish whether living kidney donors had elevated 

T1 times and ECV compared to 1:1 age and sex matched healthy controls and secondly, 

whether donors had elevated biomarker profiles compared to both controls and early stage 

CKD. 

A cross sectional blinded study of 1:1 age and sex matched living kidney donors 5 years after 

nephrectomy (n=26) with healthy controls (n=26). Participants underwent multi-parametric 

CMR imaging including LGE, T1 and T2 mapping. Mean age was 50 ± 13 years and 54% 

were male with no difference in race, body mass index or office blood pressure between 

groups.  There was no significant difference in global native T1 times in the mid LV slice 

[mean difference -6ms (95% CI -29, 18) p=0.627)] or basal slice [mean difference -12ms 

(95% CI -34, 9) p=0.259]. Mean global ECV was also not significantly different between 

donors and controls.  In a further cross-sectional comparison, the biomarker profiles (serum 

multiplex magnetic immunoassays) of donors and controls were compared to a cohort with 

early stage CKD (n=26). CKD participants had higher mean levels of monocyte 

chemoattractant protein 1 (500pg/ml) compared to both controls (387pg/ml) and donors 

(389pg/ml). This finding was independent of both age and eGFR.  

Kidney donors do not have CMR imaging evidence of myocardial fibrosis compared to 

healthy controls. Biomarkers of myocardial fibrosis and inflammation in donors were 

comparable to a matched healthy control group whilst increases in some biomarkers were 

evident in the CKD cohort.   
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5. 3 Introduction 
Since the introduction of haemodialysis in the 1940s there has been widespread reporting of 

the cardiovascular structural and functional changes associated with ESRD including; 

elevated LV mass, sudden cardiac death and changes in cardiac function.87, 130, 408, 409  

Endomyocardial biopsy studies have shown that subjects with uraemic cardiomyopathy have 

severe myocardial fibrosis with cardiomyocyte hypertrophy and disarray.104, 105 Furthermore, 

this key intermediary phenotype has been associated with functional correlates and poor 

outcomes including LV chamber stiffness, systolic and diastolic dysfunction and life 

threatening arrhythmias.410-412  The use of advanced CMR has determined that not only is 

focal myocardial replacement scarring present (as evidenced by LGE) in around 25% of 

ESRD subjects there is also a recurrent finding of elevated T1 times consistent with diffuse 

interstitial fibrosis in this cohort.91, 130, 138 Native T1 times have also been found to correlate 

with histological fibrosis in those with heart failure.413 

It is less clear at what point in the natural history of CKD these cardiovascular changes begin 

and what mechanisms may be responsible for these changes. In a CMR study of early stage 

non-diabetic CKD (mean GFR 50 ±22 ml/min/1.73 m2) both native T1 times and ECV were 

elevated compared to a sex matched healthy control group, suggestive of diffuse interstitial 

fibrosis.353 In addition, these differences were observed without significant corresponding 

changes in LV mass and volumes.353 These small sub-clinical changes in myocardial tissue 

characterisation demonstrable on CMR at the earliest stages of CKD may represent the 

precursor to the uraemic cardiomyopathy seen in ESRD.389  

Furthermore, changes in both ECV and T1 have important prognostic implications.414  Native 

T1 times are an independent predictor of adverse outcomes such as cardiac death, heart 

failure and stroke (independent of LGE and LV ejection fraction) in those with atrial 

fibrillation and heart failure and therefore may be a more sensitive early predictor of 
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myocardial disease.415 In a meta-analysis of 1524 participants a higher ECV was also 

associated with higher rates of cardiovascular mortality [HR 1.79 (95% CI 1.24 to 2.58)] and 

cardiovascular events [HR 1.11 (95% CI 1.08-1.15)].414 

In the previous chapter it was established that by 5 years, kidney donors have no increase in 

LV mass, differences in LV geometry, increase in blood pressure or differences in arterial 

stiffness parameters including aortic distensibility compared to controls studied over the same 

time period.354 It remains possible, however, that more subtle sub-clinical changes may have 

occurred including changes in myocardial tissue comprising fibrosis, oedema and systemic 

inflammation related to a reduced eGFR which has not yet manifest in cardiovascular 

structural and functional change.   

This study aimed to establish whether living kidney donors had elevated T1 times and ECV 

consistent with cardiac fibrosis compared to healthy controls. In addition, this study also 

aimed to determine whether biochemical profiles, particularly cardiovascular biomarkers in 

donors differed significantly from both controls and early stage CKD.  
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5.4 Brief methods 

5.4.1 Study design and participants 
Living kidney donors and healthy controls were recruited as part of the CRIB-DONOR II 

(NCT02973607) study from May 2017-May 2019 as previously described. In addition, early 

stage CKD participants were also recruited as part of the CRIB-DONOR II from January 

2020-March 2020. 

5.4.2 Statement of ethics 
Ethical approval for the recruitment of an early stage CKD group was obtained from the West 

Midlands Solihull Research Ethics Committee (REC 17/WM/0048) via a major amendment 

to the original CRIB-DONOR II study application. The amendment was approved by the 

Health Research Council in February 2018. 

5.4.3 Inclusion and exclusion criteria 
All participants were required to meet living kidney donor criteria at entry into the study as 

previously described.249  The CKD cohort recruited also needed to meet living kidney donor 

criteria (with the exception of GFR) with selected additional requirements. These included 

the exclusion of those taking immune modulating drugs and immune mediated systemic 

illness such as vasculitis or systemic lupus erythematous. For full inclusion and exclusion 

criteria see Table 5.1. 

5.4.4 Outcome measures 
Primary measures: 

1. Mean difference in native T1 and T2 times between donors and controls. 

2. Mean difference in ECV between donors and controls. 

Secondary exploratory measures included a comparison of both cardiovascular and renal 

biomarkers to those with early stage CKD. 
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5.4.5 Participant matching and rationale 
In total, 48 living kidney donors and 42 healthy controls underwent 3T CMR with native T1 

mapping, see Figure 5.1. Of these, 44 donors and 34 controls received gadolinium contrast. 

Due to the reported influence of both sex and age on native T1, times participants were age 

and sex matched for analysis of imaging parameters. 416 The small sample size meant a 1:1 

case to control ratio was considered optimal. 

5.4.6 Basic demographics and clinical assessment 
All participants had basic demographics recorded at the time of the study visit which 

including office blood pressure, height, weight, and a non-fasted venous blood sample. 

Kidney function was determined for all participants using the CKD-EPI 2009 equation for 

calculation of eGFR.417 

5.4.7 Reproducibility 
Intra-observer variability for native T1 and ECV was assessed in 10 selected studies analysed 

twice by the same observer. Inter-observer variability was assessed in 10 randomly selected 

studies by a second observer blinded to patient identifying data. 

5.4.8 Quality of MOLLI sequences 
To ensure quality and consistency of T1 times throughout the study, quality assurance tests 

were periodically carried out using the Eurospin T05 (Diagnostic, Sonar, Livingston, 

Scotland) phantom object. This consisted of multiple vials containing agar at different T1 

values. Scanning of the phantom used the same MOLLI sampling schemes as those used in 

the study 5(5)3 and 4(1)3(1)2 with a simulated heart rate. In addition, basic TSE sequence 

were also used to account for temperature fluctuation and any degradation of the phantom.  

5.4.9 Statistical analysis 
Statistical analysis was carried out using SPSS©, version 23 (IBM, Armonk, New York, US). 

Continuous variables were assessed for normality graphically using histograms. Parametric 
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data are displayed as mean and standard deviation and where there were two groups they 

were compared using independent samples t tests. For data that was not normally distributed 

the data are displayed as median and interquartile range. Non-parametric data was logged and 

assessed again graphically prior to analysis. If data are normally distributed, groups were 

compared by independent samples t tests in the logged format. In analysis of more than two 

groups an ANOVA was used with post hoc Tukey test for subgroup comparison. Non-

parametric data was logged prior to assessment. A p value of <0.05 was considered 

significant. No adjustments were made for multiple comparisons. A listwise deletion 

approach was taken to ensure matched data was compared where one of the participants had 

an incomplete sets of sequences. Reproducibility for T1 mapping, ECV and analysis of the 

T1 phantom data was assessed using interclass coefficients and Bland-Altman plots of bias.  
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5.5 Results 

5.5.1 Study subjects 
Of the whole cohort, 26 healthy controls and 26 living kidney donors were 1:1 age and sex 

matched for comparison, see Figure 5.1. Of the 33 participants with early stage CKD 

recruited, 7 were excluded leaving 26 for analysis.  Reasons for exclusion included: n=2 

acute use of steroids; n=4 uncontrolled blood pressure and n=1 withdrew consent for 

venepuncture.  The CKD cohort was not age and sex matched for biomarker comparisons due 

to a small sample size.  

5.5.2 Clinical characteristics  
There was no significant difference in age, sex, BMI or race, between the three groups, see 

Table 5.2. The CKD group had significantly lower mean eGFR than the control group [-17 

ml/min/1.732 (95% CI -27,-6), p=<0.02] although there was no significant difference between 

the mean eGFR of CKD and donors [-9 ml/min/1.732 (95% CI -2, 19), p=0.104]. 

Participants with CKD had higher rates of both hypertension and hypercholesterolemia than 

either donors or controls. There was also higher use of ACE inhibitors/angiotensin receptor 

blockers and calcium channel blockers in those with CKD. The CKD cohort had higher rates 

of proteinuria with 50% having an ACR of 30-299 mg/mmol compared to 0 in the donor and 

control group. The CKD group also had a higher resting office heart rate than either donors or 

controls, see Table 5.2. 

5.5.3 Renal aetiology 
Of those with CKD, the aetiology of renal disease was varied; IgA nephropathy 4 (15), focal 

glomerular sclerosis 4 (15), membranous nephropathy 3 (12), Adult polycystic 

kidneys/Alport syndrome 7 (27), congenital abnormalities 3 (12) and other 5 (19). 
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5.5.4 Normal reference ranges for T1 time and extracellular volume 
Normal native T1 times and ECV using the protocol and scanner described are detailed in 

Table 5.3. 

5.5.5 Late gadolinium enhancement in matched donors and controls 
RV insertion point LGE was demonstrated in both groups; 2 living kidney donors and 1 

healthy control. No patients had LGE suggestive of focal replacement fibrosis.  

5.5.6 Native T2 and T2 mapping in matched donors and controls 
Twenty four matched healthy controls and living kidney donors underwent 3T CMR with 

complete T1 and T2 mapping sequences, see Figure 5.1. There was no significant difference 

in LV or RV volumes, geometry or mass between donors and controls.  There were no 

differences in T2 times across the myocardium regardless of slice position or region within 

the septum, see Table 5.4. Native T1 time was numerically higher in the septal, global and 

regional area of interest in donors compared to controls however, at the most the mean T1 

time was only +12.7ms higher in donors and did not reach statistical significance, see Table 

5.4.  

Regional differences throughout the myocardium were observed. Basal T1 times were higher 

than T1 times in the mid ventricular slice but this was only significant in donors. In healthy 

controls, global T1 values were marginally higher in the base than the mid ventricular slice 

[mean difference +0.4ms (95% CI -9,-10), p=0.925], similarly in the septum, T1 values were 

slightly higher in the basal slice compared to the mid slice [mean difference +4ms (95% CI -

8,-16), p=0.490]. The differences, however, were not significant. In living kidney donors, 

global values were higher in the base [mean difference +7ms (95% CI 0.0, 4), p=0.05] with a 

more pronounced difference seen in septal values [mean difference +8ms (95% 0.8, 15), 

p=0.030].  
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5.5.7 Extracellular volume in matched donors and controls  
Of the 26 matched donors and controls, 22 received paired post contrast imaging and 

calculation of ECV, see Figure 5.1. Septal and global ECV differences were small and non-

significant between groups. There was also no regional discrepancy between basal and mid 

LV slices unlike that observed in native T1 times, Table 5.5. 

5.5.8 Sensitivity analysis of all donors and controls 
A sensitivity analysis was conducted in which all participants were analysed. In total, 48 

donors and 42 controls had 3T T1 and T2 mapping at 5 years. Neither global native T1 time 

[+13.02 (-2.37, 28.42), p=0.096] nor T2 time [+0.00 (-0.95, 0.96), p=0.992] was significantly 

different in kidney donors compared to controls in the mid ventricular slice. In the 44 kidney 

donors and 34 controls who consented to contrast, there was also no significant difference in 

mean ECV [-0.11 (-0.95, 0.95), p=0.826] in the mid ventricular slice. LGE at the RV 

insertion points was seen in 4 living kidney donors (% of LV mass, 0.87± 0.15%) and in one 

control.  There was no LV myocardial LGE. 

5.5.9 T1 image quality and reproducibility 
Of 680 segments, 159 were excluded due to either observed motion artefact on raw images, 

LGE or banding artefact allowing analysis of 77% of all segments to be analysed. T1 

interclass correlation coefficients (95% confidence intervals) for intra-observer and inter-

observer variability were: 0.97 (0.88 – 0.99) and 0.98 (0.92 – 0.99), respectively. ECV 

interclass correlation for intra-observer and inter-observer variability was 0.98 (0.91-0.99) 

and 0.99 (0.73-0.99) respectively, see Table 5.6 and Figure 5.3A and 5.3B. Analysis of the 

phantom data over the course of the study accurately captured expected T1 values. 

Reproducibility was high for 5(5)3 and 4(1)3(1)2 MOLLI to be 98.8 ± 0.3% and 98.4 ± 0.6%, 

respectively.  
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5.5.10 Cardiac and renal biomarkers 
Biomarkers for progression of renal disease, cardiac disease and inflammatory cytokines 

were compared between matched donors, controls and early stage CKD, Table 5.7.  

Monocyte chemoattractant protein 1 (MCP-1) was significantly higher in the CKD cohort 

compared to both controls [+112pg/ml (95% CI 6.7, 219), p=0.034] and compared to donors 

[+111pg/ml (95% 5.3, 217), p=0.037]. There was no significant difference between MCP-1 in 

donors compared to controls, p=0.999, see Figure 5.3A. Using a general linear model and 

univariate analysis, with the group as a fixed effect and continuous variables such as age and 

eGFR as confounding variables,  MCP-1 was significantly greater in the CKD group 

independent of both age and eGFR (p=0.010).  

Atrial natriuretic peptide was significantly higher in the CKD cohort compared to controls 

(8227 pg/ml vs 4478 pg/ml), p=0.002; however, donors were neither statistically different to 

the CKD or control group with levels mid-way between the two groups, see Figure 5.3B.  

Matrix metallopeptidase 9 (MMP-9) was significantly different between the three groups; 

although, on post hoc comparison there was no significant inter-group difference suggesting 

the difference was likely to be underpowered.  

IL-10 was lower than the minimal limit of detection in many cases however it was more 

likely to be high enough to be detected in the CKD cohort compared to donors and controls 

(92% vs 27%, vs 23%). 
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Table 5.1. Inclusion and exclusion criteria for early stage CKD participants. 

 

Inclusion Exclusion 

>18 years of age and <80 years of age 

eGFR KDIGO stage 1-3 

Pregnant 

Systemic immune mediated disease i.e. 

lupus/sarcoidosis 

 Uncontrolled hypertension or requiring more than 

two anti-hypertensives 

 LV dysfunction 

 Diabetes 

 Atrial fibrillation 

 Cardiovascular or pulmonary disease 

 Use of biologics or immune mediated drugs 

including steroids 

  

KDIGO; Kidney Disease Improving Global Outcomes. LV; Left ventricular. 
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Figure 5.1. Flow chart of participants undergoing CMR and those receiving contrast.  

CMR; cardiac magnetic resonance. ECV; Extracellular volume.  

CMR at 3 Tesla and Native T1 mapping 

(n=48) 
 Stapedectomy conditional at 1.5T (n=1) 

 

CMR at 3 Tesla and Native T1 

mapping (n=42) 
 Copper coil contraindicated at 3T (n=1) 

 Metal shrapnel in leg close to vasculature 

unsafe at 3T (n=1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1:1 age and sex matched (n=26) 
 

 Full set of 3T T1 mapping data (n=24) 

 Full set of ECV data (n=22) 

 
 

 

 

 

Living kidney donors (n=67) 
 Lost to follow up (n=2) 

 Declined to take part (n=11) 

 Did not attend scheduled visit (n=4) 

 

 

Healthy controls (n=53) 
 Lost to follow up (n=1) 

 Declined to take part (n=5) 

 Abroad (n=1) 

 Military assignment (n=1) 

 

Approached 

Living kidney donors (n=50) 
 

Healthy controls (n=45) 
 

CMR at 5 year follow up (n=44) 

 Too claustrophobic for CMR (n=1) 

CMR at 5 year follow up (n=49) 

 Declined CMR (n=1) 

Underwent CMR 

Received gadolinium contrast (n=44) 
 Claustrophobic (n=1) 

 Did not want venous access (n=1) 

 Given gadolinium but wanted to get out the 

scanner prior to post contrast sequences (n=2) 

 

 

 

 

Received gadolinium contrast (n=34) 
  Too claustrophobic to continue (n=1) 

  Did not want venous access (n=2) 

  Did not want to receive contrast (n=5) 

 

 

 

 

Consented 

CMR at 3 Tesla 

Contrast 

1:1 age and sex matched (n=26) 
 

 Full set of 3T T1 mapping data (n=25) 

 Full set of ECV data (n=25) 

 

 

1:1 matched 
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Table 5.2. Baseline demographics and clinical characteristics of all patients. 

 Healthy controls 

n=26 

Living kidney 

donors n=26 

Early stage chronic 

kidney disease n=26 

Demographics    

Age (years) 50 ± 12 50 ± 13 46 ± 15 

Male sex 14 (54) 14 (54) 15 (58) 

BMI  (kg.m2)  26 ± 3 28 ± 5 28 ± 6 

Race    

White 22 (85) 24 (92) 18 (69) 

Asian 3 (12) 2 (8) 7 (27) 

Black  1 (3) 0 (0) 1 (4) 

Other 0 (0) 0 (0) 0 (0) 

Cardiovascular risk factors    

Hypercholesterolemia 4 (15)  1 (4) 3 (12) 

Hypertension 3 (12) † ‡ 2 (8) 9 (35) 

Anti-hypertensive usage    

ACE/ARB 1 (4) † ‡ 1 (4) 20 (77) 

Β blocker 1 (0)  1 (4) 0 (0) 

Calcium channel 0 (0) † ‡ 0 (0) 3 (12) 

Thiazide 0 (0) 0 (0) 1 (4) 

Renal function     

eGFR EPI 

(ml/min/1.732) 

93 ± 15 *† 68 ± 15 76  ± 22 

KDIGO stage eGFR 
ml/min/1.732 

†    

1a >105  7 (27)  1 (4) 3 (11.5) 

1b 90-104  8 (31) 5 (19) 5 (19.2) 

2a 75-89   7 (27) 11 (42) 5 (19.2) 

2b 60-74  4 (15) 8 (31) 7 (26.9) 

3a 45-59  0 (0) 1 (4) 5 (19.2) 

3b 30-44  0 (0) 0 (0) 1 (3.8) 

ACR (mg/mmol) † ‡   

1a <10  25 (100)  24 (92) 11 (42) 

1b 10-29  0 (0) 2 (8) 1 (4) 

2 30-299  0 (0) 0 (0) 13 (50) 

3 300-1999  0 (0) 0 (0) 1 (4) 

Office blood pressure    

SBP (mmHg) 121 ± 14† 124 ± 15 133 ± 14 

DBP (mmHg) 81 ± 10 82 ± 11 84 ± 10 

HR (bpm) 73 ± 11†‡ 69 ± 8 82 ± 13 

Data are presented as mean ± standard deviation. For categorical variables, data are presented 

as number (percentage). ACE; Angiotensin converting enzyme. ACR; Albumin creatinine 

ratio. ARB; Angiotensin receptor blocker APKD; Adult polycystic kidney disease. BMI; 

Body mass index. BSA; Body surface area. DBP; Diastolic blood pressure. eGFR; Estimated 

glomerular filtration rate. HR; Heart rate. KDIGO; Kidney disease improving global 

outcomes. SBP; Systolic blood pressure. 

* p value <0.05 Controls vs. Donors. † p value<0.05 Controls vs. CKD. ‡ p value <0.05 CKD 

vs. Donor 
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Table 5.3. Normal local reference values for T1 and extracellular volume. 

 Sample size Mean± SD Mean difference (95% 

CI) 

Basal slice    

Global T1 (ms) 42 1206 ± 28 (1197, 1214) 

Global T2 (ms) 42 39 ± 2 (38, 39) 

Global ECV (%) 34 25 ± 2 (24, 26) 

Mid slice    

Global T1 (ms) 42 1201 ± 36 (1190, 1212) 

Global T2 (ms) 42 40  ± 2 (39, 41) 

Global ECV (%) 34 25  ± 2 (24, 26) 

Data are presented as mean ± standard deviation. The 95% (lower confidence interval, upper 

confidence interval) is determined using a one sample t test.  

ECV; Extracellular volume. SD; standard deviation 
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Table 5.4. Native T1 and T2 mapping in matched living kidney donors and controls. 

 Healthy 

controls=24 

Living 

kidney 

donors=24 

Mean 

difference 

(95% CI) 

p-value 

T2 mapping     

HLA      

Septal ROI (ms) 39.62 ±1.82 40.54 ±3.22 -0.9 (-2.4,0.59) 0.229 

Basal left ventricular slice     

Septal ROI (ms) 38.22 ±1.96 38.42 ±2.88 -0.2 (-1.6,1.2) 0.771 

Septal mean (ms) 38.09 ± 2.11 38.29 ±2.27 -0.3 (-1.5,0.9) 0.633 

Global mean (ms) 38.48 ±1.32 38.40 ±2.15 0.0 (-0.9,1.1) 0.880 

Mid left ventricular slice     

Septal ROI (ms) 40.80 ±2.82 40.29 ±3.27 0.5 (-1.2, 1.7) 0.568 

Septal mean (ms) 40.32 ±2.49 40.03 ±2.67 0.3 (-1.2,1.7) 0.698 

Global mean (ms) 39.84 ±1.8 39.83 ±2.63 0.0 (-1.3,1.3) 0.985 

Native T1 mapping     

HLA     

Septal ROI (ms) 1226 ± 28 1231 ±26 -4.9 (-20,10) 0.526 

Basal left ventricular slice     

Septal ROI (ms) 1216 ±28 1225 ±34 -9.1 (-27,9) 0.314 

Septal mean (ms) 1216 ±24 1228 ±34 -12.7 (-30,4) 0.140 

Global mean (ms) 1202 ±30 1214 ±43 -12.2 (-34,9) 0.259 

Pre-contrast blood time 

(ms) 

1894 ±106 1895 ±66 -1.3(-52,50) 0.091 

Mid left ventricular slice     

Septal ROI (ms) 1214 ±38 1224 ±35 -10 (-30,13) 0.355 

Septal mean (ms) 1211 ±37 1220 ±36 -9 (-30,13) 0.407 

Global mean (ms) 1201 ±41 1207 ±40 -6 (-29,18) 0.627 

Pre-contrast blood time 

(ms) 

1899 ±100 1868 ± 152 31 (-43,106) 0.405 

Data are presented as mean ± standard deviation. The mean difference is determined using 

independent samples t tests and is given with 95% (lower confidence interval, upper 

confidence interval). 

CI: Confidence interval. HLA: Horizontal long axis. ROI; region of interest. 
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Table 5.5. Extracellular volume in matched living kidney donors and controls.  

 Healthy 

controls=22 

Living kidney 

donors=22 

Mean difference 

(95% CI) 

p-value 

Basal left ventricular slice     

Septal basal ECV (%) 25 ± 2 25 ± 3 -0.18 (-1.68, 1.32) 0.809 

Global base ECV (%) 24 ± 2 25 ± 3 -0.40 (-1.87, 1.07) 0.585 

Mid left ventricular slice     

Septal mid ECV (%) 25 ± 2 25 ± 2 -0.25 (-1.70, 1.19) 0.726 

Global mid ECV (%) 25 ± 2 25 ± 2 -0.04 (-1.55, 1.45) 0.950 

 

Data are presented as mean ± standard deviation. The mean difference is determined using 

independent samples t tests and is given with 95% (lower confidence interval, upper 

confidence interval). 

ECV; Extracellular volume. 
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Table 5.6. Intra-study and Inter-observer reproducibility for T1 mapping and extracellular volume (basal slice). 

 

 Intra-observer Inter-observer 

 Mean absolute bias ICC* Mean absolute bias ICC* 

T1     

Global T1 0.79 ± 18 0.97 (0.88-0.99) -7.96 ± 9.62 0.98 (0.92, 0.99) 

Septal T1 3.88 ± 8.77 0.97 (0.89, 0.99) -6.44 ± 12.67 0.93 (0.75, 0.98) 

ECV     

Global ECV 0.35 ± 0.45 0.98 (0.91-0.99) -0.38 ± 0.28 0.99 (0.73-0.99) 

Septal ECV 0.14 ±0.47 0.97 (0.91, 0.99) -0.55 ± 9.46 0.94 (0.37, 0.98) 

 

Data are displayed as mean ± standard deviation with (95% confidence intervals).  

CI; Confidence interval. ICC; Intra-class correlation coefficient.  

* A single measures intra-class correlation coefficient is given with 95% confidence intervals for absolute agreement 
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Figure 5.2. Bland-Altman plots for reproducibility of global extracellular volume. 

 

A. Bland-Altman plot for intra-observer bias. 

B. Bland-Altman plot for inter-observer bias. 

A B 
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Table 5.7. Cardiovascular and renal biomarkers in living kidney donors, healthy 

controls and early stage CKD. 

 Healthy controls 

n=26 

Living kidney 

donors n=26 

Early stage chronic 

kidney disease n=26 

p-

Value 

Pro-inflammatory cytokines and chemokine 

MCP-1 †‡ 387±133 389 ±138 500 ± 200 

 
0.018 

IL6 1.69 [0.66-2.14] 1.81 [1.24-3.07] 1.07 [0.87-1.86] 

 

0.191 

TNF-α 2.48 [1.28-4.32] 3.95 [2.58-6.20] 3.36 [2.41-4.28] 

 

0.063 

IL-8 12 [6.86-25.1] 11 [7.98-23.2] 11.64 [9.73-15.90] 

 

0.765 

Anti-inflammatory cytokines 

IL10 †‡ 6 (23) 7 (27) 24 (92) 

 
<0.001 

IL-RA 467 [380-672] 638 [377-985] 610 [474-1024] 

 

0.899 

Involved in angiogenesis 

Angiopoetin-2 1011 [841-1448] 1280 [978-1594] 1338 [1020-1977] 

 

0.897 

VEGF 66.36 [32.82-109.63] 50.51 [26.93-11.62] 50 [17-82] 

 

0.162 

Cardiac biomarkers 

Leptin 6525 [2805-11356] 6375 [3109-13235] 9649 [3423-22520] 

 

0.248 

ST2 16697 [10286-

19894] 

14306 [8881-26607] 15446 [11335-20081] 

 

0.974 

ANP † 4778 [3190-7433] 6050 [4108-8217] 8227 [478011300] 

 
0.003 

MMP-9 20381 [8872-34581] 14525 [9990-22562] 26852 [15163-48569] 

 
0.047 

α-Klotho 706 [560-1219] 571 [504-863]  0.116 

Renal biomarkers 

NGAL 12723 ±3340 13587 ±3321 12127 ± 2663 

 

0.245 

KIM-1  13 (50) 13 (50) 10 (38.5) 

 

0.138 

Galectin-3 1152 [1016-1432] 1161 [1029-1460] 1304 [1017-1521] 

 

0.861 

Uromodulin 115328 [77755-

160937] 

74565 [59812-

105282] 

97708 [55832-

141775] 

 

0.116 

Data are displayed as mean ± standard deviation if normally distributed otherwise median 

[interquartile range]. For biomarkers that were not recordable, participants with a recordable 

level are indicated with as a number with (percentage).  All biomarkers are given as pg/ml. 

The p value is determined from a one way ANOVA analysis with post hoc Tukey analysis for 

group comparisons.  
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ANP; Atrial natriuretic peptide.IL-RA; Interleukin 1 receptor antagonist. IL10; Interleukin 

10. IL-8; Interleukin 8. IL-6; Interleukin 6.  MMP-9; Matrix metallopeptidase 9. MCP-1; 

KIM; Kidney injury molecule.  Monocyte chemoattractant protein 1. NGAL; Neutrophil 

gelatinase-associated lipocalin. sST2; Soluble ST2. TNF-α; Tumour necrosis factor alpha. 

VEGF; Vascular endothelial growth factor. 

 

* p value <0.05 Controls vs. Donors. † p value<0.05 Controls vs. CKD. ‡ p value <0.05 CKD 

vs. Donors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

259 
 

Figure 5.3. Comparison of monocyte chemoattractant protein 1 and atrial natriuretic 

peptide in donors, controls and early stage CKD. 

 

The grey box represents the interquartile range with the thick black line representative of the 

median. The whiskers are 1.5x the interquartile range with outliers shown on the graph as 

stars.  

 

A. Box plot comparison of MCP-1 levels between healthy controls, living kidney donors 

and early stage chronic kidney disease. 

B. Box plot comparison of ANP levels (logged) between healthy controls, living kidney 

donors and early stage chronic kidney disease. 
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5.6 Discussion 
This cross sectional study examined the myocardial characterisation and inflammatory biomarker 

profiles of kidney donors at a single time point approximately 5 years following nephrectomy 

and compared the results to those of an age and sex matched healthy control group. Myocardial 

T2 times were comparable in donors and controls thus providing no evidence that donors have 

increased myocardial water content despite their reduced GFR and potential for sodium 

retention. Native T1 time was not different in donors compared to controls providing no 

evidence of the early signs of myocardial diffuse interstitial fibrosis demonstrated in previous 

studies of ESRD.130 There was no significant detectable difference in ECV in donors or controls 

suggesting no adverse effect on myocardial tissue. Regional discrepancies in T1 times were 

observed in which basal T1 times were significantly higher than the mid-level in donors but this 

was not a significant effect in controls indicating some potential differences in regional 

myocardial stress in donors that is not occurring in the control group.  

On comparison of cardiovascular, renal and inflammatory biomarkers between donors, controls 

and early stage CKD, MCP-1 was elevated in subjects with CKD compared to both donors and 

controls. This suggests early increases in inflammatory cytokines. This rise was also independent 

of age and eGFR suggesting it may be the presence of CKD or the disease process itself which is 

important rather than the level of GFR. IL-10, an important anti-inflammatory cytokine, was also 

more likely to be detectable in the CKD cohort compared to controls and donors suggesting an 

early imbalance of inflammatory cytokines in CKD that has not been demonstrated in controls 

and donors. Reassuringly, there were no significant differences in biomarkers in donors 

compared to controls indicating donors have both cardiovascular and biochemical profiles more 

akin to controls than CKD patients with an equivalent eGFR.  
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5.6.1 Late gadolinium enhancement in living kidney donors 
The only contrast enhanced CMR study of living kidney donors is a small cross-sectional study 

comparing 15 living kidney donors at least 5 years after nephrectomy and 15 age and sex 

matched controls.251 This study examined focal replacement fibrosis in donors but not controls 

and did not perform T1 or T2 mapping and thus provided no information on myocardial diffuse 

interstitial fibrosis or water content. Inferolateral scarring shown by LGE was found in one 

donor.251 These results extend this observation with no evidence of focal LV scarring in donors; 

the  presence of RV insertion point scar in a small number of donors is probably of little 

significance and is often considered physiological and benign.418 The same pattern was also seen 

in one participant in the control group. These findings are important as in subjects with CKD, the 

proportion with scar as evidenced by LGE can be as high as 25-30%.91  This suggests that donors 

are not developing the same focal fibrosis patterns seen in CKD. 

5.6.2 Normal T1 and ECV values for healthy controls 
Normal values in the healthy control group using this scanner and sampling scheme are in 

keeping with previous literature. T1 times at a higher field strength of 3 tesla can be expected to 

be around 100ms greater than values seen at 1.5 T. 419 Other studies using the shortened 5(3)5 

sampling scheme acquiring 8 images have also demonstrated native T1 times comparable to 

these results (T1 times; Kawel et al, 1286 ± 59ms420 and ECV; Kellman et al 25.4 ± 2.5%.421). 

5.6.3 Native T1 in living kidney donors 
Native T1 mapping and calculation of ECV appear highly sensitive to the presence of diffuse 

interstitial fibrosis.321, 413 Elevated T1 times have been found by a number of independent 

investigators to be elevated in those with both ESRD and early stage CKD compared to a healthy 

control group.130, 135, 353 Although histological correlation is lacking, specifically in CKD, 

quantification of diffuse fibrosis on endocardial biopsies in other cardiac pathologies have shown 
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significant associations with T1 times so that this imaging biomarker is widely accepted as an 

index of myocardial fibrosis.132, 413 The key CMR findings in this study showed no significant 

differences in T1 times in donors compared to a matched control group.  

5.6.4 Regional differences in T1 time 
T1 times in the basal slice were greater compared to the mid slice in donors. There are several 

possible reasons for this. Firstly, it could indicate an asymmetric pattern of disease in which the 

basal slice is disproportionally affected as a response to increased afterload. Asymmetric and 

preferential septal remodelling is seen in other cardiac pathology such as Fabry disease and 

Hypertrophic cardiomyopathy.422, 423 Isolated septal hypertrophy, or sigmoid septum, is present 

in approximately 10% of the general population and associated with older age and higher systolic 

blood pressure.424 The basal septum is subject to the highest degree of wall stress of the 

myocardium and thus it is conceivable that the earliest changes could be seen within the base.425 

Although, as stated in the previous chapter, there is no observed increase in blood pressure in the 

donor group this may reflect small increases in arterial stiffness or peripheral resistance 

contributing to afterload which have not been detected by conventional measures. 

Secondly, it could be due to variation in T1 and T2 from both the base to the apex and from 

segment to segment as a result of the effects of partial volume and the curvature of the LV.426, 427 

The partial volume effect at the base has been widely reported to reduce reproducibility and 

consequently the mid LV slices are often recommended in assessment of diffuse fibrosis.428 

Thus, basal results may be expected to be more spurious. The latter is perhaps more likely as it 

would also be expected that if T1 times were truly increased they would likely be associated with 

functional correlates, such as strain, as seen in patients with ESRD.130 In this study T1 times 

were elevated in donors in the context of better systolic function than the control group 
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suggesting this is not the case, or at least T1 is not associated with adverse functional correlates 

in donors.130  

5.6.5 Extracellular volume in living kidney donors 
Despite discrepancies in native T1 mapping, ECV was no different in donors compared to 

controls in either the mid or the basal slice. ECV represents excessive collagen deposition and is 

considered a more reliable measure of fibrosis.115 It also represents a ratio of T1 signals so, 

unlike post contrast times which are highly variable, it is more reproducible between field 

strengths.115 Therefore, ECV provides the most reassurance of no differences in myocardial 

characterisation in donors compared to controls.  

5.6.6 Myocardial characterisation in early stage CKD 
In the only previous study of ECV in early stage CKD, Edwards et al. reported an ECV of 28  ± 

4 % in early stage CKD compared to 25 ± 4%  in age and sex matched controls although 

participants were on average seven years older with a mean eGFR lower than the donor cohort at 

50 ± 22 ml/min/1.732.353  Although ECV is less variable at different field strengths, age and sex 

differences are well described in ECV and consequently direct comparisons between studies are 

difficult.320, 416 This study would, however, suggest ECV results of both the controls and donors 

are comparable to the healthy control group studied by Edwards et al., yet lower than those with 

early stage CKD. 

In a study of native T1 time Chen et al. reviewed over 200 participants with CKD compared to 

age and gender matched controls.429 T1 time and central PWV were found to be significantly 

higher than the control group although approximately half of participants had diabetes and all of 

the CKD cohort had an eGFR lower than 60 ml/min/1.732 which again means that direct 

comparison to this study is difficult.429 



 

264 
 

5.6.7 Cardiac and renal biomarkers in living kidney donors 
Previous studies of living kidney donors have suggested increased levels of fibrotic and 

inflammatory markers such as CRP and elevated procollagen II N-terminal propeptide levels.241, 

251 In this study there were no significant differences in the selected cardiovascular, renal and 

inflammatory biomarkers between controls and donors 5 years after nephrectomy. The CKD 

cohort, however, had higher levels of both MCP-1 and detectable IL-10 despite being slightly 

younger with a higher GFR than donors. MCP-1 has been strongly linked to ischaemic heart 

disease, increased risk of death and inflammation.430 Furthermore, the higher levels of MCP-1 

seen in the CKD cohort were independent of eGFR suggesting that filtration may not cause 

increasing levels and there may be upregulated production in CKD as a result of a wider 

inflammatory process.430 The corresponding prevalence of detectable IL-10 levels indicates that 

this may be the case. IL10 has been demonstrated to activate fibroblasts and promote collagen 

deposition causing a stiff LV and resultant diastolic dysfunction.431 Circulating levels of IL10 

have also been associated with adverse cardiovascular events in the general population.432  

5.7 Limitations 
This is the first study that has used T1 and T2 mapping techniques to perform myocardial tissue 

characterisation in living kidney donors compared to a matched healthy control group. 

Furthermore, recent concerns over use of intravenous gadolinium have also limited its use in 

research of healthy controls and those without cardiac pathology making such studies valuable 

comparators.433  

Despite this, it is accepted that the sample size is small and it is vulnerable to both type 1 and 2 

statistical errors. There were also multiple comparisons during statistical analysis which were 
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uncorrected so some significant findings may be due to chance.  Due to its cross-sectional design 

at a single time point, causation is also not possible.  

Whilst 1:1 matching of participants limited some confounding variables it does not account for 

all differences and it is recognised that it would have been preferable that the early CKD cohort 

were also matched if the sample size had been large enough. 

5.8 Conclusion 
There is little evidence of adverse effects on myocardial tissue in living kidney donors compared 

to controls. It is reassuring for kidney donors and also has important implications for 

pathophysiology in early stage CKD. Reduced GFR alone does not appear to result in detectable 

myocardial tissue disease at least in the medium term. The increases in inflammatory markers 

and fibrotic markers in those with early stage CKD suggest early inflammatory processes in 

CKD may be a contributing factor. 
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CHAPTER 6 

FURTHER ANALYSIS 
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6.1 Introduction  
It is recognised that the underlying molecular mechanisms of cardiovascular disease in CKD are 

poorly understood.434, 435 Progressive deterioration in physiological function has led to CKD 

being termed a ‘clinical model of premature ageing’.178, 435  This process is in part due to a-

klotho deficiency, deoxyribonucleic acid (DNA) damage and oxidative stress, inflammation, 

cellular senescence and shortening of telomeres.178 Accelerated biological ageing is strongly 

associated with adverse effects on the cardiovascular system including arterial stiffness, 

atherosclerosis and vascular calcification.436 In addition, molecular markers of ageing have been 

associated with poor cardiovascular outcomes, for example telomere length is inversely 

associated with cardiovascular disease in the general population.437 

Compared to age matched controls, those on haemodialysis have demonstrated accelerated 

telomere shortening and pro inflammatory cytokine overproduction suggesting premature 

senescence of peripheral blood mononuclear cells (PBMC).438 Telomerase, an enzyme important 

in maintaining and repairing telomeres, is also lower in those on haemodialysis.439  This is not 

isolated to those with advanced renal disease. In a study of 120 participants with stages 2-5 

CKD, significant differences have been observed in telomerase activity in advancing stages of 

CKD.434 Furthermore, telomerase activity was negatively associated with eGFR and eGFR was 

an independent predictor for higher telomerase activity.434 

Telomere length has been previously investigated in living kidney donors but usually for the 

purposes of predicting graft function in recipents.440 More recently, however, DNA damage has 

been studied in donors. In 60 donors examined pre and post donation (3 year follow up) donors 

exhibited increased markers or oxidative DNA damage associated with a decline in antioxidant 

paraoxonase activity.441 In a further study by the same authors, 55 living kidney donors were 
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compared to age and sex matched controls. Plasma malondialdehyde, a measure of oxidative 

stress was higher in donors whilst uperoxide dismutase and glutathione peroxidase (measures of 

antioxidants) were significantly lower.441 

6.2 Further methodology  

6.2 1 Peripheral blood mononuclear cell storage 
During the clinical visit, a total of 18mls of venous blood was collected from each subject during 

venepuncture into green topped lithium heparin vacutainers. The blood samples were placed on a 

blood specimen rotator within the laboratory at room temperature whilst the patient was 

undergoing other components of the study visit. Isolation of PBMCs was undertaken within 8 

hours from sample collection. Preparation of PBMCs was undertaken in sterile conditions within 

a class 2 biological safety cabinet. All surfaces and equipment were cleaned with 70% ethanol 

prior to use.  

Whole blood was diluted (in a 1:1 dilution) with RPMI-1640 medium Sigma-Alrich® 

(supplemented with L-glutamine and penicillin streptomycin) and inverted to ensure the mixture 

was thoroughly mixed.  The blood-RPMI-1640 mixture was then carefully layered over 6ml of 

Ficoll-PlaqueTM PLUS (GE healthcare Bio-Sciences, Uppsala, Sweden), with a maximum of 

12ml of the diluted blood for every 6ml Ficoll-PlaqueTM PLUS. The layered blood samples were 

then centrifuged in a bench top centrifuge (Eppendorf 5804R, Eppendorf®, Hamburg, Germany) 

at 400g for 30 minutes at room temperature (21°c) with both the acceleration and deceleration 

brake set to zero. 

Following centrifugation, mononuclear cells visible as a buffy coat layer above the Ficoll-

PlaqueTM PLUS, were extracted carefully using a Pasteur pipette without disturbing the red blood 

cell layer at the bottom and transferred to a universal container. The universal container was then 
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filled to the top with magnetic assisted cell sorting buffer (MACS; Phosphate buffered saline, 

EDTA, bovine serum albumin and 0.09% azide; Miltenyi  Biotec, Bergisch Gladbach, 

Germany), and centrifuged at 300g for 10 min at room temperature (21oC) with both the 

acceleration and deceleration brake fully on in order to wash the PBMCs. The supernatant was 

carefully poured off, leaving a cell pellet at the bottom of the universal container, which 

underwent a second wash in MACS buffer. 

Following the second wash, the cell pellet was re-suspended in 10ml of MACS buffer. Using a 

haemocytometer, 10µl of the cell suspension was viewed using an x10 magnification and cells 

were counted manually. The cell suspension was then split into aliquots of approximately 5x106 

PBMCs which were centrifuged at 300g for 10 min at room temperature (21oC) with the brake 

fully on to form a pellet.  The supernatant was carefully removed and the pellets resuspended in 

1ml of freezing solution (10% Dimethyl sulfoxide, Sigma-Aldrich ®, 90% foetal bovine serum), 

giving a concentration of approximately 5x106 PBMCs/ml and transferred to labelled cryovials. 

The cryovials were then placed in a CoolCell® LX (BioCision, California, US) to control the 

rate of cooling to -1°c per minute and frozen at -80°c until required. 

6.2.2 DNA extraction 
A DNeasy blood and tissue kits with spin columns (Lot 163049320 Qiagen, Germany) were used 

for DNA extraction. DNA was extracted from PBMCs at room temperature. Preparation of all 

reagents was conducted according to manufacturer’s instructions. DNA was quantified using the 

NanoDrop™ spectrophotometer prior to storage at -80°C. 

6.3 Analysis so far 
As part of the CRIB-DONOR II study all participants’ consented to further blood sampling for 

both the isolation of PBMCs and extraction and analysis of DNA in addition to the inflammatory 
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cytokine panel already undertaken. PBMCs were isolated after the study visit for each participant 

(n=50 kidney donors, n= 45 healthy controls and n=33 early stage CKD) and stored at -80°C for 

future analysis. In addition, DNA was extracted from PBMCs at the end of recruitment. 

6.4 Further plans 
Continuation of this work was halted as a result of laboratory closure during the COVID-19 

pandemic, however, it is hoped the following work can be resumed once laboratories are running 

again.  

i. Analysis of telomere length (qPCR assay kit, ScienCell™, California Cat#8918) and 

measures of telomerase activity (telemetric repeat amplification protocol assay) for cross 

sectional comparison between donors, controls and early stage CKD.  

ii. Exploration of relationships between measures of myocardial fibrosis (T1 time) and arterial 

stiffness (PWV) with telomere length and telomerase activity in donors and controls.  

iii.  Determine whether there are associations between 5 year telomere length/telomerase activity 

in donors with both final GFR and post-operative hyperfiltration GFR.   
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CHAPTER 7 

FUTURE DIRECTION 
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7.1 Summary of key findings 
Work in chapter 3 demonstrates that when compared to a healthy control group, donors did not 

have a significant increase in either peripheral ambulatory blood pressure or PWV at 12 months 

after nephrectomy. A small, but significant rise in central systolic blood pressure in donors was 

observed compared to controls in the absence of any significant changes in central diastolic 

pressure. These results indicate that neither systolic nor diastolic peripheral blood pressure 

increases significantly in donors compared to a healthy control group and there are no significant 

changes to arterial stiffness associated with nephrectomy in the medium term.  

Chapter 4 examined serial change in LV volumes and mass, blood pressure and measures of 

arterial stiffness at 5 years in living kidney donors compared to a healthy control group. At 5 

years, changes in LV mass, volumes and geometry were not significantly different to those seen 

in healthy controls. In addition, there was no significant difference in change in LV systolic 

function as measured by ejection fraction and changes in myocardial strain parameters between 

the two groups at 5 years. The increases in LV mass previously reported in living kidney donors 

at 12 months, were not sustained at 5 years and resolved to levels comparable to healthy controls.  

Furthermore, a similar pattern was seen in markers of arterial stiffness. Changes in PWV and 

AIx were not significantly different in donors compared to controls. FGF23 and uric acid were 

the only biomarkers significantly greater at 5 years in donors compared to controls. The 

remaining biomarkers previously reported to be significantly greater in donors than in controls at 

12 months (e.g. detectable troponin, PTH and renin) had lessened to become insignificantly 

different from controls by 5 years. The only significant predictor of a change in LV mass was 

ambulatory systolic blood pressure, suggesting that nephrectomy and the resultant decline in 

GFR were not independently associated with changes in cardiovascular structural and functional 
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change at 5 years in donors. These results indicate that the cardiovascular and haemodynamic 

changes in kidney donors previously reported do not progress and by 5 years are not significantly 

different from controls in this cohort. Perhaps surprisingly, loss of a kidney and reduction of 

about 30% in GFR does not appear to result in changes over and above those naturally seen with 

advancing age. 

Work in chapter 5 compared LGE, T1 time, T2 time and ECV in living kidney donors with 1:1 

age and sex matched healthy controls using multi-parametric contrast enhanced CMR imaging. 

There were no significant differences in septal or global T1 time/ECV in donors compared to 

controls suggesting that kidney donation does not result in imaging findings consistent with 

increased myocardial fibrosis at 5 years. RV insertion point LGE was observed in both groups 

but there was no pathological LV wall LGE suggestive of focal fibrosis. In a separate further 

analysis of serum biomarkers, donors and controls were compared to a cohort with early stage 

CKD. Participants with early stage CKD had greater levels of MCP-1 and a higher prevalence of 

detectable levels of IL-10 compared to both donors and controls. Furthermore, MCP-1 was 

significantly greater in the CKD group independent of both age and eGFR. There were no 

significant differences in other measured cardiac/renal biomarkers or inflammatory cytokines in 

donors compared to controls. These results indicate that there are no significant detectable 

myocardial tissue differences occurring in living kidney donors compared to controls. In 

addition, I found no evidence of an inflammatory phenotype in kidney donors with the selected 

inflammatory cytokines and biomarker profiles related to cardiac and renal disease. Donors were 

more akin to healthy controls than those with early stage CKD despite having a comparable 

eGFR. This implies that factors associated with CKD other than simply the reduction in GFR 
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may have a role in mediating cardiovascular disease. This potentially important finding will be 

discussed further in section 7.3. 

The strengths of these studies were:  

1. The careful selection of a healthy control group (who met living kidney donor 

criteria) was maintained in all of the studies. This is often neglected from large scale 

living kidney donor registry studies leaving them susceptible to selection bias. Using 

a comparable group allows comparison of donors with controls who can be 

considered as equally ‘healthy’ as donors. Furthermore, following up the same 

control cohort prevents erroneous conclusions being drawn due to changes as a result 

of the ageing process.  

2. The multi-centre UK wide approach used in the EARNEST study increased 

generalisability and reduced the risk of systemic bias from a single centre or observer.  

3. In the CRIB-DONOR II study there were high rates of inter-study, intra-observer and 

inter-observer reproducibility for LV mass and volumes without systemic bias. All 

CMR analysis and biochemical assays were analysed with the observer blinded to 

both group and temporal order to avoid unconscious observer bias. 

4. Quality and consistency of T1 and T2 mapping were maintained throughout the cross-

sectional study. The sequences and all scanning parameters remained consistent 

(including timing of the haematocrit sample and intravenous gadolinium 

administration) throughout. In addition, regular phantom scanning was undertaken to 

ensure consistency and reproducibility of the scanner itself. Furthermore, there was 

high intra-observer and inter-observer reproducibility for T1 and ECV.  
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This work complements the work of Kasiske et al., the only other research group who have 

prospectively examined the long term biochemical and haemodynamic effects of both donors and 

a healthy control group.235, 255 In 2015 Kasiske et al. reported the results of a prospective 3 year 

follow up study of donors and found no significant difference in office blood pressure at any 

time point or significant difference in urinary ACR between groups.235 In addition they also 

reported higher levels of uric acid in living kidney donors.235  Further analysis of the cohort was 

published in 2016 demonstrating that donors had significantly elevated levels of FGF23 

compared to controls.255 Despite this the work of Kasiske et al. overlooked the importance of 

ambulatory blood pressure monitoring and did not record this at baseline.235  Results from the 

CRIB-DONOR II study extend this work indicating that not only do these findings persist at 5 

years but in addition there was no significant difference in measures of arterial stiffness or 

ambulatory blood pressure.  

During the final year of this thesis, Kasiske et al. published a nine year follow up study of the 

same cohort in 2020.442 Perhaps in recognition of shortcomings in the design of their previous 

studies they began to examine additional haemodynamic parameters (carotid-femoral PWV and 

ambulatory blood pressure monitoring) between 3 and 9 years of follow up.442 Although they 

lacked baseline values there were no significant differences observed in these parameters 

between donors and controls, results highly consistent with my work.442  

Apart from the 1 and 5 year CRIB-DONOR studies, there is only one other published CMR 

study of kidney donors.242 In contrast to my findings at 5 years Altmann et al. discovered a mean 

3g rise in LV mass in 23 living kidney donors at 12 months.242 This study however lacked a 

suitable comparator group failing to account for changes in the general population over time.242 

In addition blood pressure was not adequately considered, with a reliance only on office blood 



 

276 
 

pressure measures neglecting ambulatory recordings despite known discrepancies in donors 

between office and ambulatory blood pressure.242, 373  It is not clear why changes in 12 months 

were not observed at 5 years. This may be a result of a difference in circulatory factors at 12 

months that were not measured/not detectable, or changes in blood pressure that were too small 

to detect resulting in statistical errors. 

To conclude, the studies in this thesis found no evidence to suggest that there are adverse 

cardiovascular structural or functional effects of living kidney donation at 5 years over and above 

the changes seen over time in a healthy control group. Important questions are raised about the 

causes of cardiovascular disease in early stage CKD at similar GFR values. Whilst these data 

provides reassurance for living kidney donors there are some remaining important clinical and 

experimental considerations to contemplate before embarking on future studies outlined in the 

subsequent sections. 
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7.2 Remaining unanswered experimental questions 

7.2.1 What is the GFR ‘threshold’ for cardiovascular damage to occur? 
One alternative explanation for the results is that the decline in renal function following 

nephrectomy was not sufficient enough to have an effect on the heart or that the resultant GFR at 

5 years after compensatory hyperfiltration was not low enough to initiate any detectable 

cardiovascular damage.  

Existing data from the largest, most well-known and frequently cited studies demonstrate that 

independent associations between all-cause and cardiovascular mortality are most robust for 

those with an eGFR of  <60ml/min/1.73m2.13, 15 The landmark study by Go et al. used 

administrative health care data to reveal a significant association between increased risk of both 

death and hospitalisation rates with a declining GFR from 60ml/min/1.73m2 and below.13  

Higher threshold values were not examined. In a collaborative meta-analysis of 13 studies, Astor 

et al. also found an increasing risk of both all-cause mortality and ESRD with declining GFR.443 

Both of these studies illustrate a graded increasing risk with declining GFR and were important 

in pioneering further research into the risks of those with pre-dialysis stages of CKD. 

Nevertheless, they both use categories of >60 ml/min/1.73m2 or >45 ml/min/1.73m2, respectively 

as a reference range for analysis making it impossible to look at thresholds. This approach runs 

the risk of making the assumption that all those with a GFR >60 ml/min/1.73m2 denote the same 

risk. Despite the fact that the relationships between GFR and risk may be a compelling linear 

relationship at <60 ml/min/1.73m2 it does not help us define an upper threshold.444 A reanalysis 

of these studies with reference categories of >70 or even >80 ml/min/1.73m2 would give us a 

greater insight into this relationship. 
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Shortcomings in current GFR measurements 
A further complicating factor affecting our understanding of a ‘threshold’ at which 

cardiovascular damage occurs is methodological issues related to choosing appropriate eGFR 

equations. These issues have blighted comparisons between studies and could account for the 

discrepancies historically seen between studies when attempting to define an upper threshold.  

Whilst the creatinine based Modification of Diet in Renal Disease (MDRD) equation has a high 

degree of accuracy and precision when compared to measured GFR in those with an eGFR of 

<60 ml/min/1.73m2 there is considerable variation in those with an eGFR >60 ml/min/1·73 

m2.445, 446 Furthermore, there is a greater degree of bias when using the MDRD equation for those 

of different races and ages which could lead to underestimation and missclassification.445 The 

CKD-EPI equation is a creatinine based equation developed in 2009 with greater precision and 

accuracy at higher GFRs compared to MDRD.447 In a meta-analysis of 1,130,472 participants the 

threshold at which cardiovascular mortality was significantly elevated began at a higher level 

when calculated using the CKD-EPI equation (77 vs. 68 ml/min/1.73 m2).448  

Whilst the use of CKD-EPI creatinine equation adjusted for age, sex and ethnicity is most 

frequently used, creatinine has known limitations often in cases of lower muscle mass.10, 449 The 

addition of Cystatin C into the equation (an alternative filtration marker) tends to outperform 

creatinine only based equations.450 In a meta-analysis of 11 cohorts from the general population 

and 5 CKD cohorts, the CKD-EPI equation with cystatin (eGFR creat-cys) or cystatin alone 

(eGFR-Cys) based estimates of eGFR are better predictors of all-cause mortality and 

cardiovascular mortality. 451 The point at which mortality risk was elevated compared to the 

reference point was as high 88 ml/min/1.73m2 for eGFR-Cys, compared to 59 ml/min/1.73m2 for 

eGFR-creat and 83 ml/min/1.73m2 for the combination equation, eGFR creat-cys.451  
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The threshold GFR at which cardiovascular damage or events increase is also partly complicated 

by reports of a J or U shaped curve when the highest GFRs are studied.15, 32, 444 This paradoxical 

relationship reported by some studies also complicates the idea of any specific threshold in 

which cardiovascular risk occurs.  In studies using cystatin alone or the eGFR-cys equation 

however, the J shape almost disappears to reveal a linear relationship.387, 450  

What is the GFR ‘threshold’ for cardiovascular structural and functional change to 

occur? 
It must also be considered that risk of death and cardiovascular events are not the same as 

cardiovascular structural/functional change which, if causative, should occur before hard 

outcomes.  In a large echocardiography study of over 4000 participants, Matsushita et al. found 

increasing trends of elevated LV mass with declining eGFR and a deterioration in systolic 

function in those with an eGFR as high as 74ml/min/1.73m2 although there was no significant 

change in LV mass until the lower stages of GFR.452  The Hoorn study (general population 

~2400 participants) however concluded that a decline from 90 to 60 ml/min/1.73m2 equated to a 

8.3g/m2 increase in LV mass.453  

Conclusion 
In conclusion it is recognised  that many previous epidemiological studies of cardiovascular risk 

either use specific cohorts, analyse risk in broad terms (60-30 or <30 ml/min/1.73m2 etc.) or use 

all values of greater than 60 ml/min/1.73m2 as the reference.388 By lumping all ‘high’ or ‘normal’ 

GFRs together we risk inappropriately attributing cardiovascular risk to a broad group, failing to 

differentiate and neglecting the true nature of the relationship between the two. 388, 454 In 

addition, flaws with chosen filtration markers for estimating GFR and imprecision with 

estimating equations at the highest levels of GFR have also contributed to uncertainty over a 

threshold and whether the association is actually linear or J shaped at the highest GFRs.  
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When considering both comparative studies between GFR equations and more recently studies 

using cystatin the evidence strongly suggests that cardiovascular risk is likely to begin to rise  at 

a GFR as high as 89 ml/min/1.73m2 and furthermore that the relationship is likely to be linear. 

450, 451, 455  

Future study ideas 
For future studies of subjects with renal impairment and cardiovascular clinical outcome 

measures there are firstly some general considerations:  

1. GFR should be analysed as a continuous variable rather than dichotomous GFR 

categories.456  

2.  If measured (rather than estimated) GFR is not feasible cystatin c should be included. 

3.  All results should be interrogated with a sensitivity analysis using different estimating 

equations if step two cannot be achieved.  

THE CRIB-DONOR II study has shed light on the paucity of data on those with a borderline low 

GFR which requires a refocus of efforts towards those with early CKD where therapeutic agents 

and preventative strategies are likely to be most beneficial. It also, raises the question of whether 

cardiac structural and functional changes may occur in those with CKD with a preserved GFR. 

If, as a result of this study, we conclude that GFR (in isolation) may not be the driving factor for 

the development of cardiovascular change, will those with CKD yet minimally reduced renal 

function have any early cardiac structural changes?  

The next step would be a large multi-centre study of those with confirmed CKD (biopsy or 

imaging) as per the KDIGO definition. Only those with the highest GFRs (>60 ml/min/1.73m2) 

would be recruited (stage 1 and 2). Based on the results of the Hoorne study of the general 

population,  a 30mlmin/1.73m2 decline in GFR was associated with an 8.3g/m2 reduction in LV 
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mass therefore changes in LV mass, if any, are expected to be small.453 Consequently, for 

adequate power a large sample size and a multi-centre approach will be required. Using the mean 

LV mass in living kidney donors of 59 ± 9g/m2 and a native T1 time of 1214 ± 37ms at 5 years 

for an 80% power over 1000 participants would be required to detect a relationship.354 

A measured GFR would be used to determine eligibility criteria and all participants would be 

required to be non-diabetic and without any previous cardiovascular history to eliminate the 

influence of traditional risk factors.  

All participants would undergo multi-parametric imaging with contrast at one time point to 

assess whether there is graded cardiovascular and structural change within the group in those 

with a GFR >60 ml/min/1.73m2.  

 Cardiovascular structural and functional end points would include: 

1. LV mass: using CMR. 

2. GLS: using feature tracking techniques from CMR images. 

3. Native T1 time: using MOLLI sequences during CMR imaging. 

4.  ECV: after administration of gadolinium during CMR imaging. 

In addition, all participants would require ambulatory blood pressure monitoring to account for 

the effect of systolic blood pressure on LV mass and ensure any graded association between 

GFR and LV mass is independent of blood pressure. A sensitivity analysis would also assess 

whether the effect persists in those taking anti-hypertensive agents as opposed to those who are 

not and is independent of ACR. A sub analysis would compare those with ‘preserved renal 

function’ >90 ml/min/1.73m2 to healthy age, sex and GFR matched controls. 
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7.2.2 Would a significant effect have been observed in living kidney 

donors if there was a longer follow up? 

Accumulative risk and ‘exposure time’  
When drawing conclusions from the CRIB-DONOR II results the time frame of follow up 

needs to be put into context. Five years is a short duration in the lifetime of a living kidney 

donor. Study visits at 12 months and 5 years cannot account for any added cumulative risk of 

cardiovascular disease that a nephrectomy might bring over the very long term nor consider 

‘disease free’ life lived.457 The duration of a sustained, reduced GFR may have an 

accumulative adverse effect on the heart which cannot be replicated in kidney donation at 5 

years. Given that CKD is frequently asymptomatic and often goes undiagnosed in the early 

stages (~5% in the general population) it is conceivable that a significant ‘exposure time’ is 

required for cardiovascular changes to be detectable in CKD.458 It may then be the case that 5 

years is too short for detectable change to be seen in donors. There is some evidence to 

support this view. In the Norwegian study of over 1900 donors and the only study which 

found an increase in cardiovascular mortality, participants were followed up from 1963 to 

2008, with a median follow up time of over 15 years. 223 In contrast, previous studies 

demonstrating no increased cardiovascular mortality have typically been at a much shorter 

follow up time of between 5.8-7.8 years.220-222  

Longitudinal studies in CKD 
Even in those with CKD, 5 years may not be sufficient for change to occur.459 In a 

longitudinal echocardiography study of patients with stage 2-3 CKD there was no significant 

difference in LV mass at 5 years compared to healthy controls.459 This indicates that 

significant changes in cardiovascular structure and function may take some time to develop 

and may require prolonged exposure to a reduced renal function.459 The authors concluded 

that progression of cardiovascular structural change was much slower than anticipated.459  
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Despite this, other longitudinal studies of patients with CKD have demonstrated a change in 

cardiovascular structure and function in relatively short time periods.460 In a prospective 

study of 300 participants with stage 3-5 CKD, significant changes were seen on 

echocardiography over just 12 months.460 Cardiovascular structural and functional changes 

were, however, most significant in the more advanced stages of CKD with greater 

progression in LV mass in stage 4 and 5 compared to stage 3a [odds ratio 3.02 (95% CI 1.39 

to 6.58)].460 This suggests progression is more rapid in the more advanced stages but changes 

are still evident over 12 months.  

Changes in GFR in donors over time 
If we consider that the most significant cardiovascular structural and functional changes in 

CKD are seen in the more advanced stages of renal disease, is it more pertinent to wait longer 

for follow up in order for GFR to decline further in donors? Although GFR might be 

expected to decline in donors with age, small increases in GFR in kidney donors have also 

been reported and GFR may actually continue to increase over 15-17 years before reaching a 

plateau.217, 395 Matas et al. examined the trajectory of eGFR in over 1000 donors and found 

eGFR tended to increase steadily after donation (maximum follow up +25 years) after 

donation before eventually plateuing.395 The mean change from 6 weeks to 5 years, 5-10yrs, 

10-20yrs and >20 years was +1.12ml, +0.24 and +0.07 and -0.19ml/min/1.73m2 

respectively.395 As a consequence, ESRD in donors was much more likely to be related to 

acute sudden events and the development of new disease processes than post donation 

decline.395 In a similar longitudinal study of 255 living kidney donors who underwent serial 

measures of GFR using iohexol (mean 12 year follow up) Ibrahim et al. found there was on 

average a +0.20ml/min/1.73m2 increase in GFR per annum.217 Although in part Ibrahim et al 

attributed this to survival bias, Lenihan et al. found donors undergo sustained adaptive 

hyperfiltration as a result of both increased renal blood flow and hypertrophied glomeruli.217, 
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391 This is consistent with findings of the CRIB-DONOR II study in which a mean 

+2ml/min/1.73m2 increase in GFR was observed at 5 years compared to 12 months and renal 

function was relatively stable. In addition, there were no significant differences in 

demographics between those who attended follow up and were lost to follow up. 

Consequently, the natural history of ‘renal dysfunction’ in donors is in direct contrast to that 

in CKD which is expected to decline over time.  

Conclusion 
In conclusion, although longer term follow up (>5 years) is required, any changes in 

cardiovascular structure and function in the long term are unlikely to be attributed to any 

further dramatic declines in GFR. The acute nature of a GFR drop in donors and uncertainty 

over long term consequences warrants both short and long term follow up rather than one at 

the expense of another.241, 242  

Future study ideas 
A proposed study would be to incorporate cardiovascular assessment into routine annual post 

donation surveillance for all living kidney donors in the UK. It is perhaps surprising that 

routine measurement of simple cardiovascular variables such as ambulatory blood pressure 

have not been collected in previous years. One result is that despite kidney donation having 

been part of routine clinical practice for > 30 years, we are still unable to provide donors with 

accurate estimates of the effects of donation on blood pressure or indeed cardiovascular risk. 

The UK is well positioned to achieve this. Firstly the UK has one of the leading rates of 

living kidney donation worldwide and secondly the infrastructure of the NHS means basic 

data on all living kidney donation is already collated by the NHS Blood and Transplant in the 

UK living kidney donor registry.211  

To achieve uniformity across sites the techniques below have been specifically chosen to 

reduce training required and thus inter-observer variability. This will also be associated with 
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a reduction in cost and therefore is more feasible within a NHS setting. In addition end points 

are chosen which do not require a prolonged study visit for the participant. 

Cardiovascular structural and functional end points would include: 

1. Ambulatory blood pressure, AIx and PWV: 24-hr monitoring using the Mobil-O-

Graph®.461 This system also measures PWV and AIx.461 

2. PWV: Finger to toe PWV using the pOpmètre® (photodiode sensors placed on the 

finger and toe) which takes less than 30 seconds and has been validated in adults.462 

3. Cystatin C: measured using blood taken for routine urea and electrolyte testing. This 

would allow alternative GFR equations to be calculated without a measured GFR. 

4. LV mass and measures of myocardial deformation: using speckle-tracking 

echocardiography. 

7.2.3 Do living kidney donors require a ‘second hit’ in order to 

develop cardiovascular damage? 
Data from this thesis has indicated that there is no evidence of cardiovascular structural or 

functional changes in donors compared to controls at 5 years, however, the CRIB-DONOR II 

study aimed to compare those who matched 2012 British Transplantation Society living 

kidney donor criteria, resulting in a fairly homogeneous study group. These results cannot be 

generalised to expanded criteria donors. It remains unclear whether the addition of a second 

risk factor (e.g. hypertension, impaired glucose tolerance, obesity) to those who have 

undergone nephrectomy may have an additive effect on cardiovascular structure and function.  

Insight from animal studies 
Animal studies suggest the requirement for a second risk factor could lead to exponential 

changes in cardiovascular structure and function. Animal studies of CKD and hypertension 

frequently involve salt loading to induce a hypertensive response, potentially indicating it is 

not solely nephrectomy exerting an effect on the heart.463  
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The DOCA (deoxycorticosterone acetate)-salt rat model is of particular interest. Rats are 

given DOCA, a synthetic mineralocorticoid pellet under the skin and only saline to drink 

inducing a mineralocorticoid hypertension, mimicking excess aldosterone.464 DOCA rats then 

undergo nephrectomy and develop severe cardiac fibrosis and remodelling.465  When 

‘placebo’ rats with two kidneys are compared to rats who have undergone uninephrectomy 

only, there is no significant difference in mean arterial pressure or heart weight. 466 It is only 

following the addition of DOCA to those who have undergone uninephrectomy that there is 

an observed increase in blood pressure and heart weight compared to DOCA rats with two 

kidneys which suggests that those with one kidney are vulnerable but require a ‘second hit’ to 

develop cardiovascular structural and functional change.466 Only then do rats display salt 

associated hypertension.463 

A shift in eligibility criteria 
Identifying whether a second hit induces cardiovascular disease has important implications. 

Expanded criteria donors typically include those usually excluded such as those who are 

overweight or obese, hypertensive, have known vascular disease or impaired glucose 

tolerance.467  Whilst the selection of expanded criteria deceased donors only requires concern 

over graft function in the recipient, expanding criteria for living kidney donation requires 

careful consideration of the ongoing risk to donors.468 Data on long term outcomes for 

expanded criteria donors are sparse however; the increasing rates of expansion criteria in the 

last decade mean short term risks are being reported.469   

Conclusion 
Whilst the outcomes for recipients receiving a kidney from expanded criteria donors have 

been successful it is important that future studies of donors remain inclusive to these groups. 

The added effects of traditional cardiovascular risk factors in the context of nephrectomy will 

need to be prospectively examined. There is currently no existing study examining the 
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additive effects of hypertension/impaired glucose tolerance or obesity on cardiovascular 

structure and function after living kidney donation. Furthermore, the long term cardiovascular 

mortality and morbidity risks of expanded criteria donors are very limited with most current 

studies only having a median follow up of 5 years.467, 469 

Future study ideas 
To address whether expanded criteria has an additional adverse on cardiovascular structure 

and function further study is required. To investigate whether hypertension acts as a ‘second 

hit’ in donors a multi-group cross sectional design with the following groups:  

1. Expanded criteria hypertensive living kidney donors (n=30-35). 

2. Standard criteria normotensive donors (n=30-35). 

3. Hypertensive 1:1 age and sex matched controls. Those with secondary causes of 

hypertension and CKD would be excluded. Participants would need to meet expanded 

criteria for living kidney donation (n=30-35). 

Using the mean LV mass in living kidney donors of 59±9g/m2 at 5 years for an 80% power 

for three groups with a minimum detectable difference of 7g/m2 it is estimated that 26 are 

required in each group.354 When considering drop out an estimated sample size would be 30-

35 participants per group. 

Cardiovascular structural and functional outcome measures would include: 

1. Ambulatory blood pressure, AIx and PWV: 24-hr monitoring using the Mobil-O-

Graph®.461 

2. LV mass: using CMR. 

3. GLS: using feature tracking techniques from CMR images. 

4. Native T1 time: using MOLLI sequences during CMR imaging. 

5. T2 mapping: using three single shot T2 weighted CMR images 
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Participants would be studied at baseline (6 weeks prior to living kidney donation), 1 year 

and 5 years. To achieve an adequate sample size and considering the relatively few expanded 

criteria donors proceeding to donation this study would need to be multi-centre but is likely 

to require recruitment throughout Europe and the US as a collaborative project.  

7.2.4 Are changes in the myocardium of donors at 12 months (i.e. 

elevated LV mass) due to the same disease processes demonstrated 

in CKD? 
At 12 months it was demonstrated that LV mass is elevated in the donor group. The reasons 

for this are so far unclear. Previous post mortem studies and more recent cardiac imaging 

have indicated that the increase in LV mass in CKD is likely to be the result of increasing 

interstitial fibrosis.112, 130 Despite this, not all increases in LV mass are pathological and it 

cannot be assumed that the increase in LV mass shown at 12 months in donors represents the 

same disease process that has been demonstrated previously in ESRD. 

Adaptive vs maladaptive change 
Insight into the histological features of LV mass come from studies of athletes.470 An athletic 

heart would be expected to have proportional increases in chambers and normal or even 

improved cardiac function.470 In comparison, pathological remodelling consists of 

deteriorating cardiac function, cardiac fibrosis and evidence of myocyte death.470 More 

recently, CMR techniques have been used to differentiate between adaptive changes and 

pathological remodelling in athletes.471 Using advanced CMR techniques (including native 

and post contrast T1 mapping) McDiarmid et al. found that amongst 30 athletes increases in 

LV mass were secondary to increased cellular volume.471 ECV actually declined in athletes 

and there was an inverse relationship with VO2 max.
471

 This study indicates that ECV may 

have a role in differentiating between benign and pathological remodelling.471 

 

https://www.ahajournals.org/doi/full/10.1161/CIRCIMAGING.115.003579


 

289 
 

Conclusion 
ECV may be an important differentiator between adaptive and pathological remodelling. 

There are currently no studies investigating serial T1 mapping and ECV quantification in 

living kidney donors after donation. The question that remains is whether the increase in LV 

mass observed at 12 months is associated with a rise in ECV or secondary to the cellular 

increases seen in adaptive remodelling. 

Future study ideas 
To address this, living kidney donors would undergo serial CMR at baseline (6 weeks prior to 

nephrectomy), 12 months and 5 years. 

Cardiovascular structural and functional outcome measures would include: 

1. LV mass: using CMR. 

2. LGE 

3. Native T1 time: using MOLLI sequences during CMR imaging. 

4. T2 mapping: using three single shot T2 weighted CMR images 

The combination of T1, T2, ECV and LV mass would be used to determine serial 

cardiovascular structural change but also serial change in myocardial tissue characterisation.  
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7.3 Remaining unanswered clinical questions 
This thesis suggests that it is not the consequences of reduced GFR in isolation nor the 

accumulation of any by-products which amass solely due to a reduced GFR following 

nephrectomy which lead to cardiovascular disease, at least in the medium term. This raises 

the question of what pathological differences there are between living kidney donors and 

early CKD and which differences may have cardiovascular consequences. 

Key differences between living kidney donors and early stage CKD are: 

1. The lack of active intrinsic renal pathology.  

2. Proteinuria is rarely severe. 

3. Renal function doesn’t continue to decline. 

4. The lack of any systemic disease process i.e. diabetes or vasculitis.  

5. Hypertension is less common. 

6. Absence of markers of inflammation.  

7. Absence of activation of the renin-angiotensin aldosterone system. 

In chapter 5 levels of both MCP-1 and detectable IL-10 were greater in those with early stage 

CKD compared to 1:1 age and sex matched healthy controls and living kidney donors. This 

work indicates that the biomarker profile of living kidney donors and controls were more 

similar to each other than that of the early stage CKD group despite having comparable 

GFRs.  

Furthermore whilst CKD is known to be associated with inflammation it remains to be seen 

whether CKD generates an inflammatory process from damaged or hypoxic renal 

parenchyma or results as a consequence of it.472, 473 With the majority of circulating cytokines 

residing from monocytes and the kidney being a highly vascularised organ receiving a quarter 

of blood volume it is clear it is a vulnerable target.472 Yet this process doesn’t appear to be 
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occurring in donors, perhaps suggesting that the simplistic view of reduced clearance of 

inflammatory mediators is probably not a factor.474 There is some evidence to support this, 

Roubicek et al. found that those with ESRD had increased messenger ribonucleic acid 

expression for pro inflammatory cytokines in adipose tissue suggesting production is a 

factor.474 The trigger for the production of inflammatory mediators is a subject of intense 

research particularly as inflammation is not only linked to poor renal outcomes but has strong 

relationships with cardiovascular disease.181  

7.3.1 Does the underlying aetiology of early stage CKD have systemic 

consequences on cardiovascular structure and function?  

Renal aetiology and systemic disease 
There is emerging evidence that the underlying aetiology of renal disease is important in 

cardiovascular risk. In 2018, O’Shaughnessy et al. used a US national ESRD renal registry 

database to select participants with eight different underlying causes of ESRD.475 Using a 

composite end point which included myocardial infarction, ischaemic stroke or 

cardiovascular/cerebrovascular death, the authors found event rates varied significantly 

depending on the underlying aeitiology.475 After adjustment for confounding factors, IgA 

nephropathy had the lowest adjusted HR for cardiovascular mortality compared to lupus [HR 

1.86 (95% CI 1.71–2.03)], adult polycystic kidney disease (APKD) (HR 1.29 [95% CI 1.19–

1.39] and membranous nephropathy (HR 1.67 [95% CI 1.52–1.83].475 A higher risk may be 

related to frequent use of immunosuppression and steroids which themselves induce 

metabolic syndrome, the likelihood of developing nephrotic syndrome or a pathway that 

leads to direct vascular injury.475  This suggests that primary glomerulonephritis (GN), 

secondary GN and non-GN CKD should be considered separately. Cardiovascular outcome 

studies seldom differentiate the underlying aetiology of renal disease with a wide range of 

conditions examined under the homogenous umbrella term of CKD.   
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Conclusion  
Evidence suggests that there is considerable heterogeneity across renal aetiologies and that 

some underlying causes of disease may lead to higher cardiovascular risk than others. The 

question then arises as to whether subtypes of renal disease also display cardiovascular 

structural and functional changes that differ from one another and whether there is an 

identifiable common denominator? 

Future study ideas 
One way to answer this question, is rather than examining early CKD as a single entity is to 

design a cross-sectional study comparing structural and functional cardiovascular differences 

between aetiologies and sub types. In order to exclude the influence of traditional 

cardiovascular risk factors non-diabetic stage 2 CKD participants would be recruited from the 

following subgroups:  

1. Primary glomerular specific disease (n=50-60). 

2. Adult polycystic kidney disease (n=50-60). 

3. Small vessel vasculitis (n=50-60). 

Groups would be 1:1 matched according to age and sex. A full list of inclusion and exclusion 

criteria is show in Table 7.1. 

Using a mean LV mass of 65±12g/m2 from a previous CMR study from our group in those 

with CKD stage 2, it is estimated that 46 participants would be required for 80% power to 

detect a mean difference of 7g/m2.476 Therefore when taking into consideration drop out 

approximately 50-60 participants would be required in each group. 

 Participants would undergo contrast enhanced CMR including LGE, T1, T2 mapping and 

functional correlates using feature tracking. Blood and urine samples would also be taken to 
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examine inflammatory biomarkers and oxidative stress using multiplex magnetic 

immunoassays. In addition patients would undergo ambulatory blood pressure monitoring to 

allow any findings to be corrected for blood pressure (a potential confounder). This approach 

would help to further risk stratify those with early stage CKD, explore potential inflammatory 

mediators and identify common pathways.  Participants would then be asked to return for a 

repeat study at three year intervals.  
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Table 7.1. Suggested inclusion and exclusion criteria. 

Inclusion criteria Exclusion criteria 

Confirmed renal diagnosis (ie.renal biopsy, 

family history or imaging) 

Diabetes or Pre-diabetes 

Stage 2 CKD Heart failure 

Must have two GFR measures at least three 

months apart 

Angina 

Sustained remission for at least 12 months Acute coronary syndrome 

 Peripheral vascular disease 

 Stroke or Transient ischaemic attack 

 Renal transplantation 

 Immunosuppressive therapy 

 Tolvaptan therapy 

 Uncontrolled hypertension 
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7.3.2 Could proteinuria have effects on cardiovascular structure and 

function in early stage CKD independently of GFR?  

Cardiovascular risk and proteinuria 
Proteinuria, a marker of renal injury, is rarely elevated in living kidney donors and remains a 

key differentiator between donors and those with early stage CKD.2 In the CRIB-DONOR II 

study although there was an increase in proteinuria in donors it was not significantly different 

from the control group.  Proteinuria however, often occurs early in the course of CKD prior 

to any measurable decline in GFR.477, 478  Furthermore, epidemiology data suggests that the 

relationship between rising proteinuria and all-cause and cardiovascular mortality is 

consistent and compelling.44 The underlying mechanisms, nevertheless, are not well 

understood.479  

Conclusion 
It is unclear whether cardiovascular disease precipitates microalbuminuria or albuminuria 

triggers increases in cardiovascular disease as both are associated with a common factor.479  

Current evidence suggests a common pathology such as chronic inflammation or endothelial 

dysfunction is likely. 479 

Future study ideas 
A proposed study would include recruitment of early stage CKD participants with a GFR of 

>90ml/min/1.73m2 with a single aetiology. The reason for choosing one aetiology would be 

to limit pathological differences between them and variation in medication. Those with 

APKD would be an ideal cohort, firstly because in the early stages many participants are 

healthy with few comorbidities. Secondly, the aetiology and management of APKD is 

uniform as opposed to those with glomerulonephritis. Thirdly, they frequently have a 

preserved renal function in the early stages and decline in GFR is slow. Finally, although 

those with APKD develop proteinuria the development of nephrotic syndrome is relatively 

unusual. 
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Proteinuria would be measured using ACR. Cardiovascular end points would include:  

1. Ambulatory blood pressure. 

2. LV mass: using CMR. 

3. GLS: using feature tracking techniques from CMR images. 

4. Native T1 time: using MOLLI sequences during CMR imaging. 

5. T2 mapping: using three single shot T2 weighted CMR images 

Relationships between cardiovascular end points and proteinuria would be examined as 

continuous variables and results would be corrected for age, body mass index and ambulatory 

systolic blood pressure. 

7.3 Conclusion 
The results from the EARNEST and CRIB-DONOR II studies provide cautious reassurance 

of the longer term consequences of living kidney donation. We have found no evidence of 

adverse cardiovascular structural or functional consequences of living kidney donation at 5 

years after nephrectomy. This is the only study to successfully investigate serial change in 

cardiovascular structure and function alongside a healthy control group.  These encouraging 

results contribute to ongoing studies of the long term consequences of living kidney donation 

which ultimately have implications for thousands of donors, potential recipients and the 

future planning of organ transplantation programs. Furthermore, it provides living kidney 

donors and clinicians with the knowledge that their health will not inevitably deteriorate as a 

result of nephrectomy and risk is potentially modifiable. Further research must now focus on 

the very long term consequences and whether these findings remain applicable to expanded 

criteria donors, different races and varying age groups. Only then can we maintain a robust 

and ethical living kidney donation programme for both developed and developing countries 

in future generations.480   
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CHAPTER 8  
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