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1.1  Background 

According to data from the UK Renal Registry, the incidence rate of adults commencing 
renal replacement therapy (RRT) for end-stage renal disease (ESRD) in Northern Ireland 
increased by approximately 11% between 2011 and 2016 (1). This included those 
undergoing haemodialysis, peritoneal dialysis or pre-emptive transplantation for the first 
time.  

Transplantation is considered the optimal form of RRT due to the numerous benefits 
conferred by a functioning allograft compared to dialysis. Chief among these are increased 
patient survival and improved quality of life (2, 3). Consequently, UK Renal Association 
guidelines focus on avoidance of dialysis, with a view to pre-emptive kidney transplantation 
wherever possible (4). However, not all patients are suitable for transplantation (4). For 
those that are suitable, a shortage of donor organs means that the procedure is not pre-
emptive in the majority of cases (5, 6). In Northern Ireland in 2016, 65% of patients 
commenced haemodialysis, while 15% underwent pre-emptive transplantation as their first 
RRT modality (1). 

Despite its advantages, transplantation is not a panacea for the many metabolic 
derangements brought about by ESRD. Even with significant surgical and immuno-
pharmacological advancements, renal transplant recipients do not share the life expectancy 
of their age-matched peers (7). While a healthy 20-year-old individual in Europe can expect 
to live a further 62 years, the same individual can expect to live 44 years following a 
successful renal transplant, and only 22 years upon commencing chronic dialysis (7). 

This discrepancy in life expectancy is at least partially attributable to the increased incidence 
of cardiovascular disease that occurs in patients with chronic kidney disease (CKD) and 
ESRD. The risk of cardiovascular disease in patients undergoing regular haemodialysis is 
estimated to be ten to 20 times higher than that of the general population (8). While a 
successful transplant can reduce this risk significantly, renal transplant recipients still have 
an annual cardiovascular event rate of 3.5-5% (9). Accordingly, cardiovascular disease 
remains one of the leading causes of death in renal transplant recipients (10, 11). As death 
with a functioning graft is the leading cause of graft loss, potential strategies to successfully 
reduce the burden of cardiovascular disease are essential for improving both graft and 
patient outcomes (12). 

 

 

 

1.2  History of cardiovascular disease 

Cardiovascular disease is often portrayed as a contemporary disease, entirely attributable to 
the nutritional and lifestyle patterns of  modern-day society (13). The human genome has 
changed very little over thousands of years. However, there have been significant changes in 
human behaviour relating to physical activity and dietary intake (13).  Adoption of sedentary 
behaviour and increased consumption of highly-processed food, in particular, have been 
implicated as major contributors to the development of atherosclerotic cardiovascular 
disease (13-15).  

It has been argued that this increasing divergence from the lifestyle of our ancient 
predecessors, without an accompanying change in our genome, has led to the emergence of 
cardiovascular disease as a significant clinical entity in recent decades (13). Indeed, the 
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adoption of a hunter-gatherer diet and lifestyle have been proposed as a means of preventing 
cardiovascular disease (13, 16).  

Of interest, cardiovascular disease is not a modern phenomenon. In a recent study, whole 
body computed tomography (CT) scans were performed on mummies from four diverse 
geographical areas, representing human populations across 4000 years (16). This study 
demonstrated that atherosclerosis was common in ancient civilizations, occurring in 60% of 
pre-agricultural hunter-gatherers (16).    

The gradual recognition of cardiovascular disease as a leading cause of mortality coincided 
with the constant rise in life expectancy throughout the 19th and 20th centuries (17). During 
this period, infection-related mortality rates fell due to improvements in sanitation and 
housing, widespread adoption of immunisation against diseases and the introduction of 
antibiotics. By the end of the Second World War, approximately 50% of the American 
population were dying from cardiovascular causes but the pathophysiology of 
atherosclerosis was poorly understood (18). The death of war-time President, Franklin 
Delano Roosevelt, from hypertension and stroke, prompted congress to pass the “National 
Heart Act.” This provided the impetus and financial funding for an epidemiological study of 
cardiovascular disease (18).    

Consequently, the Framingham Heart Study was devised in 1948. The study initially 
involved a cohort of 5209 subjects between the ages of 30 and 60 years residing in a single 
town in the USA (19). These individuals were examined biennially and followed-up for 
decades in order to establish potential factors that predisposed to the development of 
cardiovascular disease. It was from this study that the concept of a “risk factor” first 
originated (20). The importance of this concept lay in its ability to allow targeted 
intervention to remove or reduce the harmful factor.   

The first results of the Framingham Heart Study, published in 1957, identified 
hypercholesterolaemia and hypertension as risk factors for the development of 
cardiovascular disease (21). Subsequent reports from this study and several others over the 
next decade identified smoking, obesity and diabetes mellitus as additional frequently 
occurring cardiovascular risk factors. 

 

1.3  Cardiovascular disease in a modern context 

In the most recent update from the Global Burden of Diseases Study in 2016, it was reported 
that ischaemic heart disease and stroke are currently the leading causes of mortality globally, 
and are likely to remain so for the next two decades (22). Additionally, CKD is forecast to 
rise from the 16th to the 5th commonest cause of death worldwide by 2040 (Figure 1.1) (22). 
Given these projections, strategies aimed at the prevention of both cardiovascular disease 
and CKD will be essential public health priorities for the foreseeable future. 
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Figure 1.1. Leading causes of years of life lost globally in 2016 and 2040 (adapted from 
(22) under the CC BY 4.0 license).  

Recent data suggest that the epidemiology of cardiovascular disease in the UK varies 
somewhat from the global pattern. It is now second to cancer as the leading cause of death, a 
change which reflects a significant rise in cancer-related deaths in men (23). This trend is 
similar to that observed in several other European countries (24). This may be indicative of 
improved patient outcomes following myocardial infarction (MI), rather than an absolute fall 
in event rates (25). 

The high prevalence rate of cardiovascular disease means that it poses a substantial 
economic burden to the NHS (23). A significant portion of the annual NHS budget is spent 
on its prevention and treatment. In 2012-2013, for example, the NHS expenditure on treating 
cardiovascular disease in Northern Ireland was approximately £393 million (23). Coronary 
heart disease and stroke were the major determinants of these costs (23).  

Despite being described by the Framingham Heart Study over fifty years ago, the 
“traditional” cardiovascular risk factors remain at the centre of current practice in 
cardiovascular risk reduction. Multi-risk factor strategies encompassing all of these factors 
are significantly more effective in reducing cardiovascular mortality than one which targets 
individual risk factors (26).  

 

1.4  Cardiovascular disease in chronic kidney disease 

It has been well established that CKD is strongly associated with an increased risk of 
cardiovascular disease (27, 28). This may be partially attributable to the fact that both 
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disorders share common aetiological factors. Traditional cardiovascular risk factors such as 
increased age, diabetes, hypertension and dyslipidaemia are more prevalent in patients with 
renal impairment and often contribute to the development of CKD (29-31). However 
traditional risk factors do not fully explain this excess cardiovascular morbidity and 
mortality (32).  

 

The interplay between CKD and both traditional and non-traditional cardiovascular risk 
factors is displayed in Figure 1.2. 
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Figure 1.2. The interaction of traditional and non-traditional cardiovascular risk factors in 
patients with CKD (reproduced from (33), with permission from Elsevier). 

 

 

The degree of renal impairment itself has been demonstrated to play a significant 
contributory role to the development of cardiovascular disease in patients with CKD. 
Increased risk is evident at the very earliest stages of CKD and is present even when the 
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glomerular filtration rate (GFR) is still greater than 60 ml/min/1.73m2 (34). There is an 
initially linear relationship between risk and estimated GFR (eGFR) when the eGFR falls 
below 75 ml/min/1.73m2 (28, 35). 

At more advanced CKD stages, the cardiovascular risk is accelerated, with the highest rate 
of cardiovascular events occurring in patients receiving dialysis (31). Importantly, renal 
impairment as a risk factor for cardiovascular disease acts independently from traditional 
risk factors such as hypertension or diabetes (36, 37). 

Proteinuria, the hallmark of glomerular disease, has also been implicated as a significant 
independent risk factor (28, 35, 38). It has been suggested that it may act as a surrogate 
marker for widespread endothelial dysfunction. 

Further non-traditional risk factors for cardiovascular disease uniquely exist in patients with 
CKD.  These have been labelled kidney-specific risk factors and often become more 
pronounced as eGFR falls. This is demonstrated in Figure 1.2. 

Renal anaemia is a common complication of CKD due to decreased erythropoietin 
production by failing kidneys (39). Anaemia has been linked to the development of left 
ventricular hypertrophy (LVH), heart failure and increased cardiovascular mortality in 
patients with renal disease (40-42).    

Mineral bone disorder is also a common complication of CKD (43). As the GFR falls, 
hypocalcaemia, hyperphosphataemia and hyperparathyroidism become increasingly 
prevalent (44). These metabolic disturbances are associated with increased vascular 
calcification and cardiovascular mortality (45).    

Various other pathophysiological processes including inflammation, oxidative stress and 
endothelial dysfunction have been demonstrated in CKD and hypothesised to be associated 
with increased cardiovascular risk (46). 

Of note, older patients with CKD are much more likely to die from cardiovascular disease 
than progress to ESRD (47, 48). Thus, the most prevalent health problems in patients with 
CKD are cardiovascular events rather than progression to ESRD.  Optimal management of 
persons with CKD therefore mandates appropriate focus on cardiovascular risk prediction 
and targeted intervention. 

 

 

1.5  Pre-transplant evaluation for cardiovascular disease 

Renal transplant recipients have often been exposed to the deleterious metabolic effects of 
CKD and ESRD for a prolonged period prior to transplantation. As a result, they frequently 
undergo transplantation with a significant degree of pre-existing atherosclerosis (49). Their 
risk of cardiovascular events is highest in the immediate peri-operative phase, and 
subsequently declines during the first year following successful transplantation (50, 51). 

It is now considered standard of care for potential renal transplant candidates to undergo 
some form of screening for cardiovascular disease prior to being wait-listed (52). The 
primary aim of such screening is to reduce the incidence rate of peri-transplant MI, with the 
secondary aim of reducing long-term post-transplant morbidity and mortality from 
cardiovascular disease (51, 53).  
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Various screening protocols for cardiac disease in renal transplant candidates have been 
adopted in the UK (54, 55). These differ according to the proportion of patients subjected to 
non-invasive, compared to invasive, cardiac evaluation as first-line investigations. Non-
invasive investigations include electrocardiogram (ECG), echocardiogram, and various 
forms of stress testing such as dobutamine stress echocardiography (DSE) and myocardial 
perfusion imaging (MPI) (56). Invasive evaluation involves coronary angiography. 

Certain transplant units have reported risk-stratifying patients for cardiac investigations 
based on the presence or absence of conventional cardiovascular risk factors (57). In these 
centres, non-invasive investigations are offered to transplant candidates at low-to- moderate 
risk, with coronary angiography reserved for patients deemed to be at high-risk of future 
cardiac events (57). Other centres have reported their more “aggressive” approach, offering 
coronary angiography to over 50% of transplant candidates (55). 

One reason for such discrepancies in approach across the UK is that various, conflicting 
guidelines exist. In 2011, guidelines released by the UK Renal Association stated that there 
is “no compelling evidence that pre-transplantation screening tests for coronary artery 
disease in asymptomatic patients with established renal failure is effective in preventing 
future cardiac events or reducing mortality after transplantation” (58). These guidelines have 
not been updated. However, in 2013, European Renal Best Practice (ERBP) guidelines 
recommended an approach based on risk-stratification (59). According to these guidelines, 
clinical examination, ECG and chest radiography are sufficient for low-risk candidates. For 
high-risk candidates (>50 years old, or with a history of diabetes or cardiovascular disease), 
echocardiography and stress imaging should be performed, with coronary angiography for 
those with possible evidence of myocardial ischaemia (59). 

In 2014, the American College of Cardiology / American Heart Association (ACC/AHA) 
published guidelines on the perioperative cardiovascular evaluation of patients undergoing 
non-cardiac surgery (60). These guidelines recommend cardiovascular risk stratification 
based on a functional capacity assessment. Patients who have a functional capacity <4 
metabolic equivalents are recommended to undergo stress imaging (60). The guidelines 
suggest a questionnaire, the Duke Activity Status Index (DASI), as an objective measure of 
functional ability (60). At present, a pilot project investigating the utility of the DASI in risk-
stratifying renal transplant candidates is being established in Northern Ireland. 

The potential benefit of risk-stratification and non-invasive screening is that patients are not 
subject to unnecessary investigations (57). Moreover, while coronary angiography is the 
gold-standard investigation for diagnosis of coronary artery disease, it carries significant 
risks. These include anaphylactic reactions, contrast-induced nephropathy and earlier 
progression to ESRD, athero-embolic disease, vascular injury and stroke (56, 61). 

Interestingly, the literature suggests that up to 50% of asymptomatic patients with ESRD 
who undergo a coronary angiogram have evidence of significant coronary artery stenosis 
(56). Despite this, there is conflicting evidence as to whether these lesions are significantly 
associated with post-transplant cardiovascular events and survival (51, 52). In studies 
involving the general population and potential transplant candidates, coronary intervention 
(either percutaneous, or surgical in the form of coronary artery bypass grafting) prior to 
surgery has not been demonstrated to significantly improve survival (54, 62, 63).   

One additional concern involving cardiac screening is that it can significantly delay 
transplantation, or permanently exclude candidates from the wait-list who would obtain 
benefit (51, 55, 58, 59). When designing protocols for the work-up of renal transplant 
candidates, it should be borne in mind that transplantation significantly improves survival 
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compared to remaining on dialysis, even in high-risk patients (2, 51, 64). The risk of cardiac 
events in patients with CKD and ESRD remains substantial even after being wait-listed for 
kidney transplantation. In a study of medical billing in the USA, the cumulative risk of MI 
ranged from 9% to 17% after three years on the waiting list (52). The median waiting time to 
kidney transplantation in the UK is currently 755 days, with sensitised patients waiting 
significantly longer (5). There is a lack of consensus as to whether patients who are on the 
deceased-donor waiting list should undergo regular screening for cardiac disease while they 
remain on the list (51). The protocol for a randomised controlled trial, the Canadian 
Australasian Randomized Trial of Screening Kidney Transplant Candidates for CAD 
(CARSK), has recently been published (53). By recruiting 3306 kidney transplant 
candidates, this study aims to investigate whether regular non-invasive cardiac screening 
following wait-listing is of potential benefit (53). 

While methods of screening renal transplant candidates for cardiac disease remain imperfect, 
cardiovascular events in patients following transplantation will continue to be problematic 
(52). Additionally, patients without evidence of coronary artery disease at the time of 
transplantation can develop cardiovascular events in the longer-term.    

 
1.6  Epidemiology of cardiovascular disease in renal transplant recipients 

The survival benefit offered by kidney transplantation is not immediately apparent (65). In 
fact, in the early post-operative period, the risk of mortality is higher in patients who have 
received an allograft compared to those who are wait-listed and remain on dialysis (2, 66). 
This is demonstrated in Figure 1.3. Although not the sole cause, cardiovascular events 
contribute to the increase in mortality observed during the perioperative period (66). 

 

 

 

Figure 1.3. Adjusted relative risk of death in renal transplant recipients (solid line) versus 
wait-listed patients on dialysis (interrupted line) (reproduced with permission from (2), 
Copyright Massachusetts Medical Society).  



19 
 

 

The risk of cardiovascular mortality is at its peak within the first three months of kidney 
transplantation (67). Cardiovascular risk subsequently declines but remains elevated 
compared to the general population. In a study performed in England, cardiovascular disease 
was the second leading cause of death (after infection-related mortality) in the first year 
post-transplant (68).   

In comparison to their age-matched peers, renal transplant recipients display a three- to 
fivefold increased risk of cardiovascular disease in the long-term (29). Over 50% of 
cardiovascular-related deaths in renal transplant recipients are sudden and presumed to be 
secondary to cardiac arrhythmia and cardiac arrest (11). Thus, non-atherosclerotic cardiac 
disease appears to be of particular importance in this cohort. This likely represents the high 
burden of structural cardiac abnormalities, such as myocardial fibrosis LVH, present in 
patients with ESRD commencing RRT (69).  

The clinical pattern of cardiovascular disease observed in renal transplant recipients is 
otherwise broadly similar to that observed in non-transplanted individuals. The incidence of 
MI is high, with rates of 5.6% and 11.1% at 1 year and 3 years post-transplantation, 
respectively (70). This is approximately six-fold higher than observed in the general 
population (70).  Congestive heart failure is also an important cause of cardiovascular 
mortality (11, 71). 

Registry data from the USA have consistently identified cardiovascular disease as the 
leading cause of death in renal transplant recipients (11). However, recent data from the UK 
Renal Registry demonstrate that the annual mortality directly attributable to cardiovascular 
disease in renal transplant recipients has fallen over the last decade (10). Despite this, 
cardiovascular disease remains a significant clinical problem and is responsible for 
approximately 20-35% of mortality in renal transplant recipients (10, 11). 

 

1.7  Cardiovascular risk in renal transplant recipients 

The elevated cardiovascular risk in renal transplant recipients is due to a unique combination 
of traditional and non-traditional risk factors, with additional contributions from reduced 
eGFR and the use of immunosuppressive agents. These risk factors are demonstrated in 
Table 1.1.  

 

 

 

Table 1.1. Cardiovascular risk factors in renal transplant recipients. 
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 a Exacerbated by steroid use 

b Exacerbated by calcineurin inhibitor use 

 

1.8  Traditional cardiovascular risk factors in renal transplant recipients 

Traditional cardiovascular risk factors, as identified by the Framingham Heart Study, are 
also strongly associated with the development of chronic kidney disease (CKD). Their 
prevalence is therefore markedly increased among renal transplant recipients, who may have 
had a prolonged duration of accelerated cardiovascular risk prior to transplantation (72, 73).     

 

1.8.1  Hypertension 

Hypertension is already present in over 60% of patients prior to transplantation (72). It 
usually persists post-transplant and is exacerbated by some immunosuppressive drugs e.g. 
calcineurin inhibitors (74). Other potential contributory factors include graft dysfunction and 
transplant renal artery stenosis. The prevalence of hypertension in renal transplant recipients 
is reportedly greater than 70% (75).  

Hypertension is associated with graft failure, cardiovascular disease and mortality (76, 77). 
Kasiske and colleagues found that each 10 mmHg increase in systolic blood pressure is 
associated with an 18% increase in the risk of death in renal transplant recipients (76).  

A recent study by Mallamaci and co-workers highlighted the prognostic significance of 
ambulatory blood pressure monitoring in renal transplant recipients (78). They demonstrated 
that the prevalence of nocturnal hypertension is greater than double that of daytime 
hypertension in renal transplant recipients, and that nocturnal blood pressure is a stronger 
predictor of graft failure than daytime values (78). Ambulatory blood pressure monitoring is 

Traditional risk factors Non-traditional risk factors 

Hypertensiona,b Renal impairment (reduced eGFR) 

Diabetes mellitusa,b Proteinuria 

Cigarette smoking Left ventricular hypertrophy 

Dyslipidaemiaa,b Anaemia 

Obesitya Acute rejection episodes 
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particularly useful in identifying masked hypertension, which is a common problem in this 
population (79).      

The optimal blood pressure target in renal transplant recipients remains unclear due to a lack 
of prospective trials. Recommendations are often based on observational and retrospective 
data. The Collaborative Transplant Study showed that risk of cardiovascular mortality and 
graft failure is reduced when systolic blood pressure is <140 mmHg at 3 years post-
transplant (80). Another study by the same group demonstrated that systolic blood pressure 
<120 mmHg is associated with improved graft survival compared to systolic blood pressure 
<130 mmHg (81). 

A recently published post hoc analysis of the Folic Acid for Vascular Outcome 
Reduction in Transplantation (FAVORIT) trial investigated the associations of blood 
pressure with graft failure (82). The a priori hypothesis was that a “U” or “J”-shaped 
relationship existed between blood pressure and adverse graft outcomes in renal transplant 
recipients. However, there was no blood pressure threshold below which risk of graft failure 
increased. These results are the first to suggest that lowering blood pressure targets for the 
purpose of cardiovascular risk reduction in renal transplant recipients would not be 
detrimental to graft survival (82).      

Current Kidney Disease: Improving Global Outcomes (KDIGO) guidelines recommend a 
target blood pressure of <130/80 mmHg for all renal transplant recipients, whereas 
guidelines in the UK set a target of 140/90 mmHg in the absence of proteinuria (83, 84). 

The existing evidence-base is insufficient to recommend the use of one antihypertensive 
agent over another in renal transplant recipients. Clearly there are circumstances in which 
one particular class of drug may be more desirable. Calcium channel blockers can counteract 
the vasoconstrictive effects of calcineurin inhibitors (74). ACE-inhibitors and angiotensin-
receptor blockers are useful in reducing proteinuria and can ameliorate post-transplant 
erythrocytosis, though their use in the very early post-transplant period requires close 
monitoring (83-86). Irrespective of the choice of antihypertensive drug(s), the aim should be 
to achieve adequate blood pressure control to improve graft and patient survival.  

  

1.8.2  Diabetes mellitus 

Diabetes mellitus is highly prevalent in renal transplant recipients. In Europe, 26% of 
patients with ESRD have diabetic nephropathy registered as their primary renal disease (87). 
A significant proportion of these patients proceed to transplantation. Recent data from the 
UK Renal Registry have demonstrated that in 2017, 35% of patients with diabetic 
nephropathy commencing RRT did so with a pre-emptive transplant (88). Overall, patients 
with diabetic nephropathy comprised 17.2% of all patients undergoing pre-emptive 
transplantation in the same year (88). 

Furthermore, renal transplant recipients without pre-existing diabetes are at risk of 
developing post-transplantation diabetes mellitus (PTDM). 

Kasiske and colleagues demonstrated that for renal transplant recipients with pre-existing 
diabetes, the risk of cardiovascular disease and stroke is increased threefold compared to 
non-diabetic recipients (89). The adjusted risk of peripheral vascular disease is also up to 28 
times higher (89). This heightened risk may reflect progression of subclinical cardiovascular 
disease which was present at the time of transplantation but not identified during work-up. In 
a study by Ramanathan and co-workers of patients with ESRD, 33% of asymptomatic 
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individuals with type 1 diabetes and 48% of persons with type 2 diabetes had significant 
coronary artery stenosis at angiogram (90). Despite this, there is currently insufficient 
evidence to support routine use of coronary angiogram in the work-up for transplantation of 
asymptomatic individuals with diabetes.  

PTDM is also strongly associated with increased cardiovascular risk in renal transplant 
recipients (91). Established risk factors include deceased donor graft, older recipient age, 
recipient ethnicity (Hispanic), recipient race (black), hypertension, obesity, substantial post-
transplant weight gain and genetic susceptibility (92, 93).  Use of calcineurin inhibitors and 
steroids also contribute to PTDM risk by blunting insulin secretion and increasing insulin 
resistance (92). Screening for PTDM is recommended at each clinic visit using dipstick 
urinalysis and blood glucose measurement. Formal diagnosis should be based on World 
Health Organisation (WHO) criteria using HbA1c, fasting blood glucose level or the oral 
glucose tolerance test when the recipient is clinically stable (84). 

The management of diabetes in renal transplant recipients can be challenging and often 
requires specialist input from a diabetologist (84). In early post-transplant hyperglycaemia, 
insulin is often required to counteract the effects of high-dose steroids (94). However, in the 
outpatient setting, lifestyle measures such as weight loss and use of oral hypoglycaemic 
agents are appropriate initial steps.  

There is currently a dearth of evidence on the efficacy or safety of newer oral agents, such as 
sodium and glucose co-transporter 2 (SGLT2) inhibitors and glucagon-like peptide 1 (GLP-
1) agonists in renal transplant recipients. As a result, an international consensus meeting in 
2013 was unable to support the introduction of a hierarchy of hypoglycaemic agents for 
PTDM management (94). Their recommendation was to alter the immunosuppressive 
regimen and introduce hypoglycaemic agents in an approach individualised to the patient.      

In 2015, results from the EMPA-REG study demonstrated that use of the SGLT2 inhibitor, 
empagliflozin, reduced risk of mortality and adverse cardiovascular outcomes in patients 
with type 2 diabetes at high risk for cardiovascular events (95). A secondary analysis of this 
trial reported that empagliflozin reduced progression of kidney disease (96). More recently, 
the Canagliflozin and Renal Events in Diabetes with Established Nephropathy Clinical 
Evaluation (CREDENCE) trial reported that canagliflozin reduced risk of adverse renal 
outcomes and cardiovascular events in patients with type 2 diabetes and proteinuric kidney 
disease (97). 
 
If demonstrated to be safe, the potential cardiovascular and renal protection offered by 
SGLT2 inhibitors would make them an appealing choice for renal transplant recipients (98). 
Of note, this class of medication is associated with glycosuria and an increased incident of 
genital infection, which may be problematic in immunosuppressed transplant recipients (95). 
To date, only two studies have investigated the use of SGLT2 inhibitors in this patient 
population (99, 100). Both studies involved recipients with PTDM but had a small number 
of participants, which limited firm conclusions being drawn from their results. However, the 
initial safety signal for empagliflozin was positive (99, 100).  
 
Further studies in this field are ongoing. These are shown in Table 1.2.  
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Table 1.2. Active / planned studiesa related to post-transplant diabetes mellitus in renal transplant recipients, as registered on clinicaltrials.govb. 

 

 
Identifier 

 
Study Title 

 
Design 

 
Description 

 
Expected completion 
 

 
NCT03642184 

 
Efficacy and Safety of 
Empagliflozin in NODAT 

 
Open-label RCT 

 
Investigation of the safety and clinical effects of empagliflozin 
compared with linagliptin in renal transplant recipients. 
Outcomes include renal parameters and glycaemic control   
 

 
December 2020 

 
NCT01928199 

 
Efficacy Study of Sitagliptin 
to Prevent New-onset 
Diabetes After Kidney 
Transplant 

 
Phase 2, double-
blind RCT 

 
Evaluation of the efficacy of sitagliptin compared with placebo 
at reducing the incidence of PTDM in renal transplant recipients 
who develop hyperglycaemia within 72 hours of transplantation 
 

 
December 2019 

 
NCT02558452 

 
European Transplant Registry 
of Senior Renal Transplant 
Recipients on Advagraf 
(SENIOR) 

 
Observational 
(patient registry) 

 
Establishment of a registry of renal transplant recipients >65 
years old initially treated with once-daily tacrolimus, 
mycophenolate and steroids. Long-term (10 year) outcomes 
include graft loss, death, cardiovascular events and development 
of PTDM. 
 

 
January 2028 

 
NCT02849899 

 
Prevention of Diabetes After 
Transplantation by 
Vildagliptin in the Early Post-
transplant Period (PRODIG) 

 
Triple-blind RCT 

 
Comparison of the efficacy vildagliptin versus placebo in 
reducing the incidence of PTM 1 year post-transplantation.  

 
January 2020 

 

 

a As of June 2019 
b Search terms; “post-transplant diabetes mellitus”, “NODAT”. Studies focused on non-renal transplantation were excluded. 
Abbreviations: CNI, calcineurin-inhibitor; NODAT, new-onset diabetes after transplantation; RCT, randomized controlled trial; PTDM, post-transplant diabetes mellitus 
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1.8.3  Dyslipidaemia 

Dyslipidaemia is a common problem following transplantation, with over 60% of renal 
transplant recipients affected (101). Transplantation is associated with elevations of total 
cholesterol, LDL-cholesterol and triglycerides, largely due to immunosuppressive regimens. 
Steroids, calcineurin inhibitors and mTOR inhibitors all have deleterious effects on lipid 
concentrations (102).  

There is a strong association between dyslipidaemia and cardiovascular disease in renal 
transplant recipients. The risk of ischaemic heart disease is doubled with serum cholesterol 
>200 mg/dL or triglycerides >350 mg/dL (73). Additionally, total cholesterol concentration 
at one-year post-transplant independently predicts mortality in renal transplant recipients 
(89). 

Screening for dyslipidaemia should be undertaken early following transplantation and then 

at least annually (83, 84). Management can include reduction of immunosuppression doses 

or, where relevant, switching from ciclosporin to tacrolimus (103). However, guidelines now 

recommend the use of HMG-CoA reductase inhibitors (statins) in renal transplant recipients 

with hypercholesterolaemia (83, 84). These are based on evidence from the ALERT trial 

(71), which showed fluvastatin successfully lowered LDL-cholesterol by 32%. Although the 

trial was inadequately powered for its primary composite endpoint (major adverse cardiac 

events, MACE), fluvastatin reduced the risk of cardiac death and non-fatal MI by 35% (71). 

Results from a post hoc analysis demonstrated that risk reduction was greatest when statin 

therapy was introduced within the first two years following transplantation (104). 

Additionally, a Cochrane systematic review published in 2015 evaluated the effects of statin 

therapy on outcomes in renal transplant recipients (105). A total of 22 studies were included, 

with some being deemed low quality. Statins significantly reduced serum total cholesterol, 

LDL-cholesterol, and triglyceride concentrations (105). Although the effect estimates were 

imprecise, the review concluded that statins may also reduce cardiovascular events and 

mortality. Of note, there appeared to be no association between statins and eGFR or 

proteinuria (105).  

Despite this evidence, poor tolerance of statin therapy in a substantial minority of patients, 

and concerns regarding polypharmacy have limited the widespread clinical prescription of 

statin therapy in patients following kidney transplantation. 

Proprotein convertase subtilisin kexin type 9 (PCSK9) inhibitors have recently been used as 
adjunctive therapy to statins in patients who fail to achieve adequate cholesterol control 
(106). These monoclonal antibodies lower cholesterol through their action on LDL-receptors 
in the liver, increasing LDL uptake from the blood. In the Further Cardiovascular OUtcomes 
Research with PCSK9 Inhibition in Subjects with Elevated Risk (FOURIER) trial, 
evolocumab significantly lowered LDL-cholesterol concentration and reduced the incidence 
of major cardiovascular events in patients already taking statins (107). Several studies on 
alirocumab have included small numbers of patients with an eGFR <60 ml/min/1.73m2 
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(108). These studies demonstrated that the drug was equally effective in lowering LDL-
cholesterol in patients with and without CKD. 
 
As a novel drug class, there is no experience of PCSK9 inhibitor use in renal transplant 
recipients.  However, it is important to note that the FOURIER trial specifically excluded 
transplant recipients and those with advanced renal impairment. Therefore, further trials 
which include such patients are required before use of PCSK9 inhibitors can be considered 
in renal transplant recipients. Interestingly, in one study of 453 renal transplant recipients, 
higher serum PCSK9 concentrations were associated with the development of PTDM (109). 
The role of PCSK9 inhibitors in this relationship may also be a useful area of future 
research.    
 

1.8.4  Cigarette smoking 

Kasiske and Klinger published a study in 2000 reporting that 25% of recipients smoked at 
the time of transplantation. The smoking prevalence in renal transplant recipients mirrored 
the prevalence in the general population (110). This study demonstrated that smoking was an 
independent risk factor for graft loss, cardiovascular disease and death (110). A recent post 
hoc analysis of the FAVORIT study demonstrated similar results, with continued smoking 
increasing the risk of all-cause mortality by 70% (111). 

In a retrospective cohort study involving 997 recipients of a live donor kidney, those who 
had ever smoked by the time of transplant evaluation were at increased risk for mortality and 
lower eGFR at one year (112). In an adjusted model, ever smokers also had an increased risk 
of an acute rejection episode by day 10 post-transplant. The mechanism underlying this is 
unclear. The authors postulated that smoking may have an immunomodulatory effect in 
transplant recipients (112).  

There are insufficient interventional trials investigating the efficacy of smoking cessation 
methods in renal transplant recipients. However, a protocol for a randomised control trial 
investigating the efficacy of carbon monoxide-oximetry and smoking cessation advice in this 
patient cohort has recently been published by a research group from Spain (113). Currently, 
methods used in the general population are likely to be safe and their use is recommended 
for renal transplant recipients in guidelines (59, 84).  

The study by Kasiske and Klinger demonstrated that smoking cessation more than 5 years 
prior to transplantation significantly reduced the risk of adverse outcomes (110). This 
suggests that smoking cessation strategies would be most effectively used in patients with 
CKD before they ever reach ESRD.  

 

1.8.5  Weight gain and obesity 

The prevalence of obesity has been increasing worldwide for several decades (114). Obesity 
itself is an independent risk factor for the development of ESRD (115).  

The global obesity epidemic is reflected in the renal transplant population. Recent data 
showed that approximately 35% of renal transplant recipients in the USA are obese at the 
time of transplantation with a body mass index (BMI) ≥30 kg/m2. The percentage of obese 
transplant recipients is increasing annually as practice evolves to include higher risk 
recipients on the waiting list. No definitive safe upper limit for BMI at time of 
transplantation has been established (116). 
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Obese ESRD patients who are transplanted have improved survival rates compared to those 
who remain on dialysis (117). In the current era, their risk of graft failure and death is 
comparable to those who undergo transplantation with a normal BMI (118).  

Nevertheless, obesity is associated with cardiovascular disease. A study by Lentine and co-
workers demonstrated that the risk of cardiac disease, particularly heart failure and atrial 
fibrillation, is increased by 25% for each 5 unit increase in recipient BMI (119). Obesity is 
associated with hypertension, dyslipidaemia, impaired glucose tolerance and proteinuria in 
renal transplant recipients, all of which increase cardiovascular risk (120). 

A study by Johnson and colleagues revealed that weight gain is a common issue post-
transplantation, with over half of renal transplant recipients gaining more than 10% body 
weight (121). Post-transplantation weight gain is also associated with adverse outcomes, 
even in the absence of obesity (121). 

Weight loss may be aided with exercise and appropriate dietary advice, though there are no 
clinical trials to support this in renal transplant recipients specifically. The use of 
pharmacological interventions to stimulate weight loss is not currently recommended due to 
concerns these may interfere with the absorption of immunosuppressive drugs (84). Steroid 
reduction or withdrawal may appear intuitive but the effect on obesity is limited (122). 

 

 

 

1.9  Non-traditional cardiovascular risk factors in renal transplant recipients 

Individuals with CKD and ESRD possess unique clinical characteristics which contribute to 
their increased risk of cardiovascular events and mortality. These include the combined 
effects of prolonged exposure to traditional risk factors and the accumulated burden of non-
traditional risk factors related to CKD and ESRD. A functioning allograft can mitigate the 
impact of some of these non-traditional factors, but they typically persist to some degree 
following transplantation (67).  

 

1.9.1  Renal impairment 

Successful kidney transplantation and the restoration of renal function significantly reduces, 
but does not negate, the risk of cardiovascular mortality in recipients (67). Even an allograft 
with excellent function does not restore to the recipient an entirely normal GFR. In this 
sense, transplant recipients should be considered a unique cohort of patients with enduring, 
albeit less advanced, CKD. 

A study by Foster and colleagues demonstrated that eGFR, calculated from creatinine, 
cystatin C or β2-microglobulin, is an independent risk factor for cardiovascular events and 
mortality in renal transplant recipients (123). The highest level of incident cardiovascular 
disease and all-cause mortality is associated with the lowest eGFR. 

A post hoc analysis of the FAVORIT study suggested that this only becomes relevant once 
the eGFR falls below 45 ml/min/1.73m2, with no association with incident cardiovascular 
disease or all-cause mortality above this threshold. However, below this cut-off, each 5 
ml/min/1.73m2 increase in eGFR is associated with a 15% reduction in cardiovascular 
disease and mortality (124).  
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Such studies have highlighted the importance of achieving, and subsequently maintaining, 
optimal graft function to favourably modify cardiovascular risk in renal transplant recipients. 

In the UK, the use of kidneys from donors after circulatory death (DCD) has increased 
annually since 2008 (5). In addition, there has been a concurrent rise in the use of extended 
criteria donors (5). These strategies have increased the number of patients transplanted 
successfully. However, organs from suboptimal donors may be associated with lower eGFR 
and reduced graft survival. It has been recognised this may have a knock-on effect on 
recipient mortality from all-causes, including cardiovascular disease. As a result, a new 
kidney offering scheme will be introduced in the UK in 2019 (125). The scheme prioritises 
the matching of graft life expectancy with recipient life expectancy.    

Other strategies to improve graft longevity have long been considered. One option is to 
promote programmes which focus on increasing the use of living donor organs (126). 
Additionally, the immunosuppressive regimens which are used in the post-transplant period 
may be another modifiable factor in determining long-term eGFR. However, there is yet to 
be consensus on the ideal immunosuppressive regimen which balances the risks of chronic 
immunologically-mediated damage and calcineurin inhibitor nephrotoxicity (127). 

  

1.9.2  Proteinuria 

Proteinuria is a commonly identified issue in renal transplant recipients. Its exact prevalence 
is difficult to ascertain due to the varying thresholds used in studies, but approximately 20% 
of renal transplant recipients have proteinuria of greater than 1g/day (128).  

One issue facing transplant physicians is determining the source of proteinuria in renal 
transplant recipients; native kidneys or the allograft (129). One study has demonstrated that 
proteinuria from native kidneys generally resolves within the first month post-
transplantation, provided there is immediate graft function (130). Another study reported 
that proteinuria >1.5 g/day which persists beyond three weeks post-transplantation is always 
due to underlying glomerular pathology in the allograft, even if nephrotic-range proteinuria 
existed prior to transplantation (131). 

The immunosuppression used following transplantation may affect proteinuria. It has been 
established that calcineurin inhibitors have an antiproteinuric effect, while mTOR inhibitors 
such as sirolimus cause proteinuria to develop in a significant number of transplant 
recipients (132).  

Analogous to its impact in the general population, proteinuria in renal transplant recipients is 
associated with cardiovascular disease. A study by Fernandez-Fresnedo and colleagues 
demonstrated that persistent proteinuria doubles the risk of cardiovascular disease and all-
cause mortality in renal transplant recipients (133). 

Despite the widespread use of renin-angiotensin system (RAS) blockade in patients with 
proteinuric CKD, the evidence-base in the transplant population is not definitive. A 
systematic review by Hiremath and colleagues, which included 21 trials and 1549 patients, 
demonstrated that RAS blockade effectively reduces proteinuria in renal transplant 
recipients (134). However, the median follow-up time of 27 months was insufficient to 
determine effects on graft and patient outcomes. A more recent systematic review by the 
same group failed to show a survival benefit from use of RAS blockade in renal transplant 
recipients (135). Additionally, a further retrospective study involving over 39,000 recipients 
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demonstrated that use of RAS blockade did not reduce the risk of cardiovascular death 
compared to other forms of antihypertensive medication (136). 

Nevertheless, UK and US guidelines continue to advocate the use RAS blockade in renal 
transplant recipients with proteinuria based on their ability to reduce urinary protein 
excretion (83, 84).    

 

1.9.3  Left ventricular hypertrophy 

Although it may be classified as a form of cardiovascular disease in itself, LVH is an 
independent risk factor for congestive cardiac failure and mortality in renal transplant 
recipients (137). It is common in renal transplant recipients and is closely linked to 
hypertension and anaemia (137). 

Several methods exist for the diagnosis of LVH, including ECG, echocardiography, and 
cardiac magnetic resonance imaging (CMRI) (138). At present, use of CMRI for this 
purpose is not routine due to cost considerations and labour intensity. Echocardiography is 
subject to operator variability but is considered the gold-standard modality. It is portable, 
widely available and has been repeatedly used in both observational and interventional 
studies in renal transplant recipients (138, 139). When echocardiography is used, LV mass 
must be corrected for body size either by indexing to body surface area (BSA) or height 
raised to the allometric power of 2.7 (height2.7). Both indexes have been used in studies 
involving renal transplant recipients, and joint recommendations by the American Society of 
Echocardiography and the European Society of Cardiovascular Imaging do not favour use of 
one over the other. However, height2.7 may have advantages in obese patients, which makes 
this index more applicable to renal transplant recipients where obesity is common (140). 
Although it is possible to diagnose LVH by ECG (and this diagnosis is associated with 
mortality in renal transplant recipients) lack of sensitivity means ECG should be considered 
second-line (137, 138). 

In one study, regression of LVH in renal transplant recipients reduced the risk of 
cardiovascular events by 59% (141). A randomised trial by Midtvedt and co-workers 
demonstrated that a functioning allograft and well-controlled blood pressure lead to LVH 
regression (142). In this study, ACE inhibitors and calcium-channel blockers were equally 
effective. Thus, achieving adequate blood pressure control should be viewed as more 
important than the agent used. 

Increasingly, mTOR inhibitors have been investigated as potential promoters of LVH 
regression. The mTOR signalling pathway is involved in modulating the cardiac response to 
haemodynamic stress. Several small randomised controlled trials in renal transplant 
recipients have shown reduction in LV mass with these agents used as immunosuppression 
(139). Much larger randomised controlled trials will be required to confirm these findings 
and investigate the impact on survival before mTOR inhibitors are routinely used for their 
cardiac remodelling properties.         

 

1.9.4  Other non-traditional risk factors 

Several other risk factors for cardiovascular disease which are common in transplant 
recipients have been identified. Anaemia affects 20-45% of renal transplant recipients (143). 
It is attributed to a combination of factors including suboptimal graft function, RAS 
blockade, antiproliferative agents, mTOR inhibitors and co-trimoxazole (134, 143). Akin to 
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its impact in the CKD population, post-transplant anaemia is associated with the 
development of LVH and congestive heart failure (137). Its impact on patient survival 
remains unclear (143). Treatment in renal transplant recipients should be analogous to 
management of anaemia in CKD patients (84). However, caution must be exercised as over-
correction has also been associated with increased mortality risk in renal transplant 
recipients (143). 

A study by Kasiske and co-workers demonstrated that two or more episodes of acute 
rejection in the first year increases the risk of ischaemic heart disease by 62% (73). The 
PORT study also found acute rejection associates with an increase in cardiovascular risk  
(144). The underlying mechanism for this association remains unclear. It is possible that the 
immune activation which occurs in rejection is involved in the pathogenesis of 
cardiovascular disease. However, the effects of the additional immunosuppression used to 
treat rejection may also contribute to increased cardiovascular risk.  

 

1.10  Immunosuppression and cardiovascular risk 

Immunosuppression is essential post-transplantation to prevent graft loss from acute 
rejection and chronic immunological injury. Despite the positive impact immunosuppressant 
agents have on long-term graft outcomes, their negative effects on renal transplant recipients 
are equally important. Steroids and calcineurin inhibitors contribute significantly to the 
increased risk of cardiovascular disease faced by renal transplant recipients. This occurs 
primarily through their amplification of traditional risk factors such as hypertension, 
diabetes and dyslipidaemia (74, 92, 102). While these risk factors can be addressed, this is 
often at the expense of using additional medications such as antihypertensives, insulin and 
statins. Therefore, steroid or calcineurin inhibitor avoidance has been suggested as an 
alternative strategy to reduce cardiovascular risk. Trial evidence to define the optimal 
immunosuppressive regimen for this purpose is lacking and the potential for increased risk 
of rejection must be borne in mind. Guidelines by the Renal Association in the UK advocate 
that a flexible approach to immunosuppression is required, with renal transplant recipients 
being stratified by risk (84).  

In recent years, attempts have been made to develop novel immunosuppressive agents to 
allow calcineurin inhibitor avoidance without risk of allograft rejection. Treatment with one 
such drug, belatacept, has been associated with an improvement in graft function, blood 
pressure and lipid profile, and a lower incidence of post-transplantation diabetes (145, 146). 
However, these effects have not yet been demonstrated to lead to an improvement in the 
long-term cardiovascular risk profile of belatacept-treated recipients.  

 

1.11  Predicting cardiovascular risk in the general population 

Various strategies to address the worldwide prevalence of cardiovascular disease have 
appropriately focused on prevention rather than cure. Effective prevention strategies require 
accurate methods for identifying at-risk individuals so that interventions to reduce risk can 
be implemented in a timely manner (147).  

In the general population, various prediction models for cardiovascular risk have been 
developed for this purpose (148). Examples include the Framingham risk score and QRISK 
score (149, 150). These scores mathematically combine numerous established risk factors, 
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providing an estimated risk of an individual developing cardiovascular disease. Results are 
expressed as 10-year risk estimates (151). 

One potential pitfall when using cardiovascular risk scores is that they may under- or 
overestimate risk when used in an inappropriate patient group (151). Risk scores are 
validated for use only on the population from which they were derived. For example, the 
Framingham cohort were a homogenous group of individuals, predominantly white and 
middle-aged (19). Therefore, despite various updates and adjustments, the Framingham risk 
score is limited in its ability to predict cardiovascular risk in the various ethnic groups 
worldwide. This was the primary motivation for the development of the QRISK scores in the 
UK (150). 

Relatively recent National Institute for Health and Care Excellence (NICE) guidelines 
recognised that patients with CKD and/or proteinuria are at increased risk of cardiovascular 
disease, which will not be accounted for using current risk scores (152). For this reason, 
these guidelines explicitly state that the use of the QRISK2 score in patients with CKD 
should be avoided (152). Since the publication of these guidelines, an updated version of the 
score, QRISK3, has been released (153). In QRISK3, the presence of CKD has been 
included as an additional clinical risk factor. However, CKD is considered as a binary 
(yes/no) variable, with no account taken for the graded cardiovascular risk associated with a 
declining eGFR. Proteinuria remains unaccounted for as yet. 

 

1.12  Cardiovascular risk prediction in renal transplant recipients 

Numerous studies on cardiovascular risk prediction in renal transplant recipients have 
applied the Framingham risk score (154-157). These studies demonstrated that the risk score 
appropriately identifies recipients at low risk. However, it greatly underestimates 
cardiovascular risk in recipients at moderate and high risk (154-157). Therefore, recipients 
in most need of effective preventative strategies may be overlooked. 

This underestimation of risk in transplant recipients is partly because non-traditional risk 
factors play an important role but are unaccounted for in general population-based scores 
(155). Additionally, the contribution of individual traditional cardiovascular risk factors 
appears to be weighted differently. For example, the cardiovascular risk attributable to 
diabetes is significantly higher in transplant recipients than in individuals in the general 
population (158). 

Several large studies have attempted to develop risk prediction models specifically for use in 
renal transplant recipients. In the PORT study, Israni and co-workers analysed both 
traditional and non-traditional risk factors for cardiovascular disease in over 23,000 renal 
transplant recipients (144). They showed that important risk factors for prediction included 
age, sex, race, pre-existing diabetes, post-transplant diabetes, pre-existing cardiovascular 
disease, eGFR, acute rejection, delayed graft function and duration of ESRD. Further 
analysis revealed that traditional cardiovascular risk factors added little to the accuracy of 
the model (144). The non-traditional factors included in their risk prediction score were 
closely related to graft function.  

In 2012, Soveri and colleagues developed the cardiovascular risk calculator for renal 
transplant recipients (CRCRTR), which provides an estimate of risk over seven years (159). 
Two versions of this calculator exist, with one for the prediction of mortality and the other 
for the prediction of major adverse cardiovascular events (MACE). The CRCRTR for 
mortality is comprised of six variables: age, ischaemic heart disease, diabetes, creatinine, 
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smoking and total time on RRT. The CRCRTR-MACE was established using seven 
variables including age, previous ischaemic heart disease, diabetes, LDL-cholesterol, serum 
creatinine, number of previous transplants and smoking status. The authors proceeded to 
validate the use of this calculator in renal transplant recipients using individuals in an 
international database and two clinical trials (160). When compared to the Framingham risk 
score, the CRCRTR more accurately predicted the risk of cardiovascular events in renal 
transplant recipients. The improvement in risk prediction with CRCRTR appears to be 
primarily related to the addition of GFR to traditional risk factors (154). Having said this, a 
systematic review of the performance of cardiovascular risk prediction models in renal 
transplant recipients has suggested that there is still scope to improve upon CRCRTR (161). 

The principles of cardiovascular risk prediction in transplant recipients and the general 
population are broadly similar. However, general risk scores do not account for CKD- and 
transplant-specific risk factors. Therefore, cardiovascular risk prediction in transplant 
recipients remains challenging and must be tailored to this unique cohort. 

 

1.13  Biomarkers of cardiovascular disease 

Risk prediction models based on traditional cardiovascular risk factors remain the 
cornerstone of effective prevention. However, these models have limitations and fail to 
identify every individual who will develop cardiovascular disease (162). Attempts have 
therefore been made to improve their accuracy through the addition of other risk markers, 
often termed “biomarkers.”  

The concept of a biomarker was first described in 1989 and the current definition was 
introduced by the National Institutes of Health as “a characteristic that is objectively 
measured and evaluated as an indicator of normal biological processes, pathogenic 
processes, or pharmacologic responses to a therapeutic intervention” (163). In clinical 
practice, a biomarker could therefore be a molecule measured in serum, an abnormality on 
an ECG, or findings on a CT scan.    

Biomarkers can be labelled according to their clinical use: antecedent, screening, diagnostic, 
staging, and prognostic (163, 164). One biomarker may have several uses, aiding with both 
diagnosis and prognosis, for example. The characteristics of an ideal biomarker include 
accuracy, sensitivity, specificity, ease of measurement, reproducibility and acceptability to 
patients (164). 

In cardiovascular disease, a vast array of potential biomarkers has been identified, with the 
utility of up to 30 markers being investigated in one study (165). However, such biomarkers 
must undergo rigorous testing and validation prior to being adopted into routine clinical 
practice. A single biomarker is unlikely to outperform and therefore replace an existing risk 
prediction model. Rather, biomarkers are studied as a potential adjunct to be incorporated 
into established models (147, 165).    

 

1.14  Assessing the value of biomarkers added to prediction models 

In ideal circumstances, it would be possible to alter the treatment of a patient according to 
their estimated risk of developing specific adverse outcomes. The purpose of a risk 
prediction model is to facilitate this tailored approach to patient care (166). However, the 
accuracy of a prediction model must be quantified in order for its clinical utility to be 
assessed. 
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Traditionally, the performance of risk prediction tools has been measured in terms of 
discrimination. This is the ability of the tool to distinguish between patients who develop the 
clinical outcome (such as death, or a cardiovascular event) from those who do not (167). In 
survival analyses, which incorporate time-to-event data, discrimination refers to the ability 
of the model to differentiate individuals who develop an outcome sooner from those who 
develop it later, or not at all (167, 168). 

The concordance statistic, more often referred to as the C-statistic, is a global measure of 
discrimination (167). It represents the area under the receiver operating curve (ROC), which 
is a plot of the false positive rate versus the true positive rate (169). Values for the C-statistic 
range from 0.5 to 1.0. A value of 0.5 suggests that the prediction model is of limited value 
and performs similarly to random chance (169). Values closer to 1.0 represent superior 
discrimination (169).  

The C-statistic is the probability that, when faced with a pair of patients (one who developed 
an event and one who did not), the prediction model will assign a higher risk score to the 
patient who developed the event (167). For example, a C-statistic of 0.75 means that, in 
three quarters of all possible pairs of patients, the model correctly assigned a higher risk 
score to the affected patients compared to the unaffected patients. For risk prediction 
models, C-statistic values rarely exceed 0.80 (151). 

The clinical value of an individual biomarker depends upon its ability to improve the 
predictive accuracy, or discrimination, of an existing model. This is most often measured by 
the change (or improvement) in the C-statistic that occurs after the addition of the biomarker 
to the model. A useful biomarker will increase the C-statistic (170). 

It has been recognised, however, that the change in C-statistic can be insensitive, and that 
useful biomarkers may be unfairly dismissed if this is the only metric used to determine their 
predictive value (151, 171). For example, in the Framingham study, the addition of 
cholesterol to a model comprised of age, sex and systolic blood pressure led to only a minor 
improvement in the C-statistic (151). Consequently, other metrics have been developed to 
more sensitively capture the value of biomarkers added to existing risk prediction tools (172, 
173). 

The integrated discrimination improvement or index (IDI) was first proposed by Pencina and 
colleagues in 2008 (172). This is considered complementary to the C-statistic change and 
may be more sensitive (174). The IDI is calculated by determining two discrimination 
slopes, one for the baseline predictive model and one for the model with the biomarker 
included (172). The discrimination slope is the mean difference in predicted risk of the 
outcome in individuals who have the outcome compared with individuals who do not have 
the outcome.  The IDI is the difference between these discrimination slopes (170). The IDI 
provides a measure of the overall improvement in discrimination created by adding the 
biomarker to the baseline model (171, 172) 

The category-free or continuous net reclassification index (NRI) (NRI>0) was also 
developed by Pencina and co-workers to evaluate the usefulness of adding a new biomarker 
to an existing prediction model (173). In brief, a useful biomarker should improve the ability 
of a prediction model to correctly classify patients according to their risk of developing the 
outcome. After adding a useful biomarker, the risk score for patients who develop the 
outcome should increase, and the risk score for patients who do not develop the outcome 
should decrease (171). The category-free NRI is a summary measure which is calculated by 
determining the sum of differences in the proportions of individuals whose risk score 
increases (in the new model compared with the baseline model) minus the proportion whose 
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risk score decreases in those with the outcome, and the proportion of individuals whose risk 
score decreases minus the proportion whose risk score increases for those without the 
outcome. (171). The added predictive value of the biomarker can be assessed based on the 
magnitude of the category-free NRI:  <0.2, weak; 0.2-0.6, moderate; >0.6, strong (175).      

 

 

 

 

 

 

 

1.15  Kidney transplantation in Northern Ireland 

The kidney transplant programme in Northern Ireland was established in 1968. Since then, 
the number of kidney transplant procedures performed annually has risen substantially. This 
is demonstrated in Figure 1.4. 
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Figure 1.4. Histogram demonstrating the number of kidney transplant procedures 
performed per year in Northern Ireland during the period 1968 – 2018, categorised by 
diabetes status. 

 
 

According to data from the Northern Ireland Kidney Transplant database, 2395 transplant 
procedures had been performed in 2061 recipients by 31st December 2018. 

 

 

 

Clinical practice in Northern Ireland has evolved since the inception of the transplant 
programme. Recently, there has been an increased focus on offering transplantation to as 
many patients with ESRD as possible, provided they do not have an absolute 
contraindication. This ethos has arisen from the recognition that facilitating transplantation 
in patients with ESRD is cost-effective for the NHS, and additionally improves survival and 
quality of life for patients compared to maintenance dialysis therapy.          

Several changes have occurred in recent years in order to achieve the aim of expanding the 
renal transplant programme. These included revising the criteria used to assess both donor 
and recipient suitability and increasing the available donor pool through the formation of a 
formalised live donor programme. 

 

1.15.1  Donor demographics  

The median age of donors has risen significantly as demonstrated in Table 1.3.  

 

Table 1.3. Median age of donor and recipients, 1968 – 2017. 

Decade Donor agea (years) Recipient agea (years) 
1968 – 1977 29 37 
1978 – 1987 31.5 39 
1988 – 1997 37 42 
1998 – 2007 44 42 
2008 – 2017 47 49 

 

a Data presented as median 

 

The increase in donor age partly reflects an increased willingness to accept organs from 
extended criteria donors, including those from deceased donors who are over the age of 60. 

Having been halted in 1978, the DCD programme was re-established in 2013. As a result, 
more DCD kidneys than donation after brainstem death (DBD) kidneys were transplanted in 
Belfast in 2018. 
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1.15.2  Recipient demographics 

The median age of recipients has consistently increased since the establishment of the 
transplant programme, as demonstrated in Table 1.3.  

There has been an accompanying increase in recipient co-morbidities in recent years. In 
total, 63% of all patients with type 2 diabetes and diabetic nephropathy who have undergone 
kidney transplantation in Belfast have done so between 2015 and 2018. This is demonstrated 
in Figure 1.4. 

Of note, there has also been a significant increase in the incidence of recipient obesity. In 
2018, 32% of all recipients had a BMI >30 kg/m2, while the median recipient BMI was 28 
kg/m2. At present, there is no cut-off value above which patients are deemed unsuitable for 
transplantation. The decision regarding suitability is made on a case-by-case basis following 
multidisciplinary assessment. 

 

1.15.3  Live donor programme 

Traditionally, the rate of live donor kidney transplantation in Northern Ireland was low. This 
changed in 2009 with the introduction of a one-day assessment process for live donors (126). 

With the rise in live donor transplantation, a dramatic change in the prevalent RRT 
population in Northern Ireland has become evident. In recent years, there has been a fall in 
the absolute number of patients on maintenance dialysis.  This is demonstrated in Figure 1.5. 

 

 

 

Figure 1.5. Live donor transplantation rates and the number of prevalent dialysis patients in 
Northern Ireland, 2000 – 2015 (reproduced from (126) with the permission of Elsevier).    

 

1.15.4  Mortality 
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In Northern Ireland, cardiovascular disease is the leading cause of death in renal transplant 
recipients. As of December 2018, 899 recipients had died, 360 (40%) due to cardiovascular 
disease. Malignancy accounted for 155 (17.2%) deaths, and infection for 143 (15.9%) 
deaths. 

 

1.16  Summary 

Cardiovascular disease is recognised as a leading cause of premature mortality in renal 
transplant recipients, both globally and in Northern Ireland. In cases of death with a 
functioning graft, cardiovascular disease also contributes to premature graft loss. This may 
become ever more apparent in Northern Ireland as the renal transplant population expands 
with recipients who are increasingly likely to be obese and have diabetes at the time of their 
procedure. Moreover, the increasing use of DCD kidneys risks poorer long-term graft 
function and may contribute to increased cardiovascular risk.  

In the post-transplant period, there exists a unique combination of traditional and non-
traditional cardiovascular risk factors. The accelerated risk of cardiovascular disease is often 
amplified by the effects of immunosuppression. At present, aggressive management of 
traditional risk factors remains the cornerstone of effective cardiovascular disease 
prevention. However, other strategies to prolong optimal graft function and overcome the 
negative aspects of current immunosuppressive regimens should also be considered.     

Cardiovascular risk prediction models developed in the general population often under-
estimate risk in renal transplant recipients. The use of transplant-specific risk calculators 
may go some way towards overcoming this problem. Addition of cardiovascular biomarkers 
to these scores may improve accuracy but further work in this area is required.  

 

 

 

 

 

 

 

 

1.17  Thesis aims 

The overarching hypothesis of this research is that established biomarkers of cardiovascular 
disease will be associated with, and predictive of, adverse outcomes in renal transplant 
recipients. This thesis discusses the measurement of cardiovascular biomarkers in stored 
serum/plasma samples from a cohort of 379 renal transplant recipients who have been 
prospectively followed up for over 15 years for the development of adverse outcomes.  

The measured biomarkers include: 

1. C-reactive protein (CRP), a marker of inflammation associated with the 

development of atherosclerosis 
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2. Troponin T (TnT), a marker of myocardial injury traditionally used in conjunction 

with clinical history and ECG to diagnosis acute coronary syndrome (ACS)  

3. N-terminal pro-B-type natriuretic peptide (NT-proBNP), a marker of myocardial 

stretch used to diagnose heart failure     

4. Soluble ST2 (sST2), a relatively novel marker of myocardial fibrosis used to risk-

stratify patients with an established diagnosis of heart failure 

The specific aims of this thesis are:  

• To establish the relationship of clinical and laboratory parameters with 

cardiovascular biomarkers in this cohort of renal transplant recipients 

• To investigate the association of biomarkers of cardiovascular disease with adverse 

patient outcomes including: 

o all-cause mortality 

o cardiovascular mortality 

o major adverse cardiovascular events 

• To assess the incremental value of these biomarkers for prediction of adverse patient 

outcomes over and above conventional cardiovascular risk factors 

• To analyse the association between cardiovascular biomarkers and death-censored 

graft loss in this cohort. 

• To explore whether biomarkers of cardiovascular disease are associated with other 

common causes of mortality in renal transplant recipients. 
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Chapter 2 
 
Patients and Methods
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2.1  Background 

The work contributing to this thesis is based on a cohort of renal transplant recipients who 
were recruited for a previous study entitled “Cardiovascular disease in an end-stage renal 
disease population.” This original study focused on the prevalence and clinical impact of 
traditional cardiovascular risk factors in transplant recipients. It was undertaken by Dr 
Ronan Cunningham a previous research fellow in the School of Medicine, Dentistry and 
Biomedical Science at Queen’s University Belfast. The study recruited 379 renal transplant 
recipients between June 2000 and December 2002. This represented 72% of recipients with 
a functioning renal allograft in Northern Ireland in December 2002. Recipients were 
recruited from transplant follow-up clinics at both Belfast City Hospital and Antrim Area 
Hospital. All recipients with a functioning allograft were eligible for inclusion, and there 
were no formal exclusion criteria. However, patients who presented to clinic unwell or with 
evidence of sepsis had their recruitment delayed until a subsequent visit. The vast majority 
of patients were white and virtually all patients had had their transplant surgery performed in 
the Regional Nephrology and Transplant Unit, Belfast City Hospital.  

At the time of recruitment, participants underwent a basic physical assessment. Height and 
weight were measured using a measuring rod and electronic scales (Secca, Birmingham, 
UK). A resting electrocardiogram (ECG) was performed. Blood pressure was recorded 
(Disytest, Welch-Allyn, Buckinghamshire, UK) in the sitting position after a five minute 
rest-period. This was performed at three consecutive clinic attendances and the mean value 
for systolic and diastolic measurements was calculated and used for analysis. Participants 
were provided with a container to facilitate a 24-hour urine collection, which they returned 
at a subsequent clinic visit. Venepuncture was also performed to obtain a 50ml fasting blood 
sample from each patient.  

Baseline demographic and clinical data were collected via several mechanisms. Participants 
completed a cardiovascular risk assessment form with the assistance of a research nurse. 
Additional details regarding past medical history, renal history, post-transplant course and 
medication use were obtained from a review of each patient’s medical notes and drug 
prescription summary.   

Following enrolment, each patient was registered in a clinical database using a unique 
identification number (e.g. TX001). This database was used to record baseline demographic 
details, biological measurements, medical history and cardiovascular risk factors. Data on 
clinical outcomes including mortality, cardiovascular events and graft failure were added 
during the follow-up period of the original study. Further follow-up data was collected in 
2004-2006 and added to the clinical database during an extension of the original study. 

2.2  Study design 

The study described in this thesis aims to investigate the utility of established biomarkers of 
cardiovascular disease in predicting mortality and cardiovascular events in a renal transplant 
population. As an extension of a previous study, the patient population and study design 
were pre-determined. Through the collation of additional data and significant extension of 
the period of clinical follow-up, this observational cohort study can now detect longer term 
cardiovascular events and mortality with increased power compared to the original study.  

 

2.3  Outcome measures 
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The two primary clinical outcomes established for this study were the development of major 
adverse cardiovascular events (MACE) and mortality.  

For each patient, cause of death and survival time in months was recorded. Mortality was 
divided into four categories: cardiovascular-related, infection-related, malignancy-related 
and other causes. Both all-cause and cardiovascular-related mortality were included in 
analyses. 

MACE was defined as myocardial infarction (based on the presence of two of the following 
three criteria: clinical history, typical ECG changes, troponin rise), ischaemic heart disease 
requiring coronary artery stenting or bypass grafting, congestive cardiac failure requiring 
hospitalisation, sudden unexplained death, pulmonary embolism, stroke (diagnosed 
clinically or radiologically), and peripheral vascular disease requiring radiological 
intervention or amputation (including a diagnosis of mesenteric ischaemia/infarction). 

Graft survival was also included as a secondary outcome. 

 

2.4  Follow-up duration 

Participant follow-up started at their date of enrolment into the original study in 2000-2002, 
and continued until their death, or until 1st September 2018. 

 

2.5  Data management 

Baseline data recorded at enrolment for the original study was incorporated. Further data 
was obtained from the Northern Ireland Kidney Transplant Database. This research database 
was established in 1968 to record data related to the outcomes of all transplanted grafts and 
their recipients in Northern Ireland. Each recipient provides written consent at the time of 
listing for transplantation. Data acquired for this study included the recipient’s underlying 
renal disease, and date and type of renal replacement therapies. Additional data included 
donor age, donor type (living or deceased), ischaemic time, human leucocyte antigen (HLA) 
mismatch, use of immunosuppressive induction agents, development of MACE, graft 
survival (calculated until death, commencement of dialysis, or date of further transplant), 
patient survival and cause of recipient death. 

 

2.6  Sample handling 

Venous blood was drawn from participants at the time of their enrolment into the original 
study. Routine analyses were undertaken in the Belfast Health and Social Care Trust 
(BHSCT) Clinical Chemistry and Haematology laboratories to measure lipid profile 
(triglycerides, HDL, LDL, total cholesterol), creatinine, calcium, phosphate, parathyroid 
hormone (PTH), uric acid, bilirubin, haemoglobin A1c (HbA1c) and haemoglobin. Results 
from these analyses were available for the majority of participants in the original clinical 
database. 

The remaining blood was centrifuged for 10 minutes at 2000 rpm. Once aliquoted, serum 
and (EDTA) plasma samples from each participant were transferred to 2ml tubes. These 
were stored at -80°C in a freezer in the Institute of Clinical Sciences, Queen’s University. 
Each sample was clearly labelled with the unique identifier code allocated to the 
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corresponding participant. An inventory was created, recording the number of plasma and 
serum samples for each participant.  

Aliquots of these serum and plasma samples were used for the biochemical analyses within 
the current study. The samples had not undergone any freeze-thaw cycles prior to the 
analyses described. Plasma samples were analysed for soluble Suppression of 
Tumorigenicity 2 (sST2) concentration in a Queen’s University laboratory, Centre for Public 
Health, Institute of Clinical Sciences, Block A, Royal Victoria Hospital. Serum samples 
were analysed for Troponin T (TnT), N-terminal B-type Natriuretic Peptide (NT-proBNP) 
and C-reactive protein (CRP) concentration in the BHSCT Clinical Chemistry laboratory by 
senior biomedical scientists blinded to the study outcomes.  

Samples were unavailable for 12 patients in the study population, due to insufficient volume 
of sampling at the time of collection. Serum and plasma samples from 367 patients were 
therefore available for biomarker analysis.   

 

 

2.7  Ethics, consent and governance 

All participants provided full written consent at the time of their recruitment to the original 
study. A favourable ethical opinion for the collection and processing of patient data and 
blood samples was obtained from the Local Research Ethics Committee in 2000. This 
included the use of data and samples for future studies. The Northern Ireland Kidney 
Transplant Database has ethical approval for use in clinical studies relating to outcomes in 
transplantation (REC Ref No: 18/NI/0004). 

An application was made to ensure that the study described in this thesis had ethical 
approval for further use of patient data and blood samples. The application, study protocol 
and supporting documents were submitted via Integrated Research Application System 
(IRAS). The Belfast Health and Social Care Trust and Queen’s University acted as co-
sponsors. Following proportionate review by the Fulham Ethics Sub-committee, ethical 
approval was obtained (REC Ref No: 17/LO/1799).   

In parallel, an additional application was completed on IRAS leading to Research 
Governance Permission from Belfast Health and Social Care Trust (Ref No: 17049PM-SS). 

A Material Transfer Agreement was also developed prior to transfer of serum samples to the 
BHSCT Clinical Chemistry laboratory. 

 

2.8  Statistical methods 

The distribution of continuous variables was assessed visually using histograms and 
quantile-quantile (QQ) plots. Normally-distributed variables are expressed as mean and 
standard deviation (SD). Non-normally distributed variables are expressed as median and 
interquartile range (IQR). Categorial variables are presented as counts and percentages.  

Differences between groups were investigated using the independent samples t-test for 
normally distributed data, and Mann-Whitney U test for skewed data. Chi-square test or, 
where appropriate, Fishers’ exact test, were used to compare categorial variables. 
Correlation between continuous variables was assessed using Pearson’s correlation 
coefficient or Spearman’s rank correlation coefficient, as appropriate to their distribution. 



42 
 

The survival experience overall and by group was plotted using Kaplan-Meier curves, and 
differences in survival between groups were compared using the log-rank test. Cox 
proportional-hazards regression analysis was performed to calculate unadjusted and adjusted 
hazard ratios (HR) and their corresponding 95% confidence intervals (CI). The proportional 
hazards assumption was checked by viewing log(-log(survival)) plots and/or interaction 
terms with time within the Cox models. Variables included in survival models were selected 
a priori based upon their reported role as cardiovascular risk factors in the existing literature. 
In sensitivity analyses for mortality and MACE, variables from the Cardiovascular Risk 
Calculator for Renal Transplant Recipients (CRCRTR) were selected for inclusion in the 
model. This calculator is available at: http://www.medsci.uu.se/research/renal-medicine/risk-
calculator/. 

Harrell’s C statistic was calculated before and after the addition of each biomarker to the 
survival models in order to assess the impact of the biomarker on the predictive accuracy of 
the model over and above traditional risk factors (176-178). Additional discrimination and 
reclassification metrics were also used to evaluate the impact of each biomarker on survival 
models. These included the integrated discrimination index (IDI), and the category-free net 
reclassification index (NRI>0) (172, 179).  

In some cases, biomarker concentration was above or below the quantification limit of the 
assay used. In such cases, the detection limit was substituted for the undetectable value. For 
initial analyses, biomarker concentration was treated as a continuous predictor variable 
following log to base 2 transformation. Where pre-determined cut-off values existed for a 
biomarker, further analyses were performed after categorising the biomarker based on the 
cut-off. Similar analyses were performed using the median and quartiles of biomarker 
concentration to categorise the biomarkers.    

Logistic regression analysis was performed with recipient survival outcome at 15 years as 
the dependent variable. Receiver operator curve (ROC) analyses and calculation of 
Youden’s J statistic were subsequently employed to determine the optimal cut-off values for 
each biomarker with the highest sensitivity and specificity in this cohort (180). Additional 
survival analyses were performed using these optimal cut-off values to categorise the 
biomarkers. 

All of the hypotheses tested were two-tailed, with p <0.05 being considered significant. The 
‘compareC’ and ‘survIDINRI’ packages of the statistical software R V3.5.2 (http://www. R-
project.org) were used to derive the discrimination and reclassification metrics (178, 181). 
All other statistical analyses were performed using the statistical software package, SPSS 
(version 24). 

 

 

 

 

 

2.9  Study population characteristics 

2.9.1  Demographics 
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The mean age of participants at the time of recruitment was 47.4 (SD = 14.3) years. One 
hundred and thirty five (35.6%) of the cohort were female. The median (IQR) time since 
transplantation was 7.8 (3.6, 13.3) years. 

Over 70% of recipients with a functioning renal allograft in Northern Ireland were recruited 
for the original study in 2000-2002. Therefore, patients transplanted from 1969 until 2002 
were represented. The number of patients transplanted in each 5-year period are presented in 
Figure 2.1. 

 

 

 
 

 

Figure 2.1. Bar chart demonstrating the number of patients transplanted in each 5-year 
period, 1969 – 2002. (Final period, 1999-2002, represents 4 years). 

 

 

2.9.2  Renal history 

The cause of each recipient’s renal disease was provided by their supervising consultant at 
the time of recruitment. When available and appropriate, histological diagnosis was 
recorded. Primary renal diseases were categorised as shown in Table 2.1. 
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Table 2.1. Frequency of underlying cause for end-stage renal disease in the study 
population. 

 

Diagnosis Number of patients Percentage 
Glomerular disease 93 24.5 
Pyelonephritis & interstitial disease 82 21.6 
Other 79 20.8 
Chronic kidney disease (aetiology unknown) 51 13.5 
Polycystic kidney disease 48 12.7 
Diabetic nephropathy 26 6.9 

 

Representing current practice in Northern Ireland at the time, only 13 (3.4%) patients had 
received a pre-emptive transplant. The median (IQR) time spent with end-stage renal disease 
(ESRD) (i.e. since first renal replacement therapy (RRT)), was 10.3 (5.8, 15.8) years.      

 

2.9.3  Transplant-related factors 

The mean age of the cohort at the time of transplantation was 38.2 (SD = 14.6) years. 
Reflecting the low numbers of living donors utilised prior to the study period, 351 (92.6%) 
participants were recipients of a deceased donor kidney. All of these were from deceased 
after brainstem death (DBD) donors. The mean donor age was 34.7 (SD = 16.0) years and 
the mean total ischaemic time was 21.1 (SD = 9.6) hours.  

The vast majority of participants had received one allograft prior to recruitment, as shown in 
Table 2.2. 

 

Table 2.2. Number of previous renal grafts at time of study enrolment. 

 

Number of previous grafts Number of patients Percentage 
  1 325 85.8 
  2 48 12.7 
  3 5 1.3 
  4 1 0.3 

 

Details of HLA mismatch were available for 341 participants. Kidneys were 
immunologically well-matched, with 322 (94.4%) patients receiving a kidney with three or 
fewer HLA mismatches. 

 

2.9.4  Immunosuppressive regimens 

The immunosuppressive regimen of each participant was recorded at their date of 
recruitment, as summarised in Table 2.3 below. 

These regimens were heterogeneous. For recipients who received their transplant prior to 
1990, the standard regimen was azathioprine and prednisolone. Following this, newer agents 
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such as ciclosporin, mycophenolate mofetil (MMF) and tacrolimus were used as they 
became available. 

 

Table 2.3. Immunosuppression regimens in use at entry into the study.  

 

Regimen Number Percentage 
None 2 0.5 
Ciclosporin 37 9.8 
Ciclosporin + Azathioprine 8 2.1 
Ciclosporin + MMF 19 5.0 
Ciclosporin + Prednisolone 93 24.5 
Ciclosporin + Azathioprine + Prednisolone 12 3.2 
Ciclosporin + MMF + Prednisolone 23 6.1 
Tacrolimus 9 2.4 
Tacrolimus + Azathioprine 4 1.1 
Tacrolimus + MMF 14 3.7 
Tacrolimus + Prednisolone 14 3.7 
Tacrolimus + Azathioprine + Prednisolone 1 0.3 
Tacrolimus + MMF + Prednisolone 14 3.7 
Sirolimus + Ciclosporin 2 0.5 
Sirolimus + Ciclosporin + Prednisolone 9 2.4 
Azathioprine + Prednisolone 109 28.8 
MMF + Prednisolone 9 2.4 

  
 
Abbreviations: MMF = mycophenolate mofetil 
 

2.9.5  Clinical characteristics 

Measurements of height and weight were available for 350 participants. Body mass index 
(BMI) was calculated using the formula: height / weight2. The mean BMI was 26.5 (SD = 
4.5) kg/m2. Of note, 65 (18.5%) participants had a BMI >30 kg/m2 and were classified as 
obese. 

Blood pressure measurements (averaged over three consecutive clinic visits) were available 
for 377 patients. The mean systolic blood pressure was 132.0 (SD = 14.4) mmHg and the 
mean diastolic blood pressure was 79.1 (SD = 7.3) mmHg. A majority of patients (285, 
75%) in the study group had a history of hypertension.  

Diabetes status was recorded at recruitment based on a review of medical notes. Overall, 54 
(14.2%) participants had diabetes. This group included 23 patients with type 1 diabetes, four 
with type 2 diabetes and 27 with post-transplant diabetes mellitus. 

Smoking data was self-reported and collected from the patient questionnaire. Non-smokers 
were those participants who did not actively smoke or who had stopped over two years 
previously.  The majority of patients (307, 81%) were non-smokers. 

 

2.9.6  Prescribed medication 
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Medication use was recorded at study entry according to each participant’s prescription 
summary. In total, 157 (41.4%) participants were prescribed HMG-CoA reductase inhibitors 
(statins). No patients were taking fibrates. 

The frequency distribution of the number of blood pressure medications prescribed per 
participant is shown in Figure 2.2. 

 

 
 
 
Figure 2.2. Bar chart showing number of antihypertensive medications prescribed per 
participant. 
2.9.7  Graft function 

Serum creatinine concentration was measured for all transplant recipients at the time of the 
original study. This was performed using the VITROS Slide System and VITROS 950 
analyser (Ortho Clinical Diagnostics, Rochester, NY, USA). The detection range was 4-1238 
µmol/L and the within-lab coefficient of variation (CV) was 1.1%. The mean serum 
creatinine was 145.3 (SD = 69.0) µmol/L. 

Estimated glomerular filtration rate (eGFR) was calculated using the Modification of Diet in 
Renal Disease Study (MDRD) equation:  

GFR (mL/min/1.73 m²) = 175 × (Scr/88.4)-1.154 × (Age)-0.203 × (0.742 if female) × 
(1.212 if African American) 

The mean eGFR for the entire cohort was 52.4 (SD = 20.3) ml/min/1.73 m2. 

As a result of current practice at the time, proteinuria was quantified from a 24-hour urine 
collection. Results were available for 355 recipients who completed and returned the 
collection following enrolment. Quantification was performed using the Microprotein SR 
assay kit (Sigma, Poole, UK) on a Roche Cobas Fara analyser (Roche, Basel, Switzerland). 
The detection range was 0-20 g/L. The within-run (intra-assay) CV was 2.0% and the 
between-run (inter-assay) CV was 6.4%. The median (IQR) urinary protein excretion was 
0.20 (0.09, 0.53) g/24 hours. 
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2.9.8  Laboratory parameters 

Serum calcium and phosphate were measured for all participants using the method described 
for creatinine measurement. The mean calcium concentration was 2.44 (SD = 0.15) mmol/L 
and the mean phosphate concentration was 1.03 (SD = 0.26) mmol/L. 

Intact PTH was measured for all patients using an immunometric assay, Immulite 2000 
(Diagnostic Products Corporation, Los Angeles, USA). The detection range of the assay was 
1-2500 pg/ml and the reference range for PTH was 10-85 pg/ml. The median (IQR) PTH 
concentration was 101 (64, 170) pg/ml 

Total cholesterol, HDL-cholesterol, LDL-cholesterol and triglycerides were measured in all 
379 transplant recipients using VITROS slides and a VITROS 700 analyser. The results for 
these are summarised in Table 2.4. 

 

 

 

Table 2.4. Mean values for each component of the lipid profile in the study population. 

 

Parameter Mean (mmol/L) SD 
Total cholesterol 5.25 1.02 
HDL-cholesterol 1.40 0.40 
LDL-cholesterol 2.98 0.84 
Triglycerides 1.97 1.17 

 
Abbreviations: SD = standard deviation 
 
HbA1c was measured for all of the study participants. The mean HbA1c was 6.22 (SD = 
1.15) %. Haemoglobin was measured in 317 patients for the original study. The mean 
haemoglobin concentration was 12.77 (SD = 1.84) g/dL. 

 

2.9.9  Baseline cardiovascular disease 

The presence of pre-existing cardiovascular disease upon entry to the study was recorded for 
each participant, based upon a combination of the risk factor questionnaire and a review of 
their medical notes. In total, 84 (22.2%) patients had cardiovascular disease at recruitment. 
Of these, 59 had a history of ischaemic heart disease (defined as positive exercise stress test, 
coronary angiography or history of acute coronary syndrome or myocardial infarction), 25 
had a history of peripheral vascular disease (defined as previous amputation, diagnosis on 
femoral angiogram or a clinical diagnosis) and 19 had had a previous stroke. 

 

2.9.10  Electrocardiogram findings 

An ECG was performed on 353 participants at enrolment. Of these, 75 (21.2%) 
demonstrated evidence of left ventricular hypertrophy. 
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2.10  Patient outcomes  

The median follow-up time was 16.2 years. During the study, 137 (36.1%) participants 
experienced MACE. The median (IQR) time to first event was 200 (108, 209) months. 

At the end of follow-up in September 2018, 244 (64.4%) recipients had lost their graft. Of 
these, 128 were lost due to death with a functioning graft, and 116 were lost due to other 
causes. 

A total of 174 (45.9%) participants died during follow-up. Death due to cardiovascular 
disease was the most frequent cause and accounted for 63 (36.2%) deaths. A comparison of 
the baseline characteristics of patients who were alive versus deceased at the end of follow-
up is presented in Table 2.5. Table 2.6 compares the laboratory parameters of alive versus 
deceased patients. 

 

Table 2.5. Demographic, clinical and transplant-related characteristics of patients who 
survived compared to those had died during the study.  

 

Characteristic 
 

Survived  
N = 205 
 

Deceased 
N = 174 

P 
value 

Age (years); median (IQR) 39 (33, 49) 58 (47, 65) <0.001 
Male sex; n (%) 135 (65.9) 109 (62.6) 0.587 
Primary renal disease; n (%) 
     Glomerular disease 
     Interstitial / pyelonephritis 
     Polycystic kidney disease 
     Diabetic nephropathy 
     Aetiology unknown 
     Other 

 
60 (29.3) 
51 (24.9) 
19 (9.3) 
9 (4.4) 
23 (11.2) 
43 (21.0) 

 
33 (19.0) 
32 (18.4) 
29 (16.7) 
17 (9.8) 
28 (16.1) 
35 (20.1) 

 
0.028 
0.162 
0.045 
0.063 
0.217 
0.937 

Previous dialysis (months); median (IQR) 14 (8, 29) 18 (8, 34) 0.229 
First transplant; n (%) 176 (85.9) 149 (85.6) 1.000 
Donor type; n (%) 
     DBD 
     Living-related  

 
187 (91.2) 
18 (8.8) 

 
164 (94.3) 
10 (5.7) 

 
0.353 

Ischaemic time (hours); median (IQR) 21 (15, 25) 22 (17, 26) 0.126 
HLA mismatch ≤3; n (%) 179 (95.7) 143 (92.9) 0.363 
Time post-transplant (months); median (IQR) 93 (40, 157) 101 (50, 168) 0.204 
Current smokers; n (%) 42 (20.5) 30 (17.2) 0.502 
History of diabetes mellitus; n (%) 20 (9.8) 34 (19.5) 0.010 
History of hypertension; n (%) 164 (80) 141 (81) 0.902 
SBP (mmHg); mean (SD) 129.6 (13.7) 134.7 (14.8) 0.001 
DBP (mmHg); mean (SD) 79.4 (7.4) 78.8 (7.0) 0.374 
Statin use; n (%) 77 (37.6) 80 (46.0) 0.120 
BMI (kg/m2); mean (SD) 26.4 (4.5) 26.7 (4.6) 0.542 
Left ventricular hypertrophy; n (%) 34 (17.6) 41 (25.6) 0.089 
History of cardiovascular disease; n (%) 
     Ischaemic heart disease 
     Stroke 
     Peripheral vascular disease 

 
0 (4.9) 
6 (2.9) 
8 (3.9) 

 
49 (28.2) 
15 (8.6) 
17 (9.8) 

 
<0.001 
0.029 
0.037 
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Abbreviations: DBD = deceased after brainstem death; DBP = diastolic blood pressure; IQR 
= interquartile range; RRT = renal replacement therapy; SBP = systolic blood pressure; SD = 
standard deviation 
 

 

 

 

Table 2.6. Laboratory parameters of patients who survived compared to those had died 
during the study. 

 

Parameter Survived 
N = 205 

Deceased 
N = 174 

P 
value 

Total cholesterol (mmol/L); mean (SD) 5.2 (1.0) 5.3 (1.0) 0.987 
HDL cholesterol (mmol/L); mean (SD) 1.4 (0.4) 1.4 (0.4) 0.110 
LDL cholesterol (mmol/L); mean (SD) 3.0 (0.8) 2.9 (0.9) 0.309 
Cholesterol/HDL ratio; mean (SD) 4.0 (1.0) 3.9 (1.0) 0.281 
Triglycerides (mmol/L); mean (SD) 1.9 (1.0) 2.0 (1.3) 0.394 
Creatinine (µmol/L); mean (SD) 142 (65) 150 (73) 0.261 
eGFR (ml/min/1.73m2); mean (SD) 55 (19) 50 (21) 0.018 
Proteinuria (g/24h); median (IQR) 0.2 (0.1, 0.5)  0.2 (0.1, 0.6) 0.481 
Haemoglobin (g/dl); mean (SD) 12.9 (1.7) 12.6 (2.0) 0.139 
Calcium (mmol/L); mean (SD) 2.43 (0.13) 2.45 (0.16) 0.355 
Phosphate (mmol/L); mean (SD) 0.98 (0.24) 1.08 (0.26) <0.001 
PTH (pg/ml); median (IQR) 97 (61, 153) 108 (76, 191) 0.030 
HbA1c (%); mean (SD) 6.0 (0.9) 6.5 (1.4) <0.001 

 
 
Abbreviations: eGFR = estimated glomerular filtration rate; HbA1c = haemoglobin A1c; 
PTH = parathyroid hormone; SD = standard deviation 
 

 

2.11  Summary 

Cardiovascular disease was the leading cause of mortality in this cohort, contributing to 36% 
of deaths. While significant advances have been made in the field of renal transplantation in 
recent years, cardiovascular disease and its related morbidity and mortality, remain highly 
relevant in the modern era. The original study was remarkable for the fact that it recruited 
the vast majority of renal transplant recipients of Northern Ireland when it was performed in 
2000-2002. The participants are therefore representative of the entire renal transplant 
population in the region. The current study builds upon this strength by incorporating the 
extensive baseline data available on participants into a larger dataset. The power of the 
original study has been increased by the addition of prospective data on graft and patient 
outcomes from the Northern Ireland Kidney Transplant Database. In addition, the prolonged 
follow-up period and increased number of events should contribute significantly to the aims 
of the current study in investigating the utility of cardiovascular biomarkers in this 
population. 
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3.1  Introduction 

Atherosclerosis is a chronic disease which affects large and medium-sized elastic and 
muscular arteries (182, 183). The process begins in childhood, with the preliminary lesions, 
fatty streaks, commonly observed in the aortas of teenagers (184, 185). During disease 
progression, atheromatous plaques accumulate within the subendothelial intimal layer of the 
arteries, causing stenosis or occlusion of the vessel lumen (186). This can lead to end-organ 
ischaemia or infarction, most often of the heart, brain and peripheries (182). The commonest 
complications, stroke and myocardial infarction (MI), are the leading cause of mortality 
globally and are also a leading cause of death following kidney transplantation (10, 11, 187). 

Atherosclerosis was originally considered a disorder solely driven by dyslipidaemia and 
abnormal lipid storage. LDL cholesterol accumulates within the intimal layer of arteries to 
form the basis of atheromatous plaques (186). However, it has become increasingly evident 
that this is not a passive process. Inflammation plays an essential role in the growth and 
evolution of these lesions (186, 188). Oxidised LDL acts as an autoantigen and is 
internalised by macrophages to produce foam cells. The associated release of inflammatory 
cytokines serves to recruit cells of the adaptive immune system, including both T and B 
lymphocytes (183, 186). The end-result is a lipid pool within the wall of the artery, covered 
by a fibrous cap (188). During ongoing inflammation within the plaque, metalloproteinases 
released by macrophages weaken the fibrous cap, making it prone to rupture (183, 186, 188). 
Such rupture, should it occur, leads to thrombosis, occlusion of the arterial lumen and 
ischaemia of the distal tissue. 

C-reactive protein (CRP) is a pentraxin protein so named because of its ability to bind the C-
polysaccharide of Streptococcus pneumoniae (189). It is an acute-phase reactant produced 
by hepatocytes under the influence of various inflammatory cytokines including tumour 
necrosis factor-α (TNF-α) and interleukin-6 (IL-6) (190). Following stimuli such as 
infection, inflammation or tissue damage, hepatic synthesis is rapidly upregulated and serum 
CRP concentration can increase 1000-fold (188, 190). In the absence of such stimuli, CRP 
levels within an individual are relatively consistent over several years and have been 
demonstrated to be as stable as cholesterol concentrations (191-194).  

When CRP was first discovered and introduced into routine clinical practice, assays were 
unable to detect concentrations below 5-10 mg/L. As a result, CRP concentration was only 
quantifiable during periods of overt infection or inflammation(195). In the mid-1990s, 
however, high-sensitivity CRP assays became commercially available (196). These assays 
were able to accurately quantify serum CRP concentrations to a lower limit of 0.3 mg/L. The 
introduction of high-sensitivity CRP assays occurred at a time when the link between 
atherosclerosis and inflammation was becoming apparent (197). Subsequently, CRP as a 
marker of chronic inflammation, was investigated for its role in atherosclerosis and 
cardiovascular disease (198). 

In a study by Zwaka and colleagues in 2001, CRP-opsonised LDL was demonstrated to be 
taken up by macrophages to form foam cells (199). This process occurred via a CRP 
receptor, CD32. It was therefore hypothesised that CRP was an active, causal factor in the 
development of atherosclerosis rather than a surrogate marker for inflammation. Further 
studies initially supported this hypothesis (200-203). In several studies by Pasceri et al, CRP 
induced expression of adhesion molecules and inflammatory chemokines by endothelial 
cells, both of which are required for plaque development (202, 203). In a subsequent study 
by Verma and co-workers, CRP was demonstrated to reduce nitric oxide (NO) production, 
which is a key step in atherosclerosis progression (201). 
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Nevertheless, recent studies have suggested that CRP is not an active participant in 
atherogenesis (204-206). In a large genetic study involving 10,276 participants, four 
genotype polymorphisms were associated with elevated CRP concentration in 64% of 
participants (205). However, there was no association between these polymorphisms and 
cardiovascular events. A further study involving over 100,000 participants reported a similar 
lack of association between five CRP-related polymorphisms and coronary heart disease 
(207). These studies suggest CRP does not play an active role in atherogenesis but should be 
viewed as a surrogate marker of the inflammation that is required for disease progression. 

It has been long established that elevated serum CRP levels are associated with development 
of atherosclerotic cardiovascular disease (193, 194, 198, 208-210). In a seminal study in 
1997, Ridker et al. demonstrated that plasma CRP concentration was predictive of future MI 
and ischaemic stroke in apparently healthy men (198). In a further study by the same group, 
CRP was also found to be predictive of peripheral vascular disease after adjustment for 
traditional cardiovascular risk factors (208). CRP is also associated with all-cause mortality 
in healthy individuals (211). In 2007, Sabatine and colleagues demonstrated that elevated 
plasma CRP concentration was associated with cardiovascular mortality and future 
atherosclerotic events in patients with existing cardiovascular disease (193). 

Despite the large body of evidence supporting the association between CRP concentration, 
cardiovascular events and mortality, the appropriate use of CRP for risk prediction purposes 
remains unclear. In 2013, joint guidelines from the American College of 
Cardiology/American Heart Association (ACC/AHA) on assessment of cardiovascular risk 
suggested that measurement of CRP may be useful in specific situations (212). In particular, 
CRP concentration may be helpful in individuals at intermediate risk of future 
cardiovascular events where the need for preventive treatment is unclear. This advice was 
partly based on a meta-analysis by Buckley and co-workers (213). These authors concluded 
that there was evidence of a strong association between CRP and development of coronary 
heart disease from four large cohort studies. They also determined there was moderate 
evidence that adding CRP to prediction models in intermediate-risk individuals improves 
risk stratification (213). Interestingly, the update of this meta-analysis published in 2018 
concluded that there was insufficient evidence to weigh up the risks and harms of CRP 
measurement for cardiovascular risk prediction in healthy individuals (214).   

The 2013 ACC/AHA guideline task force highlighted several shortcomings of studies 
investigating the use of CRP for cardiovascular risk stratification (212). The predominant 
issue was that studies clearly demonstrated an association between CRP concentration and 
future cardiovascular events, but failed to report measures of discrimination such as C-
statistics, or the net reclassification index (NRI) (212). Such measures are required in order 
to ascertain whether a biomarker adds incremental value to existing risk prediction models 
and should therefore be adopted into routine clinical practice. 

There is a clear association between inflammation and uraemia (189). It is highly plausible 
that the inflammation observed in patients with renal impairment contributes to the increased 
risk of atherosclerosis which co-exists in these patients. In the Modification of Diet in Renal 
Disease (MDRD) Study, CRP concentration in approximately 700 patients with chronic 
kidney disease (CKD) was associated with both all-cause and cardiovascular mortality 
(215). The Atherosclerosis Risk in Communities (ARIC) Study and the Chronic Renal 
Insufficiency Cohort (CRIC) Study also demonstrated associations between CRP, 
cardiovascular disease and mortality in patients with CKD (216, 217). 

Renal transplant recipients have a demonstrably higher degree of inflammation than those in 
the general population as evidenced by concentrations of sialic acid, inflammatory 
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chemokines, adhesion molecules, CRP and IL-6 (218-221). It has been demonstrated that 
transplant recipients with a history of cardiovascular disease have higher serum CRP 
concentrations than those without cardiovascular disease (221). Several studies have also 
shown that CRP is associated with all-cause mortality, ischaemic heart disease and 
cardiovascular events in patients following kidney transplantation (155, 222-224). However, 
cardiovascular mortality was not included in the outcomes of these studies. Additionally, in 
keeping with the literature in the general population, none of these studies have assessed the 
ability of CRP to improve upon existing risk prediction models through reporting of 
discrimination metrics or reclassification indices. 

In this study, the association of serum CRP concentration with all-cause mortality, 
cardiovascular mortality, major adverse cardiovascular events (MACE) and death-censored 
graft loss was investigated in a local cohort of renal transplant recipients with over 15 years 
of follow-up. Moreover, the ability of CRP to improve risk prediction for these adverse 
outcomes was assessed using change in C-statistic and additional measures of 
discrimination.     

             

3.2  Patients and methods 

3.2.1  Study population and outcomes 

The participants and clinical outcomes for this study have been described in Chapter 2, 
Patients and Methods. 

 

3.2.2  Biomarker measurement 

The concentration of CRP was determined from serum samples by senior Biomedical 
Scientists blinded to the study outcomes. All analyses were performed in the Clinical 
Chemistry laboratory of the Belfast Health and Social Care Trust (BHSCT), according to 
Trust guidelines.  

The analyses were performed on the c701 module of a Cobas® 8000 modular analyser 
(Roche Diagnostics, Burgess Hill, UK). A particle-enhanced immune agglutination assay, 
CRPL3 (Roche Diagnostics), was used. This assay has a measurement range of 0.30 – 350 
mg/L. The limit of quantification is 0.60 mg/L. Between 0.30 mg/L and 0.60 mg/L, CRP 
concentration cannot be reproducibly quantified accurately. The assay is unaffected by 
haemolysis, icterus and lipaemia. According to the manufacturer, investigations using 
common drugs panels demonstrated no interference between these drugs and CRP results 
obtained from the assay. However, treatment with carboxypenicillins can falsely lower CRP 
concentration. 

Prior to analysis, the serum samples were thawed at room temperature for 30 minutes. Each 
sample was transferred to a false-bottom tube and placed in the analyser. In a fully-
automated process, 2 µL of serum was incubated with a glycine buffer solution. Within this 
solution were latex microparticles coated with anti-CRP antibodies. The degree of 
agglutination between CRP and the anti-CRP antibodies was measured 
immunoturbidimetrically. Results for CRP concentration were calculated and reported to 
two decimal places by the Cobas equipment.     

In keeping with the limit of quantification of the assay used, all reported CRP concentrations 
between 0.30 mg/L and 0.60 mg/L were converted to 0.60 mg/L prior to statistical analyses. 
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This followed BHSCT reporting guidelines and aimed to minimise the impact of the high 
degree of measurement error which occurs below CRP concentrations of 0.60 mg/L. 

In the BHSCT Clinical Chemistry laboratory, the intra-assay (within-run) coefficient of 
variation (CV) was 1.58% at 21 mg/L and 1.87% at 125 mg/L. The inter-assay (between-
run) CV was 2.16% at 15 mg/L and 2.70% at 129 mg/L. 

The methods used to measure the other laboratory parameters included in this study have 
been fully described in Chapter 2, Patients and Methods. 

 

3.2.3  Statistical methods 

The statistical methods used for the analyses in this study have been described in Section 
2.8.  

 

3.3  Results 

3.3.1  Characteristics of the study population 

Serum samples from 367 of the 379 patients enrolled in the original study were available for 
analysis. The 12 participants without available serum were excluded from the current study. 

The study population was dichotomised according to serum CRP concentration using the 
cut-off value of 2 mg/L. This cut-off value was recommended by ACC/AHA guidelines on 
the assessment of cardiovascular risk in 2013 (212). Overall, 204 (56%) participants had low 
CRP (<2 mg/L) and 163 (44%) had high CRP (≥2 mg/L) concentrations. The baseline 
demographics and clinical characteristics of the participants according to low and high CRP 
concentration are demonstrated in Table 3.1. 

The groups were broadly similar, with several exceptions. Patients in the high CRP group 
were more likely to be older and to have been the recipients of a deceased donor allograft. 
The mean body mass index (BMI) of the low CRP group was significantly lower than that of 
the high CRP group (25.7 kg/m2 versus 27.5 kg/m2; P <0.001). Additionally, the mean HDL 
was significantly greater in the low CRP group compared to the high CRP group (1.5 
mmol/L versus 1.3 mmol/L; P = 0.002).   

 

 

Table 3.1. Baseline characteristics of the study population according to low (<2 mg/L) and 
high (≥2 mg/L) CRP concentration. 

Characteristic CRP <2 mg/L 
N = 204 
 

CRP ≥2 mg/L 
N = 163 

P value 

Age (years); median (IQR) 44 (37, 56) 50 (38, 62) 0.034* 
Male sex; n (%) 123 (60.3) 110 (67.5) 0.189 
Primary renal disease; n (%) 
     Glomerular disease 
     Interstitial disease & pyelonephritis 
     Polycystic kidney disease 

 
58 (28.4) 
43 (21.1) 
21 (10.3) 

 
31 (19.0) 
37 (22.7) 
27 (16.6) 

 
0.142 
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* P value obtained from Mann Whitney U test 
† P value obtained from independent samples t-test 
 
Abbreviations: BMI = body mass index; CRP = C-reactive protein; DBD = deceased after 
brainstem death; eGFR = estimated glomerular filtration rate; HbA1c = haemoglobin A1c; 
IQR = interquartile range; PTH = parathyroid hormone; RRT = renal replacement therapy; 
SD = standard deviation  

3.3.2  CRP concentration in the study population 

In total, 81 (22.1%) participants had serum CRP concentrations between 0.30 mg/L and 0.60 
mg/L, below the limit of quantification for the assay. CRP results for these participants were 
rounded to 0.60 mg/L. Subsequently, serum CRP concentrations ranged from 0.60 mg/L to 
268.23 mg/L within the study population. Serum CRP concentration was highly skewed 
prior to logarithmic transformation. The mean CRP concentration was 5.56 (SD = 19.78) 
mg/L. The median (IQR) CRP concentration was 1.73 (0.66, 4.70) mg/L. 

Table 3.2 demonstrates the demographics, clinical characteristics and laboratory parameters 
associated with serum CRP concentration when it was treated as a continuous variable. 

     Diabetic nephropathy 
     Aetiology unknown 
     Other 

10 (4.9) 
27 (13.2) 
45 (22.1) 

13 (8.0) 
24 (14.7) 
31 (19.0) 

Transplant grafts - including current; n (%) 
     1 
     2 
     3 
     4 

 
175 (85.8) 
27 (13.2) 
2 (1.0) 
0 (0) 

 
138 (84.7) 
21 (12.9) 
3 (1.8) 
1 (0.6) 

 
0.622 

Donor type; n (%) 
     DBD 
     Living-related  

 
184 (90.2) 
20 (9.8) 

 
157 (96.3) 
6 (3.7) 

 
0.039 

Total RRT time (months); median (IQR) 127 (71, 196) 120 (65, 181) 0.783* 
Current smokers; n (%) 36 (17.6) 31 (19.0) 0.840 
History of diabetes mellitus; n (%) 24 (11.8) 26 (16.0) 0.313 
History of hypertension; n (%) 165 (80.9) 131 (80.4) 1.000 
Statin use; n (%) 84 (41.2) 68 (41.7) 1.000 
BMI (kg/m2); mean (SD) 25.7 (4.2) 27.5 (4.7) <0.001† 
Left ventricular hypertrophy; n (%) 39 (20.7) 33 (21.4) 0.983 
History of cardiovascular disease; n (%) 
     Ischaemic heart disease 
     Stroke 
     Peripheral vascular disease 

40 (19.6) 
25 (12.3) 
11 (5.4) 
9 (4.4) 

41 (25.2) 
31 (19.0) 
9 (5.5) 
15 (9.2) 

0.252 
0.100 
1.000 
0.103 

Total cholesterol (mmol/L); mean (SD) 5.3 (1.0) 5.2 (1.0) 0.826† 
HDL cholesterol (mmol/L); mean (SD) 1.5 (0.4) 1.3 (0.4) 0.002† 
LDL cholesterol (mmol/L); mean (SD) 3.0 (0.8) 3.0 (0.9) 0.531† 
Triglycerides (mmol/L); mean (SD) 1.9 (1.1) 2.0 (1.3) 0.505† 
Creatinine (µmol/L); mean (SD) 143 (70) 149 (70) 0.447† 
eGFR (ml/min/1.73m2); mean (SD) 53 (19) 52 (22) 0.881† 
Proteinuria (g/24h); median (IQR) 0.19 (0.08, 0.59) 0.20 (0.10, 0.47) 0.597* 
Haemoglobin (g/dl); mean (SD) 12.7 (1.8) 12.8 (1.9) 0.810† 
Corrected calcium (mmol/L); mean (SD) 2.43 (0.13) 2.45 (0.17) 0.279† 
Phosphate (mmol/L); mean (SD) 1.00 (0.24) 1.05 (0.27) 0.088† 
PTH (pg/ml); median (IQR) 103 (63, 163) 100 (65, 178) 0.630* 
HbA1c (%); mean (SD) 6.1 (1.1) 6.3 (1.1) 0.234† 
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There was a significant association between CRP concentration and the underlying cause of 
renal disease, with CRP concentration being highest in patients with diabetic nephropathy. 
The median CRP concentration was significantly higher in recipients of a deceased donor 
allograft compared to recipients of a living-related allograft (1.80 mg/L versus 1.13 mg/L; P 
= 0.038). There was no difference in CRP concentration in patients prescribed statin therapy 
compared to those not prescribed statin therapy. 

In univariable analyses, serum CRP concentration was positively correlated with age 
(Spearman’s rho = 0.158; P = 0.002) and BMI (Spearman’s rho = 0.225; P <0.001). CRP 
also positively correlated with serum phosphate concentration (Spearman’s rho = 0.119; P = 
0.023) and HbA1c (Spearman’s rho = 0.108; P = 0.038). Additionally, there was a negative 
correlation between serum CRP concentration and HDL cholesterol (Spearman’s rho = -
0.195; P <0.001).    

 

 

 

 

 

 

 

 

 

 

 

Table 3.2. Factors associated with (continuous) CRP concentration on univariable analysis.  
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Abbreviations: BMI = body mass index; CRP = C-reactive protein; DBD = deceased after 

brainstem death; eGFR = estimated glomerular filtration rate; HbA1c = haemoglobin A1c; 
IQR = interquartile range; PTH = parathyroid hormone; RRT = renal replacement therapy 

3.3.3  CRP concentration and all-cause mortality 

Characteristic Median (IQR) 
CRP concentration 

Correlation 
coefficient  

P value 

Age (years)  0.158 0.002 
Sex – male 
          Female 

1.85 (0.72, 4.60) 
1.56 (0.60, 5.25) 

 0.346 

Primary renal disease;  
     Glomerular disease 
     Interstitial disease & pyelonephritis 
     Polycystic kidney disease 
     Diabetic nephropathy 
     Aetiology unknown 
     Other 

 
1.40 (0.60, 2.89) 
1.85 (0.77, 4.70) 
2.69 (1.11, 5.42) 
3.50 (0.70, 8.82) 
1.95 (0.80, 5.81) 
1.50 (0.60, 4.11) 

  
0.044 

Transplant grafts – including current;  
     1 
     2 
     3 
     4 

 
1.73 (0.66, 4.71) 
1.52 (0.72, 4.29) 
3.14 (0.68, 4.64) 
- 

  
0.822 
 

Donor type;  
     DBD 
     Living-related 

 
1.80 (0.70, 4.86) 
1.13 (0.32, 2.08) 

  
0.038 

Total RRT time (months)  -0.028 0.592 
Smoking status - smoker 
                            non-smoker 

1.66 (0.63, 4.62) 
1.84 (0.74, 5.14) 

 0.498 

History of diabetes mellitus – yes 
                                                 no  

1.66 (0.65, 4.08) 
3.14 (0.71, 7.58) 

 0.088 

History of hypertension – yes 
                                           no   

1.73 (0.60, 5.27) 
1.69 (0.72, 4.60) 

 0.792 

Statin use – yes 
                    No 

1.72 (0.60, 5.04) 
1.73 (0.85, 4.42) 

 0.333 

BMI (kg/m2)  0.225  <0.001 
Left ventricular hypertrophy – present 
                                                  absent   

1.73 (0.62. 4.64) 
1.83 (0.76, 5.51) 

 0.683 

History of cardiovascular disease - yes 
                                                         no 

1.58 (0.62, 4.49) 
2.33 (0.79, 4.97) 

 0.110 

Total cholesterol (mmol/L)  -0.071 0.176 
HDL cholesterol (mmol/L)  -0.195 <0.001 
LDL cholesterol (mmol/L)  -0.015 0.771 
Triglycerides (mmol/L)  0.059 0.259 
Creatinine (µmol/L)  0.055 0.292 
eGFR (ml/min/1.73m2)  -0.057 0.274 
Proteinuria (g/24h)  0.069  0.204 
Haemoglobin (g/dl)  -0.17 0.763 
Corrected calcium (mmol/L)  0.040 0.447 
Phosphate (mmol/L)  0.119 0.023 
Parathyroid hormone (pg/ml)  0.027 0.605 
HbA1c (%)  0.108 0.038 
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The Kaplan-Meier plot (Figure 3.1) demonstrated that overall survival probability was 
significantly greater in the low CRP group compared to the high CRP group when serum 
CRP concentration was categorised according to the recommended cut-off of 2 mg/L (Log 
rank test P <0.001). 

 

 

 

 
 
Figure 3.1. Kaplan-Meier curve of all-cause mortality according to low (<2 mg/L) or high 
(≥2 mg/L) CRP concentration. 
 
Abbreviations: CRP = C-reactive protein 
 

 

 

 

 

Table 3.3 displays the associations of serum CRP concentration, treated as both a continuous 
and a categorical variable, with all-cause mortality. 

In an unadjusted Cox regression model, a doubling of CRP concentration was associated 
with a 27% increase in the risk of all-cause mortality (unadjusted HR 1.27; 95% CI 1.16, 
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1.39; P <0.001). This association was similar after adjustment for traditional cardiovascular 
risk factors, eGFR and proteinuria (adjusted HR 1.30; 95% CI 1.17, 1.44; P <0.001). 
Adjustment for factors included in the Cardiovascular Risk Calculator for Renal Transplant 
Recipients (CRCRTR) lessened the strength of this association, but it remained highly 
significant (adjusted HR 1.22; 95% CI 1.10, 1.34; P <0.001). 

As a categorical variable, CRP concentration was significantly associated with all-cause 
mortality. In a univariable model, high CRP (≥2 mg/L) versus low CRP (<2 mg/L) was 
associated with a 75% increased risk of mortality (unadjusted HR 1.75; 95% CI 1.30, 2.37; P 
<0.001). This association remained significant after adjustment for conventional 
cardiovascular risk factors and measures of graft function (adjusted HR 1.85; 95% CI 1.32, 
2.60; P <0.001). A similar relationship was observed between all-cause mortality and supra-
median CRP concentrations.  

In both unadjusted and adjusted Cox regression models, the risk of all-cause mortality 
increased across increasing quartiles of CRP concentration. In the unadjusted model, 
mortality risk in Quartile 4 (≥4.71 mg/L) was almost three times that of Quartile 1 (≤0.66 
mg/L) (unadjusted HR 2.87; 95% CI 1.84, 4.49; P <0.001). Similar results were observed in 
all adjusted models. 
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Table 3.3. Association of CRP with all-cause mortality on multivariable Cox proportional hazard regression models. 

 

 

 

 
Model 1: (339 participants); adjusted for age, sex, diabetes, history of hypertension, cholesterol/HDL ratio, BMI, smoking status, history of CVD 
Model 2: (316 participants); Model 1 + eGFR, proteinuria 
Model 3: (367 participants); adjusted for age, diabetes, total RRT time, serum creatinine, smoking status, history of IHD 
 
 
Abbreviations: BMI = body mass index; CI = confidence interval; CRP = C-reactive protein; CVD = cardiovascular disease; eGFR = estimated glomerular 
filtration rate; HR = hazard ratio; IHD = ischaemic heart disease; RRT = renal replacement therapy 
  

   Model 1  Model 2  Model 3  
 Unadjusted HR 

(95% CI) 
P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

CRP (per 2-fold increase)  1.27 (1.16, 1.39) <0.001 1.24 (1.13, 1.37) <0.001 1.30 (1.17, 1.44) <0.001 1.22 (1.11, 1.34) <0.001 
CRP ≥2 mg/L 1.75 (1.30, 2.37) <0.001 1.71 (1.24, 2.36) 0.001 1.85 (1.32, 2.60) <0.001 1.53 (1.13, 2.08) 0.006 
CRP ≥median (1.74 mg/L) 1.79 (1.32, 2.42) <0.001 1.74 (1.26, 2.40) 0.001 1.77 (1.27, 2.47) 0.001 1.60 (1.18, 2.18) 0.003 
CRP quartiles 

Q1  (≤0.66 mg/L) 
Q2  (0.67 – 1.73 mg/L)  
Q3  (1.74 – 4.70 mg/L) 

   Q4  (≥4.71 mg/L) 

 
Reference 
1.57 (0.98, 2.53) 
1.78 (1.11, 2.85) 
2.87 (1.84, 4.49) 

 
 
0.061 
0.017 
<0.001 

 
Reference 
1.31 (0.80, 2.16) 
1.60 (0.98, 2.63) 
2.62 (1.61, 4.25) 

 
 
0.283 
0.062 
<0.001 

 
Reference 
1.27 (0.75, 2.13) 
1.58 (0.94, 2.64) 
2.73 (1.64, 4.56) 

 
 
0.372 
0.083 
<0.001 

 
Reference 
1.16 (0.71, 1.87) 
1.44 (0.89, 2.32) 
2.09 (1.32, 3.30) 

 
 
0.556 
0.139 
0.002 
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3.3.4  CRP concentration and cardiovascular mortality 

The Kaplan-Meier plot (Figure 3.2) showed that when CRP concentration was categorised 
according to a cut-point of 2 mg/L, the probability of cardiovascular mortality was 
significantly lower in the low CRP group compared to the high CRP group (Log-rank Test P 
= 0.039). 

 

 

 

 

 

Figure 3.2. Kaplan-Meier curve of cardiovascular mortality according to low (<2 mg/L) or 
high (≥2 mg/L) CRP concentration. 
 
Abbreviations: CRP = C-reactive protein 
 

 

 

 

 

The association between serum CRP concentration and cardiovascular mortality is displayed 
in Table 3.4. 
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In a univariable Cox regression model, a twofold increase in CRP was associated with a 
30% increase in the risk of cardiovascular mortality (unadjusted HR 1.30; 95% CI 1.12, 
1.50; P = 0.001). This relationship was strengthened by adjustment for cardiovascular risk 
factors, eGFR and proteinuria (adjusted HR 1.36; 95% CI 1.15, 1.62; P <0.001). Although it 
remained significant, the association between CRP and cardiovascular mortality was 
lessened after adjustment for the variables included in the CRCRTR (adjusted HR 1.22; 95% 
CI 1.05, 1.42; P = 0.010). 

High CRP concentration (≥2 mg/L) versus low (<2 mg/L) was associated with a 68% 
increased risk of cardiovascular mortality in a univariable model (unadjusted HR 1.68; 95% 
CI 1.02, 2.77; P = 0.041). However, this association was not significant after adjustment for 
the factors included in CRCRTR (adjusted HR 1.48; 95% CI 0.88, 2.47; P = 0.180). Similar 
results were demonstrated for supra-median CRP concentration. 

The risk of cardiovascular mortality increased across quartiles of CRP concentration in 
unadjusted and adjusted models. In a multivariable model adjusting for eGFR, proteinuria 
and conventional cardiovascular risk factors, the risk of cardiovascular mortality in Quartile 
4 was three times higher than that of Quartile 1 (adjusted HR 3.08; 95% CI 1.29, 7.32; P = 
0.01).   
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Table 3.4. Association of CRP with cardiovascular mortality on multivariable Cox proportional hazard regression models. 

 

 

   Model 1  Model 2  Model 3  
 Unadjusted HR 

(95% CI) 
P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

CRP (per 2-fold increase)  1.30 (1.12, 1.50) 0.001 1.27 (1.10, 1.48) 0.002 1.36 (1.15, 1.62) <0.001 1.22 (1.05, 1.42) 0.010 
CRP ≥2 mg/L 1.68 (1.02, 2.77) 0.041 1.72 (1.01, 2.95) 0.046 1.89 (1.07, 3.35) 0.028 1.42 (0.85, 2.36) 0.180 
CRP ≥median (1.74 mg/L) 1.73 (1.04, 2.86) 0.034 1.69 (0.99, 2.89) 0.056 1.68 (0.96, 2.95) 0.070 1.48 (0.88, 2.47) 0.137 
CRP quartiles 

Q1  (≤0.66 mg/L) 
Q2  (0.67 – 1.73 mg/L)  
Q3  (1.74 – 4.70 mg/L) 

   Q4  (≥4.71 mg/L) 

 
Reference 
1.72 (0.78, 3.79) 
1.82 (0.82, 4.05) 
2.92 (1.37, 6.21) 

 
 
0.179 
0.144 
0.005 

 
Reference 
1.60 (0.69, 3.71) 
1.64 (0.70, 3.85) 
2.87 (1.28, 6.43) 

 
 
0.277 
0.255 
0.011 

 
Reference 
1.64 (0.68, 3.95) 
1.63 (0.66, 4.02) 
3.08 (1.29, 7.32) 

 
 
0.275 
0.288 
0.011 

 
Reference 
1.38 (0.61, 3.10) 
1.49 (0.66, 3.36) 
2.09 (0.96, 4.57) 

 
 
0.442 
0.335 
0.064 

 

 
Model 1: (339 participants); adjusted for age, sex, diabetes, history of hypertension, cholesterol/HDL ratio, BMI, smoking status, history of CVD 
Model 2: (316 participants); Model 1 + eGFR, proteinuria 
Model 3: (367 participants); adjusted for age, diabetes, total RRT time, serum creatinine, smoking status, history of IHD 
 
 
Abbreviations: BMI = body mass index; CI = confidence interval; CRP = C-reactive protein; CVD = cardiovascular disease; eGFR = estimated glomerular 
filtration rate; HR = hazard ratio; IHD = ischaemic heart disease; RRT = renal replacement therapy 
  



64 
 

3.3.5  CRP concentration and MACE 

The Kaplan-Meier plot (Figure 3.3) demonstrated that when CRP was categorised according 
to the recommended cut-off value of 2 mg/L, MACE-free survival was significantly greater 
in the low CRP group compared to the high CRP group (Log-rank test P = 0.008). 

 

 

 

 

 

Figure 3.3. Kaplan-Meier curve of MACE according to low (<2 mg/L) or high (≥2 mg/L) 
CRP concentration. 
 
Abbreviations: CRP = C-reactive protein; MACE = major adverse cardiovascular events 
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The association between serum CRP concentration and the development of MACE are 
displayed in Table 3.5. 

In a univariable Cox regression model, a twofold increase in serum CRP concentration was 
associated with a 21% increased risk of developing MACE (unadjusted HR 1.21; 95% CI 
1.09, 1.34; P <0.001). This association was weaker but remained significant after adjustment 
for traditional cardiovascular risk factors (adjusted HR 1.14; 95% CI 1.02, 1.26; P = 0.019) 
and variables from CRCRTR (adjusted HR 1.15; 95% CI 1.04, 1.28; P = 0.010). 

Following categorisation, serum CRP concentration above 2 mg/L versus below 2 mg/L was 
associated with development of MACE in an unadjusted model (unadjusted HR 1.58; 95% 
CI 1.12, 2.23; P = 0.009). This association was weaker and no longer statistically significant 
in multivariable models. This was also demonstrable when CRP concentration was 
categorised according to its median. 

The risk of developing MACE increased across increasing quartiles of CRP concentration. 
In Quartile 4 compared to Quartile 1, the risk of MACE was increased by 120% in an 
unadjusted model (unadjusted HR 2.20; 95% CI 1.32, 3.64; P = 0.002). In a multivariable 
model adjusted for conventional cardiovascular risk factors, eGFR and proteinuria, there was 
a 63% increased risk of developing MACE in Quartile 4 compared to Quartile 1 (adjusted 
HR 1.63; 95% CI 0.91, 2.94; P = 0.100). However, this was not statistically significant. 
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Table 3.5. Association of CRP with MACE on multivariable Cox proportional hazard regression models. 

 

 

   Model 1  Model 2  Model 3  
 Unadjusted HR 

(95% CI) 
P 
value 

aHR (95% CI) P 
value 

aHR (95% CI) P 
value 

aHR (95% CI) P 
value 

CRP (per 2-fold increase)  1.21 (1.09, 1.34) <0.001 1.14 (1.02, 1.26) 0.019 1.13 (1.01, 1.28) 0.040 1.15 (1.04, 1.28) 0.010 
CRP ≥2 mg/L 1.58 (1.12, 2.23) 0.009 1.34 (0.92, 1.95) 0.123 1.31 (0.88, 1.96) 0.178 1.33 (0.93, 1.89) 0.117 
CRP ≥median (1.74 mg/L) 1.61 (1.14, 2.28) 0.006 1.43 (0.98, 2.08) 0.062 1.36 (0.92, 2.01) 0.129 1.39 (0.97, 1.98) 0.070 
CRP quartiles 

Q1  (≤0.66 mg/L) 
Q2  (0.67 – 1.73 mg/L)  
Q3  (1.74 – 4.70 mg/L) 

   Q4  (≥4.71 mg/L) 

 
Reference 
1.51 (0.90, 2.53) 
1.83 (1.10, 3.06) 
2.20 (1.32, 3.64) 

 
 
0.118 
0.021 
0.002 

 
Reference 
1.46 (0.84, 2.53) 
1.65 (0.96, 2.86) 
1.88 (1.08, 3.27) 

 
 
0.175 
0.072 
0.026 

 
Reference 
1.34 (0.76, 2.36) 
1.56 (0.89, 2.75) 
1.63 (0.91, 2.94) 

 
 
0.309 
0.120 
0.100 

 
Reference 
1.29 (0.76, 2.21) 
1.53 (0.90, 2.60) 
1.66 (0.98, 2.79) 

 
 
0.351 
0.113 
0.059 

 

 
Model 1: (339 participants); adjusted for age, sex, diabetes, history of hypertension, cholesterol/HDL ratio, BMI, smoking status, history of CVD 
Model 2: (316 participants); Model 1 + eGFR, proteinuria 
Model 3: (360 participants); adjusted for age, diabetes, LDL-cholesterol, number of transplant grafts, serum creatinine, smoking status, history of IHD 
 
Abbreviations: BMI = body mass index; CI = confidence interval; CRP = C-reactive protein; CVD = cardiovascular disease; eGFR = estimated glomerular 
filtration rate; HR = hazard ratio; IHD = ischaemic heart disease; MACE = major adverse cardiovascular events; RRT = renal replacement therapy  
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3.3.6  Optimal CRP concentration cut-off values  

The optimal cut-off values of serum CRP concentration for predicting each adverse outcome 
(all-cause mortality, cardiovascular mortality and MACE) were derived from calculation of 
Youden’s J statistics. For all-cause mortality, the optimal CRP cut-point was 1.25 mg/L. The 
optimal cut-off values for cardiovascular mortality and MACE were 5.53 mg/L and 1.34 
mg/L respectively. 

The relationship between patient outcomes and CRP concentration dichotomised at these 
optimal cut-off values are demonstrated in Table 3.6. 

A CRP concentration above 1.25 mg/L, compared with below 1.25 mg/L, was associated 
with all-cause mortality in an unadjusted model (unadjusted HR 2.01; 95% CI 1.44, 2.79; P 
<0.001) and in a model adjusted for the variables of CRCRTR (adjusted HR 1.54; 95% 1.10, 
2.15; P = 0.012). A CRP concentration greater than 5.53 mg/L was strongly associated with 
cardiovascular mortality in both univariable and multivariable models.  

A CRP concentration greater than 1.34 mg/L was associated with the development of 
MACE in a univariable model (unadjusted HR 1.78; 95% CI 1.24, 2.56; P = 0.02). This 
association was lessened and lost statistical significance after adjustment for conventional 
cardiovascular risk factors, eGFR and proteinuria (adjusted HR 1.47; 95% CI 0.98, 2.20; P = 
0.061).  
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Table 3.6. Association of CRP at optimal cut-offs calculated from Youden’s J statistic with all-cause mortality, cardiovascular mortality and MACE. 

 

 

   Model 1 Model 2 Model 3 
 Unadjusted HR 

(95% CI) 
P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

All-cause mortality 
CRP >1.25 mg/L 

 
2.01 (1.44, 2.79) 
 

 
<0.001 

 
1.63 (1.15, 2.30) 

 
0.006 

 
1.74 (1.21, 2.50) 

 
0.003 

 

1.54 (1.10, 2.15)a 
 
0.012 

Cardiovascular mortality 
CRP >5.53 mg/L 

 
2.36 (1.38, 4.02)  
 

 
0.002 

 
2.91 (1.64, 5.18) 

 
<0.001 

 
3.34 (1.82, 6.15) 

 
<0.001 

 
2.46 (1.41, 4.30)a 

 
0.001 

MACE 
CRP >1.34 mg/L 

 
1.78 (1.24, 2.56) 

 
0.020 

 
1.53 (1.04, 2.25) 

 
0.031 

 
1.47 (0.98, 2.20) 

 
0.061 

 
1.54 (1.07, 2.24)b 

 
0.022 

 

 
Model 1: (339 participants); adjusted for age, sex, diabetes, history of hypertension, cholesterol/HDL ratio, BMI, smoking status, history of CVD 
Model 2: (316 participants); Model 1 + eGFR, proteinuria 
a Model 3: (367 participants); adjusted for age, diabetes, total RRT time, serum creatinine, smoking status, history of IHD 
b Model 3: (360 participants); adjusted for age, diabetes, LDL-cholesterol, number of transplant grafts, serum creatinine, smoking status, history of IHD 
 

Abbreviations: BMI = body mass index; CI = confidence interval; CRP = C-reactive protein; CVD = cardiovascular disease; eGFR = estimated glomerular 
filtration rate; HR = hazard ratio; IHD = ischaemic heart disease; MACE = major adverse cardiovascular events; RRT = renal replacement therapy 
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3.3.7  Impact of CRP concentration on survival model performance 

Table 3.7 demonstrates the differences in C-statistics of each model before and after the 
addition of serum CRP concentration (as a continuous variable). The category-free net 
reclassification index (NRI >0) and integrated discrimination index (IDI) for each model 
after the addition of CRP are also shown. 

For all-cause mortality, the addition of CRP to a model adjusted for traditional 
cardiovascular risk factors, eGFR and proteinuria failed to lead to a statistically significant 
increase in the C-statistic of the model (C-statistic difference +0.012; P = 0.100). However, 
the IDI (0.029; P = 0.007) and category-free NRI (0.344; P = 0.007) were statistically 
significant. A similar pattern was observed for cardiovascular mortality. The addition of 
CRP failed to improve the C-statistic (C-statistic difference -0.002; P = 0.845) of the model 
but led to a significant IDI (0.041; P = 0.033) and category-free NRI (0.460; P = 0.047).  

CRP concentration did not improve the predictive accuracy of models for the development 
of MACE. In a model adjusted for the variables of CRCRTR, the addition of CRP did not 
significantly increase the C-statistic (C-statistic difference + 0.005; P = 0.371). The IDI 
(0.012; P = 0.133) and category-free NRI (0.346; P = 0.100) were not statistically 
significant.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.7. Metrics for improvement in risk prediction of outcomes with addition of 
(continuous) CRP 

 All-cause mortality Cardiovascular 
mortality 

MACE 

Model 1    
Per 2-fold increase CRP 
Adjusted HR 
C-statistic 

 
1.24 (1.13, 1.37) 
 

 
1.27 (1.10, 1.48) 
 

 
1.14 (1.02, 1.26) 
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Abbreviations: CI = confidence interval; CRP = C-reactive protein; HR = hazard ratio; IDI = 
Integrated Discrimination Index; MACE = major adverse cardiovascular events; NRI (>0) = 
category-free Net Reclassification Index 

 

 

3.3.8  CRP concentration and death-censored graft survival 

Table 3.8 displays the relationship between serum CRP concentration and death-censored 
graft survival. Overall, there were 110 death-censored graft losses. 

 

   Original model 
   Original model + CRP 
Difference 
P value 

0.755 
0.767 
0.012 
0.077 

0.792 
0.796 
0.004 
0.780 

0.769 
0.772 
0.003 
0.494 

 
IDI (95% CI) 
P value 

 
0.029 (0.005, 0.059) 
0.018 

 
0.030 (0.000, 0.082) 
0.049 

 
0.009 (-0.004, 0.033) 
0.207 

 
NRI (>0) (95% CI) 
P value 

 
0.388 (0.146, 0.602) 
0.010 

 
0.436 (0.036, 0.718) 
0.036 

 
0.284 (-0.190, 0.540) 
0.126 

 
Model 2 

   

Per 2-fold increase CRP 
Adjusted HR 
C-statistic 
   Original model 
   Original model + CRP 
Difference 
P value 

 
1.30 (1.17, 1.44) 
 
0.763 
0.775 
0.012 
0.100 

 
1.36 (1.15, 1.62) 
 
0.803 
0.801 
-0.002 
0.845 

 
1.13 (1.01, 1.28) 
 
0.774 
0.775 
0.001 
0.737 

 
IDI (95% CI) 
P value 

 
0.029 (0.006, 0.059) 
0.012 

 
0.041 (0.004, 0.085) 
0.022 

 
0.005 (-0.005, 0.026) 
0.376 

 
NRI (>0) (95% CI) 
P value 

 
0.344 (0.138, 0.606) 
0.008 

 
0.460 (0.040, 0.764) 
0.036 

 
0.284 (-0.290, 0.516) 
0.224 

 
Model 3 

   

Per 2-fold increase CRP 
Adjusted HR 
C-statistic 
   Original model 
   Original model + CRP 
Difference 
P value 

 
1.22 (1.11, 1.34) 
 
0.761 
0.770 
0.009 
0.172 

 
1.22 (1.05, 1.42) 
 
0.804 
0.803 
-0.001 
0.910 

 
1.15 (1.04, 1.28) 
 
0.758 
0.763 
0.005 
0.371 

 
IDI (95% CI) 
P value 

 
0.022 (0.002, 0.049) 
0.033 

 
0.020 (-0.002, 0.064) 
0.076 

 
0.012 (-0.003, 0.039) 
0.144 

 
NRI (>0) (95% CI) 
P value 

 
0.290 (0.096, 0.528) 
0.019 

 
0.384 (-0.016, 0.660) 
0.056 

 
0.346 (-0.126, 0.572) 
0.088 
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Table 3.8. Association of CRP with death-censored graft survival on univariable and 
multivariable Cox proportional hazards regression models. 

 

 Unadjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI)a 

P 
value 

CRP (per 2-fold increase)  1.14 (1.01, 1.28) 0.033 1.11 (0.97, 1.27) 0.147 
CRP ≥2 mg/L 1.28 (0.88, 1.87) 0.196 1.13 (0.74, 1.73) 0.569 
CRP ≥median (1.74 mg/L) 1.43 (0.98, 2.08) 0.065 1.16 (0.77, 1.76) 0.470 
CRP quartiles 

Q1  (≤0.66 mg/L) 
Q2  (0.67 – 1.73 mg/L)  
Q3  (1.74 – 4.70 mg/L) 
Q4  (≥4.71 mg/L) 

 
Reference 
1.10 (0.64, 1.89) 
1.38 (0.81, 2.35) 
1.63 (0.95, 2.79) 

 
 
0.744 
0.243 
0.074 

 
Reference 
1.13 (0.62, 2.05) 
1.02 (0.57, 1.82) 
1.63 (0.88, 3.00) 

 
 
0.696 
0.958 
0.118 

 
a Model adjusted for recipient age, donor type, HLA mismatch, time since transplant, 
smoking status, systolic blood pressure, eGFR, proteinuria, history of CVD  

 

Abbreviations: CI = confidence interval; CRP = C-reactive protein; CVD = cardiovascular 
disease; eGFR = estimated glomerular filtration rate; HLA = human leucocyte antigen; HR = 
hazard ratio 

 

In a univariable model, a doubling of CRP concentration was associated with a 14% 
increased risk of death-censored graft loss (unadjusted HR 1.14; 95% CI 1.01, 1.28; P = 
0.033). This association was weaker and no longer significant in a multivariable model 
(adjusted HR 1.11; 95% CI 0.97, 1.27; P = 0.147). 

When treated as a categorical variable, a high CRP (≥2 mg/L) was associated with a 28% 
increased risk of death-censored graft loss, though this was not statistically significant 
(unadjusted HR 1.28; 95% CI 0.88, 1.87; P = 0.196). This relationship was weaker in an 
adjusted model (adjusted HR 1.13; 95% CI 0.74, 1.73; P = 0.569). 

In a multivariable model, the risk of death-censored graft loss was not significantly different 
across quartiles of CRP concentration. 

 

 

 

3.4  Discussion 

The presence of immune cells in atheromatous plaques has been extensively investigated for 
over three decades (197). As a result, there is now a substantial body of evidence that 
inflammation plays a central role in the development and progression of atherosclerosis 
(186). Interest in this area has increased in recent months following the publication of the 
Canakinumab Anti-Inflammatory Thrombosis Outcomes Study (CANTOS) in 2017 (225, 
226).  In this study, over 10,000 participants with a history of MI and an elevated CRP, were 
treated with canakinumab, a monoclonal antibody which targets interleukin-1β. The drug 
caused a fall in CRP concentration and significantly reduced the risk of cardiovascular 
events through its anti-inflammatory effects (225, 226). This study served to re-emphasise 
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inflammation (and its surrogate marker, CRP) as a potential target in the management of 
atherosclerotic cardiovascular disease. 

It has been established that transplant recipients experience a greater degree of inflammation 
than the non-transplanted population (219-221, 227). The Framingham Risk Score (FRS) 
underestimates cardiovascular risk in renal transplant recipients. Several groups have 
proposed that this lack of accuracy may be due to the fact that inflammation is associated 
with atherosclerosis in this population but is not accounted for in the risk score (157, 221). 
Indeed, even in the general population, measurement of CRP added independent prognostic 
information to that obtained from the FRS and improved risk prediction in intermediate-risk 
groups (228, 229). Subsequently, a number of studies have investigated the association 
between CRP and mortality, cardiovascular disease and graft loss in renal transplant 
recipients (155, 221-224, 230, 231). 

For the purposes of this study, 2 mg/L was the established cut-off value used to categorise 
CRP. This cut-point is identified in ACC/AHA guidelines to identify patients at intermediate 
risk of cardiovascular events who may obtain benefit from statin therapy (212). It was 
adopted from the Justification for the Use of Statin in Prevention: An Intervention Trial 
Evaluating Rosuvastatin (JUPITER) study (232). JUPITER was the largest study of its kind, 
which showed that rosuvastatin therapy significantly reduced cardiovascular events in 
patients with CRP greater than 2mg/L, but without hyperlipidaemia (232). The more recent 
CANTOS trial also recruited patients with CRP concentrations above 2 mg/L. However, it 
should be noted that previous guidelines had recommended different CRP cut-off values: <1 
mg/L as low-risk, 1-3 mg/L as average risk and >3 mg/L as high risk for cardiovascular 
disease (233). Many studies in this area have therefore adopted these cut-off values, making 
direct comparisons to the current study challenging. 

Several factors are present in patients who have undergone kidney transplantation which 
may have an impact on the utility of CRP. Firstly, CRP rises in the post-transplantation 
period but falls below pre-transplantation levels by approximately six months (234). 
Therefore, the timing of CRP measurement may be important. Secondly, CRP levels may be 
elevated due to uraemia or incipient immunological reaction to the graft itself (189, 230). In 
addition, the effects of immunosuppressant medication on CRP concentration have not been 
firmly established. In one small study, renal transplant recipients with ciclosporin-induced 
nephrotoxicity had significantly lower CRP concentration than the remainder of the cohort 
(227). However, in a study by van Ree and colleagues, there was no association between 
CRP and immunosuppressant medications used (230). 
 
The CRP concentrations of the local transplant population appear to be relatively similar to 
non-transplanted individuals. In the European Study on Cardiovascular Risk Prevention and 
Management in Usual Daily Practice (EURIKA), the mean CRP concentration of 7565 
participants with at least one cardiovascular risk factor but no overt cardiovascular disease 
was 4.2 mg/L (235). In the current study, the mean serum CRP concentration of the renal 
transplant cohort was 5.6 mg/L. In a large individual participant meta-analysis which 
included 160,000 individuals without vascular disease, the median CRP concentration was 
1.72 mg/L (191). This is remarkably similar to the median CRP concentration of 1.74 mg/L 
in the current study. Furthermore, this is similar to the median CRP concentration of 1.93 
mg/L in a study of 575 renal transplant recipients by van Ree et al (236). 
 
The factors associated with CRP concentration in this study are largely in keeping with those 
reported in previous studies involving both the general population and renal transplant 
recipients. In the Third National Health and Nutrition Examination (NHANE) Survey, 
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elevated CRP was associated with the presence of at least one conventional cardiovascular 
risk factor in 78% of men and 67% of women (237). Certainly, in the participants of the 
current study, there was a clear association between numerous traditional cardiovascular risk 
factors and CRP in unadjusted analyses. 
 
Renal transplant recipients in the high CRP (>2 mg/L) group were older, and age was 
modestly but significantly correlated with CRP concentration. This has been reported in 
several other renal transplant cohorts (222, 230, 234). It has also been widely reported in the 
general population (190, 211). This may represent the rising incidence of occult pathology 
that can occur in the elderly. In addition, HDL was negatively correlated with CRP 
concentration. This relationship was highly significant, as has previously been reported in 
healthy individuals and in those with CKD (191, 209, 215, 235). As a negative acute phase 
reactant, HDL decreases in response to inflammation (238).   
 
In this study, there was a modest but highly statistically significant correlation between BMI 
and CRP concentration. This has been consistently reported in the literature (191, 224, 235, 
237). Hepatic CRP synthesis is controlled by circulating IL-6 concentrations (190). Adipose 
tissue, and intra-abdominal fat in particular, is a major source of IL-6 production, which may 
explain the link between obesity and elevated CRP concentration (239-241). Interestingly, in 
a study involving 606 stable renal transplant recipients, BMI, waist circumference and waist-
to-hip ratio were all strongly associated with CRP (230). However, waist circumference was 
the most important determinant of CRP concentration. Following adjustment for waist 
circumference, the association of CRP with other risk factors such as HDL and diabetes lost 
significance (230). Although not performed in the current study, quantification of abdominal 
girth, in addition to BMI, may be useful in assessing cardiovascular risk in patients 
following kidney transplantation.    
 
In the existing literature, a clear association has been reported between CRP and diabetes in 
the general population and in renal transplant recipients (191, 230, 237). In the present 
study, the median CRP concentration in patients with diabetes was 3.14 mg/L compared to a 
median of 1.66 mg/L in those without diabetes. This difference did not quite attain statistical 
significance. However, it is notable that recipients with diabetic nephropathy as the 
underlying cause of ESRD had the highest median CRP concentration. There was also a 
correlation between HbA1c and CRP, which is in keeping with a previous report (242). In a 
sample of 1,018 patients in the Third NHANE Survey, HbA1c was associated with CRP 
concentration despite adjustment for covariates such as age, sex, smoking and BMI (242). It 
is therefore plausible that inflammation is a contributory factor in the excess cardiovascular 
risk associated with poor glycaemic control in diabetes. 
 
In local transplant recipients, several traditional risk factors were not associated with CRP 
concentration. In a previous study involving renal transplant recipients, smoking was one of 
the most important determinants of CRP concentration (230). Additionally, multiple studies 
have reported significantly higher CRP concentrations in females (191, 235, 243). These 
relationships were not demonstrated in the current study. The explanation for these 
discrepancies may lie with the relatively small overall sample size in this study. 
Furthermore, approximately only one-third of the patients were female and only 18% 
identified as current smokers at the time of their recruitment. 
 
In terms of transplant-specific factors, the current study demonstrated significantly lower 
CRP concentrations in participants who had glomerular disease as the cause of ESRD. The 
mechanism for this is unclear. Given that this association was demonstrated in an unadjusted 
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analysis, it is highly likely that there are unknown confounders. However, it is interesting 
that a study by Winkelmayer and colleagues in 2007 showed a similar finding (223). The 
authors reported that the percentage of patients with glomerular disease decreased across 
increasing categories of CRP concentration. In the present study, recipients of deceased 
donor kidneys also had significantly higher serum CRP concentrations compared to 
recipients of live donor kidneys. This has not previously been reported, but it is known that 
donor death is associated with increased inflammation within the renal graft at the time of 
transplantation (244). A recent study has shown that macrophage infiltration and 
inflammation are increased in deceased donor kidneys and can persist for months (245). 
Whether this inflammation within the graft contributes to CRP elevation and systemic 
inflammation is currently unknown. 
 
In the general population, CRP is independently associated with the development of 
ischaemic heart disease, cerebrovascular disease and peripheral vascular disease (198, 205, 
208, 213). It was also associated with all-cause and cardiovascular mortality in an individual 
participant meta-analysis which included over 160,000 apparently healthy individuals (191). 
In further work by the Emerging Risk Factors Collaboration involving 247,000 patients 
across 52 studies, the addition of CRP modestly improved cardiovascular risk prediction 
compared to a model of traditional risk factors (246). There was a small, though significant, 
NRI and improvement in the C-statistic of the model (246). As previously discussed, 2013 
ACC/AHA guidelines have emphasised the need for more studies to report these 
discrimination metrics in order to establish the ability of CRP to improve upon existing risk 
prediction models (212). 
 
Numerous large cohort studies have investigated the association between CRP and adverse 
outcomes in patients with CKD. In the MDRD study, CRP was independently predictive of 
all-cause and cardiovascular mortality (215). In the ARIC study, CRP concentration was 
associated with future cardiovascular events and incident heart failure (216). However, 
despite this association, CRP did not improve risk prediction compared to the baseline 
model as determined by change in C-statistic, IDI or NRI. Additionally, the CRIC study 
demonstrated that the association between CRP and a composite outcome of cardiovascular 
disease and death was no longer significant after adjustment for other markers of 
inflammation (217). The role of CRP in patients with renal impairment is therefore much 
less clear compared to those of the general population at present. 

In renal transplant recipients, there are fewer studies examining CRP and its relationship to 
adverse outcomes. In the first study of its kind, Winkelmayer and co-workers measured CRP 
in 438 renal transplant recipients using a low-sensitivity assay with a limit of detection of 5 
mg/L (222). Despite the fact that only 17% of participants had detectable CRP, the authors 
demonstrated CRP concentration was predictive of all-cause mortality in this cohort. This 
research group proceeded to perform a second study using a high-sensitivity assay, which 
had similar results (223). In a post hoc analysis of the Assessment of Lescol in Renal 
Transplantation (ALERT) Study, CRP was measured in 1,910 renal transplant recipients and 
an association was demonstrated with both cardiovascular events and all-cause mortality 
(224). Although these studies have confirmed that CRP is independently associated with 
adverse events, none have attempted to demonstrate whether CRP improves cardiovascular 
risk prediction in renal transplant recipients. 

Results from the current study of renal transplant recipients are largely in keeping with the 
existing literature. CRP was associated with all-cause mortality when treated as a continuous 
variable, but also when categorised according to median concentration, quartiles and a cut-
point of 2 mg/L. Categorising variables which are naturally continuous can cause loss of 
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power. Thus retention of statistical significance following categorisation suggests a strong 
relationship between CRP and all-cause mortality in this cohort of patients. 

There was also an association between continuous CRP concentration and cardiovascular 
mortality in all models. Perhaps due to a smaller number of events, the association with 
cardiovascular mortality was not statistically significant in all adjusted models after 
categorisation of CRP. A similar pattern was also observed for the relationship between 
MACE and CRP concentration. However, the association between CRP and MACE was 
weaker than for other outcomes, as evidenced by lower hazard ratios. In part, this may be 
due to the definition of MACE used, which included non-atherosclerotic events such as 
admissions for heart failure.  

In the present study, Youden’s J statistic was used to calculate the “optimal” cut-off values 
for CRP concentration according to the outcome of interest. Applying these cut-off values 
demonstrated strong associations between CRP and all-cause mortality, cardiovascular 
mortality and MACE. However, it is well-recognised that applying optimal cut-off values to 
the population in which they were derived can introduce bias and statistical optimism (247). 
Further studies will be required in other renal transplant cohorts to assess the validity of 
these cut-points. Nevertheless, it is plausible that cut-off values used in the general 
population will not be applicable to renal transplant recipients due to other influencing 
factors such as uraemia and immunosuppression use. 

The addition of CRP to prediction models in this study failed to improve their C-statistics 
significantly. Despite being a useful and familiar metric, the C-statistic has limitations (167). 
It has been criticised as an insensitive measure of the ability of a biomarker to add value to a 
pre-existing risk prediction model (171). It is possible for C-statistics not to change 
significantly even when a biomarker is clinically useful (171). In fact, this was one of the 
driving forces behind the development and promotion of additional, complementary 
discrimination metrics such as the NRI and IDI (172). 

In this study, adding CRP as a continuous variable to models for all-cause and 
cardiovascular mortality lead to statistically significant category-free NRI and IDI. These 
metrics have not been reported for previous investigations involving CRP in renal transplant 
recipients. However, they suggest that CRP may play a role in predicting risk of adverse 
outcomes in patients following kidney transplantation. 

One issue with IDI and NRI is that they are unfamiliar, and that their clinical significance is 
not easily discernible (171). However, Pencina and colleagues, who first described the 
category-free NRI, suggested approximate interpretation benchmarks for this metric: 
category-free NRI <0.2, weak improvement; 0.2-0.6, moderate improvement; >0.6,  strong 
contribution from the biomarker (175). In the current study, therefore, CRP moderately 
improved risk prediction for all-cause and cardiovascular mortality. The weaker association 
between CRP and MACE in this study meant that CRP did not significantly improve risk 
prediction for this outcome. A larger study which focuses solely on atherosclerotic 
cardiovascular events should be performed to investigate this fully. 

A post-hoc analysis of the ALERT study demonstrated a clear relationship between hsCRP 
and death-censored graft loss, but the evidence in this area is conflicting (231). In the local 
transplant population, there was little evidence of an association between CRP concentration 
and death-censored graft loss. The association was only significant in an unadjusted model 
when CRP concentration was treated as a continuous variable. This is in keeping with the 
original study by Winkelmayer et al, and their follow-up study using a high-sensitivity assay 
(222, 223). Additionally, in a study by Varagunam and co-workers, pre-transplant CRP 



76 
 

concentration predicted all-cause and cardiovascular mortality but was not associated with 
graft rejection or failure (248). The relationship between CRP and graft loss in renal 
transplant recipient therefore remains unclear. 

In summary, CRP is associated with all-cause and cardiovascular mortality in the local renal 
transplant population. The addition of CRP to traditional risk factors improved risk 
prediction to a moderate degree. Further studies with a much larger number of participants 
should be performed prior to routine CRP measurement for this particular purpose in renal 
transplant recipients. A cost analysis would also need to be performed. However, given that 
CRP measurement is already an element of routine follow-up for transplant recipients in 
Northern Ireland, this is promising. The association between CRP and MACE was less 
strong in this study and addition of CRP to conventional risk factors showed no 
improvement in risk prediction. In part, this may have been related to the definition of 
MACE used for this study. Further studies focusing on atherosclerotic events would be 
appropriate. 
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4.1  Introduction 

Acute chest pain accounts for up to 6% of emergency department attendances and 27% of 
medical admissions in the UK (249). As a potentially life-threatening cause of chest pain, it 
is essential that acute coronary syndrome (ACS) is immediately recognised and appropriate 
treatment instigated (250). Traditionally, clinical history and electrocardiograms (ECG) were 
the cornerstones of ACS diagnosis. However, the clinical history in patients with ACS can 
be atypical, and ECGs lack definitive ischaemic abnormalities in up to 60% of cases (251). 
Thus establishing a diagnosis of ACS is not without challenges; a fact that has been 
recognised for over 60 years (252). 

It was in the setting of this diagnostic uncertainty that biomarkers of cardiac injury were 
initially introduced into clinical practice in the 1960s (253). Aspartate transaminase (AST) 
was the first to be endorsed by the World Health Organisation, with subsequent introduction 
of lactate dehydrogenase (LDH), creatine kinase (CK) and myoglobin in the 1970s (253). 
These biomarkers are released by various tissues, lack specificity for myocardial necrosis, 
and have since been rendered obsolete by the adoption of troponin into clinical practice 
(254, 255).  

Troponin was first discovered in 1965 as a complex of proteins with an essential role in the 
contraction of cardiac myocytes (256). The contractile unit of cardiac myocytes is called a 
sarcomere. Each sarcomere is composed of thick (myosin-containing) filaments interspersed 
with thin (actin-containing) filaments (257, 258). Contraction occurs when actin and myosin 
interact so that the thick and thin filaments slide past each other in opposite directions, 
causing the sarcomere to shorten (253). In resting conditions, a protein named tropomyosin 
is bound to actin and serves to block the actin-myosin interaction (257). Troponin strictly 
regulates the release of tropomyosin from its binding site on actin, and therefore controls 
myocyte contraction (259). 

In a study by Greaser and Gergely in 1973, the three proteins which comprise the troponin 
complex were identified (260). Each protein subunit was designated a letter to signify its 
functional role within the myofibrillar thin filament of the contractile apparatus (257). 
Troponin C (TnC) was so-called because it binds calcium in order to initiate contraction: ‘C’ 
for calcium. Troponin I (TnI) inhibits contraction in the absence of calcium: ‘I’ for 
inhibitory (260). Finally, Troponin T (TnT) was so named because it binds the troponin 
complex to tropomyosin and the rest of the myofibrillar thin filament: ‘T’ for tropomyosin 
(257, 259, 260). 

The troponin subunits (TnC, TnI and TnT) represent three distinct gene products and are 
present in a 1:1:1 ratio within the thin filament (257). In addition to its expression in cardiac 
muscle, TnC is also found in slow-twitch skeletal muscles such as the soleus (257, 261). 
This co-expression has limited the use of TnC as a specific biomarker of cardiac injury. 
While TnI and TnT also occur in skeletal muscle, the cardiac isoforms have unique amino 
acid sequences (262). These amino acid sequence differences are readily detectable, making 
cardiac TnI and TnT highly organ-specific biomarkers (262).      

Within cardiac myocytes approximately 95% of troponin is attached to the thin filaments of 
the sarcomere, with the other 5% remaining unbound in the cytoplasm (253, 263). The free 
cytoplasmic troponin is referred to as the “early releasable troponin pool” (ERTP) (253). 
Troponin from the ERTP is released into the circulation first after cardiac myocyte injury 
(263). Troponin has a half-life of 2 hours in plasma (261). Therefore, transient myocardial 
injury should result in a rapid rise in plasma troponin concentration from the ERTP, 
followed by a sharp decline over 24 hours (263). Persistently elevated troponin 



79 
 

concentrations beyond this timeframe are evidence of considerable, and perhaps prolonged, 
myocardial damage reflecting troponin release from sarcomeres (263). 

The first assays to detect human TnI and TnT were developed in 1987 and 1989 respectively 
(264, 265). These were subsequently approved for clinical use to aid with the diagnosis of 
myocardial infarction (MI) in combination with typical clinical features and ECG 
abnormalities (255). In 2000, a joint European Society of Cardiology (ESC) / American 
College of Cardiology (ACC) committee re-defined the diagnostic criteria for MI to include 
an elevated serum troponin concentration (266). Troponin has been described as the 
preferred biomarker of cardiac injury in the second, third and fourth versions of the 
Universal Definition of Myocardial Infarction (267-269). Consequently, in a recent survey, 
it was established that 96% of medical institutions worldwide use troponin as their primary 
diagnostic biomarker for ACS (270). 

The assays available for troponin measurement have been refined since their inception (271). 
The original assays are now referred to as “conventional”, as opposed to the “high-
sensitivity” assays which became available after 2009 (253). The terms conventional and 
high-sensitivity refer directly to assay characteristics, rather than the isoform of troponin 
being measured (271). In essence, high sensitivity assays are more precise and can quantify 
troponin in serum at much lower concentrations than conventional assays (272).  

High-sensitivity troponin assays must conform to certain laboratory performance criteria: 1) 
the total coefficient of variation (CV) at the 99th percentile value should be <10%; 2) 
concentrations below the 99th percentile value should be reportable in more than 50% of 
healthy individuals (273). The 99th percentile cut-off values are derived from studies 
performed in populations of apparently healthy individuals (271, 273). While numerous high 
sensitivity TnI assays are available at present, only one company (Roche Diagnostics) 
manufacture a high-sensitivity TnT assay (254). For the high sensitivity TnT assay, troponin 
was quantified in 616 participants of a reference population and the 99th percentile cut-off 
was reported to be 14 ng/L (271). Accordingly, the Fourth Universal Definition of 
Myocardial Infarction states that ACS should be diagnosed when there is evidence of a rise 
and/or fall in troponin with at least one value greater than 14 ng/L (in association with 
typical ECG changes or ischaemic symptoms) (269).      

While not yet universal, the use of high-sensitivity troponin assays is increasing (274). 
Recent guidelines from the National Institute for Health and Care Excellent (NICE) and the 
ESC specifically recommend using high-sensitivity troponin assays for the diagnosis or 
exclusion of ACS in patients presenting with chest pain (250, 275). This has had significant 
implications for clinical practice (254). In many centres, accelerated diagnostic pathways 
have been developed which allow measurement of troponin and definitive exclusion of ACS 
within 3 hours of the onset of chest pain (276). Purported benefits include reduced 
overcrowding of emergency departments, as patients are discharged sooner (254). Equally, 
in patients with ACS, the time to diagnosis and appropriate treatment is shorter (276). 

Given that troponin is released directly from damaged myocardium, it is unsurprising that its 
serum concentrations are strongly associated with poor prognosis and reduced survival in 
patients with ACS (277, 278). This has been demonstrated in studies which used either 
conventional or high sensitivity troponin assays (277, 278). Additionally, in patients with 
stable ischaemic heart disease, higher troponin concentrations are associated with all-cause 
mortality, cardiovascular mortality, further cardiovascular events and incident heart failure 
(279-281). 
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One concern with high sensitivity assays is that their increased sensitivity comes at the cost 
of lower clinical specificity. By definition, high sensitivity assays detect troponin in the 
majority of individuals, even in the absence of ACS (254). Troponin is detectable in 94% of 
athletes performing in endurance sports (282). Furthermore, with recent assays, troponin has 
been found to be elevated in numerous conditions including pulmonary embolism, heart 
failure and sepsis (263, 283). Troponin cannot be used to diagnose these non-cardiac 
conditions, but it has been established that higher troponin concentrations in affected 
patients are associated with poorer survival (263).  

With the advent of high sensitivity assays (and their ability to quantify troponin 
concentrations in most individuals), there has been a renewed interest in the clinical utility of 
troponin for predicting adverse outcomes. In numerous, large, population-based cohort 
studies, high sensitivity assays have demonstrated an association between serum troponin 
concentrations and all-cause mortality, cardiovascular mortality and cardiovascular events in 
apparently healthy individuals (284-291). In a number of these studies, troponin 
concentrations added incremental predictive value to models comprised of conventional 
cardiovascular risk factors (284-286, 290). It has become apparent from these studies that, 
when measured using high sensitivity assays, troponin concentrations are associated with 
risk well below the 99th percentile (i.e. <14 ng/L for TnT) (292). 

Elevated troponin concentrations are frequently observed in patients with chronic kidney 
disease (CKD) and end-stage renal disease (ESRD) (283, 293, 294). In a study by deFilippi 
and colleagues, 68% patients of patients with CKD but no evidence of ACS had TnT levels 
greater than 14 ng/L (295). The mechanisms underlying the association between estimated 
glomerular filtration rate (eGFR) and troponin have been debated for several decades (294). 
Traditionally, it was argued that elevated troponin concentrations were attributable to 
reduced clearance of the biomarker (253, 296). However, a recent mechanistic study by van 
der Linden and co-workers has refuted this (297). Furthermore, it has been established that 
TnT and TnI are too large to undergo glomerular filtration (298). 

Despite the close relationship between eGFR and troponin, the biomarker is still useful for 
the diagnosis of ACS in patients with CKD and ESRD (299). Additionally, peak troponin 
concentrations were predictive of MI and mortality in patients in the Acute Catheterization 
and Urgent Intervention Triage strategy (ACUITY) trial who had CKD and ACS (300). In a 
large systematic review including 98 studies of patients with CKD and ESRD requiring 
dialysis without ACS, troponin was associated with all-cause mortality, cardiovascular 
mortality and major adverse cardiovascular events (MACE) (301). 

The investigation of troponin for risk-stratifying renal transplant recipients for adverse 
outcomes has been relatively limited to date, with most reported studies having used 
conventional assays (302-304). 

In the current study, a high sensitivity assay was used to determine the association between 
TnT and a range of adverse outcomes (including all-cause mortality, cardiovascular 
mortality, cardiovascular events and death-censored graft loss) in a cohort of local renal 
transplant recipients. The ability of TnT, measured using a high sensitivity assay, to improve 
risk prediction of these adverse outcomes compared to clinical risk factors alone was also 
investigated.  
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4.2  Patients and methods 

4.2.1  Study population and outcomes 

The participants and clinical outcomes for this study have been fully described in Chapter 2, 
Patients and Methods. The patients enrolled were clinically well and had no symptoms 
suggestive of active myocardial ischaemia.  

 

4.2.2  Biomarker measurement 

TnT concentrations were determined from serum samples by senior Biomedical Scientists 
blinded to the study outcomes. All analyses were performed in the Clinical Chemistry 
laboratory of the Belfast Health and Social Care Trust (BHSCT).  

TnT concentration was measured using a high-sensitivity electrochemiluminescence 
immunoassay, Elecsys Troponin T hs STAT (Roche Diagnostics, Burgess Hill, UK). 
Analysis was performed in a fully-automated process according to manufacturer instructions 
and BHSCT standard operating procedures. The e602 module of a Cobas 8000® modular 
analyser (Roche Diagnostics) was employed. In brief, serum was thawed at room 
temperature and transferred into false-bottom tubes prior to use in the analyser. A nine 
minute incubation was performed with 50 µL of serum, a biotinylated anti-troponin T 
antibody, a ruthenium-labelled anti-troponin T antibody and streptavidin-coated 
microparticles. Sandwich complexes comprised of TnT and the two antibodies formed. 
These were bound to the solid phase microparticles via the biotin-streptavidin interaction. In 
the second step, the microparticle complexes were bound to an electrode via the interaction 
of ruthenium with an applied magnetic charge. In the final step, a voltage was applied to the 
electrode and the resultant electrochemiluminescent emission was measured by a 
photomultiplier. Results for TnT concentration were generated from a calibration curve 
derived from an analyser-specific 2-point calibration and a 5-point calibration obtained from 
the reagent barcode.   

The precision of this method was previously demonstrated within the Clinical Biochemistry 
laboratory of the BHSCT using an identical assay and analyser. The intra-assay (within-run) 
coefficient of variation (CV) was 6.02% at 5.4 ng/L, 0.93% at 264.9 ng/L and 0.59% at 
2468.4 ng/L. The inter-assay (between-run) CV was 2.08% at 23.5 ng/L and 2.90% at 
1510.0 ng/L. 

This assay is unaffected by icterus, haemolysis, lipaemia and over 50 commonly used 
pharmacological agents. The measurement range is 3 – 10,000 ng/L. When measured in 
suspected acute coronary syndrome, a 20% rise in TnT on serial samples, with one value 
above the 99th percentile upper reference limit of 14 ng/L, is considered significant. The cut-
off of 14 ng/L was therefore adopted for this study.       

 

4.2.3  Statistical methods 

Statistical analyses were performed using the methods described in Section 2.8. 

 

4.3  Results 

4.3.1  Characteristics of the study population 
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Serum samples from 367 participants were available for analysis. Participants without 
available serum were excluded from this study. 

The participants were divided into two groups according to serum TnT concentration using a 
cut-off value of 14 ng/L. Overall, 245 (66.8%) participants had low TnT (<14 ng/L) and 122 
(33.2%) participants had high TnT (≥14 ng/L) concentrations. The baseline demographics, 
clinical characteristics and laboratory parameters according to low and high TnT 
concentration are demonstrated in Table 4.1. 

Patients in the high TnT group were older and more likely to have been recipients of a 
deceased donor kidney. They were also more likely to have diabetes mellitus. The mean 
HbA1c was higher in the high TnT group compared to the low TnT group (6.8% versus 
5.9%; P <0.001). Additionally, the percentage of patients with pre-existing cardiovascular 
disease, and in particular ischaemic heart disease and peripheral vascular disease, was higher 
in the high TnT group. The mean estimated glomerular filtration rate (eGFR) was greater in 
the low TnT group compared to the high TnT group (56 ml/min/1.73m2 versus 45 
ml/min/1.73m2; P <0.001). Serum phosphate concentration and proteinuria were 
significantly lower in the low TnT group. 

 

 

 

 

 

 

 

 

Table 4.1. Baseline characteristics of the study population according to low (<14 ng/L) and 
high (≥14 ng/L) TnT concentration. 

Characteristic TnT <14 ng/L 
N = 245 
 

TnT ≥14 mg/L 
N = 122 

P value 

Age (years); median (IQR) 43 (35, 52) 56 (44, 64)  <0.001* 
Male sex; n (%) 153 (62.4) 80 (65.6) 0.638 
Primary renal disease; n (%) 
     Glomerular disease 
     Interstitial disease & pyelonephritis 
     Polycystic kidney disease 
     Diabetic nephropathy 
     Aetiology unknown 
     Other 

 
65 (26.5) 
58 (23.7) 
31 (12.7) 
5 (2.0) 
33 (13.5) 
53 (21.6) 

 
24 (19.7) 
22 (18.0) 
17 (13.9) 
18 (14.8) 
18 (14.8) 
23 (18.9) 

 
<0.001 

Transplant grafts – including current; n (%) 
     1 
     2 
     3 
     4 

 
207 (84.5) 
35 (14.3) 
2 (0.8) 
1 (0.4) 

 
106 (86.9) 
13 (10.7) 
3 (2.5) 
0 (0) 

 
0.394 

Donor type; n (%) 
     DBD 

 
221 (90.2) 

 
120 (98.4) 

 
0.008 
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* P value obtained from Mann Whitney U test 
† P value obtained from independent samples t-test 
 

Abbreviations: BMI = body mass index; DBD = deceased after brainstem death; eGFR = 
estimated glomerular filtration rate; HbA1c = haemoglobin A1c; IQR = interquartile range; 
PTH = parathyroid hormone; RRT = renal replacement therapy; SD = standard deviation; 
TnT = troponin T  

4.3.2  TnT concentration in the study population 

In total, 53 (14.4%) participants had serum TnT concentrations below the lower detection 
limit of the assay (<3 ng/L). Prior to statistical analysis, the TnT concentrations for these 
participants were transformed to 3 ng/L. Serum TnT concentrations in this study therefore 
ranged from 3 ng/L to 357 ng/L. TnT concentrations were positively skewed prior to 
logarithmic transformation. The mean serum TnT concentration was 15.6 (SD = 24.4) ng/L. 
The median (IQR) TnT concentration was 9.4 (4.7, 16.8) ng/L.  

Table 4.2 demonstrates the characteristics and laboratory measures associated with serum 
TnT concentration when it was treated as a continuous variable. TnT concentration was 
significantly associated with male sex, diabetes mellitus and diabetic nephropathy as the 
cause of ESRD. Median TnT concentration was higher in recipients of a deceased donor 
kidney compared to recipients of a live donor kidney (9.9 ng/L versus 5.6 ng/L; P = 0.002). 
TnT concentrations were also significantly greater in patients with hypertension, left 
ventricular hypertrophy (LVH) and established cardiovascular disease. There was no 
difference in TnT concentration in patients who smoked compared to those who did not (9.8 
ng/L versus 9.3 ng/L; P = 0.728). 

     Living-related  24 (9.8) 2 (1.6) 
Total RRT time (months); median (IQR) 120 (69, 183) 132 (69, 208) 0.164* 
Current smokers; n (%) 47 (19.2) 20 (16.4) 0.611 
History of diabetes mellitus; n (%) 16 (6.5) 34 (27.9) <0.001 
History of hypertension; n (%) 195 (79.6) 101 (82.8) 0.555 
Statin use; n (%) 95 (38.8) 57 (46.7) 0.179 
BMI (kg/m2); mean (SD) 26.6 (4.5) 26.4 (4.6) 0.748† 
Left ventricular hypertrophy; n (%) 40 (17.2) 32 (29.1) 0.018 
History of cardiovascular disease; n (%) 
     Ischaemic heart disease 
     Stroke 
     Peripheral vascular disease 

35 (14.3) 
21 (8.6) 
11 (4.5) 
7 (2.9) 

46 (37.7) 
35 (28.7) 
9 (7.4) 
17 (13.9) 

<0.001 
<0.001 
0.366 
<0.001 

Total cholesterol (mmol/L); mean (SD) 5.3 (1.0) 5.2 (1.0) 0.618† 
HDL cholesterol (mmol/L); mean (SD) 1.4 (0.4) 1.4 (0.4) 0.748† 
LDL cholesterol (mmol/L); mean (SD) 3.0 (0.8) 2.9 (0.8) 0.156† 
Triglycerides (mmol/L); mean (SD) 1.9 (1.2) 2.1 (1.1) 0.271† 
Creatinine (µmol/L); mean (SD) 135 (56) 166 (87) <0.001† 
eGFR (ml/min/1.73m2); mean (SD) 56 (20) 45 (20) <0.001† 
Proteinuria (g/24h); median (IQR) 0.17 (0.08, 

0.40) 
0.26 (0.13, 0.85) 0.002* 

Haemoglobin (g/dl); mean (SD) 13.0 (1.7) 12.3 (2.0) 0.001† 
Corrected calcium (mmol/L); mean (SD) 2.43 (0.14) 2.45 (0.16) 0.288† 
Phosphate (mmol/L); mean (SD) 0.98 (0.23) 1.12 (0.26) <0.001† 
PTH (pg/ml); median (IQR) 98 (66, 158) 107 (62, 200) 0.193* 
HbA1c (%); mean (SD) 5.9 (1.0) 6.8 (1.3) <0.001† 



84 
 

In univariable correlation analyses, TnT concentration was moderately positively correlated 
with serum creatinine concentration (Spearman’s rho = 0.332; P <0.001) and HbA1c 
(Spearman’s rho = 0.443; P <0.001). Weaker but significant positive correlations were 
demonstrated between TnT concentration and triglyceride concentration (Spearman’s rho = 
0.152; P = 0.003), phosphate concentration (Spearman’s rho = 0.276; P <0.001) and 
proteinuria (Spearman’s rho = 0.274; P <0.001). Additionally, a weak negative correlation 
existed between TnT and haemoglobin concentrations (Spearman’s rho = -0.183; P <0.001). 
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Table 4.2. Factors associated with (continuous) TnT concentration on univariable analysis.  

 

Abbreviations: BMI = body mass index; DBD = deceased after brainstem death; eGFR = 
estimated glomerular filtration rate; HbA1c = haemoglobin A1c; IQR = interquartile range; 
PTH = parathyroid hormone; RRT = renal replacement therapy; TnT = troponin T 

 

Characteristic Median (IQR) 
TnT concentration 

Correlation 
coefficient  

P value 

Age (years)  0.412 <0.001 
Sex – male 
          Female 

10.5 (5.9, 18.0) 
6.1 (3.0, 16.0) 

 <0.001 

Primary renal disease;  
     Glomerular disease 
     Interstitial disease & pyelonephritis 
     Polycystic kidney disease 
     Diabetic nephropathy 
     Aetiology unknown 
     Other 

 
9.1 (4.6, 14.8) 
8.8 (3.6, 14.3) 
8.1 (5.0, 17.3) 
20.0 (14.1, 43.2) 
10.7 (4.7, 21.4) 
7.3 (4.2, 16.2)  

  
0.001 

Transplant grafts – including current;  
     1 
     2 
     3 
     4 

 
9.6 (4.7, 16.9) 
7.3 (3.1, 15.7) 
24.4 (8.2, 30.1) 
- 

  
0.217 

Donor type;  
     DBD 
     Living-related 

 
9.9 (4.8, 17.3) 
5.6 (3.0, 9.2) 

  
0.002 

Total RRT time (months)  0.052 0.322 
Smoking status – smoker 
                            non-smoker 

9.8 (5.2, 19.9) 
9.3 (4.5, 16.9) 

 0.728 

History of diabetes mellitus – yes 
                                                 no  

18.4 (10.8, 32.8) 
8.5 (4.1, 15.0) 

 <0.001 

History of hypertension – yes 
                                           no   

9.9 (5.2, 17.1) 
6.3 (3.0, 15.2) 

 0.010 

Statin use – yes 
                    No 

11.1 (5.9, 16.7) 
8.7 (3.6, 16.9) 

 0.006 

BMI (kg/m2)  0.039 0.479 
Left ventricular hypertrophy – present 
                                                  absent   

12.8 (7.2, 28.3) 
8.4 (4.3, 15.2) 

 <0.001 

History of cardiovascular disease - yes 
                                                         no 

15.2 (10.2, 26.0) 
7.3 (3.8, 14.4) 

 <0.001 

Total cholesterol (mmol/L)  0.000 0.995 
HDL cholesterol (mmol/L)  -0.081 0.122 
LDL cholesterol (mmol/L)  -0.021 0.694 
Triglycerides (mmol/L)  0.152 0.003 
Creatinine (µmol/L)  0.332 <0.001 
eGFR (ml/min/1.73m2)  -0.327 <0.001 
Proteinuria (g/24h)  0.274 <0.001 
Haemoglobin (g/dl)  -0.183 0.001 
Corrected calcium (mmol/L)  0.068 0.192 
Phosphate (mmol/L)  0.276 <0.001 
Parathyroid hormone (pg/ml)  0.129 0.013 
HbA1c (%)  0.443 <0.001 
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4.3.3  TnT concentration and all-cause mortality 

The Kaplan-Meier plot (Figure 4.1) demonstrated that overall survival probability was 
significantly greater in the low TnT (<14 ng/L) group compared to the high TnT (≥14 ng/L) 
group (Log rank test P <0.001). 

 

 

 

 
Figure 4.1. Kaplan-Meier curve of all-cause mortality according to low (<14 ng/L) or high 
(≥14 ng/L) TnT concentration. 
 
Abbreviations: TnT = troponin T 
 

 

 

 

 

Table 4.3 demonstrates the association between TnT concentration, treated as a continuous 
and categorical variable, with all-cause mortality. 

In a univariable Cox regression model, a two-fold increase in serum TnT concentration was 
associated with a 70% increased risk of all-cause mortality (unadjusted HR 1.70; 95% CI 
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1.53, 1.89; P <0.001). This relationship was weaker but remained highly significant after 
adjustment for traditional cardiovascular risk factors, eGFR and proteinuria (adjusted HR 
1.44; 95% CI 1.23, 1.68; P <0.001). A multivariable model which adjusted for the 
Cardiovascular Risk Calculator for Renal Transplant Recipients (CRCRTR) covariates 
demonstrated similar results (adjusted HR 1.39; 95% CI 1.22, 1.59; P <0.001). 

After adjustment for conventional cardiovascular risk factors, high TnT (>14 ng/L) versus 
low TnT (<14 ng/L) was associated with over a two-fold increased risk of all-cause 
mortality (adjusted HR 2.32; 95% CI 1.66, 3.25; P <0.001). This association remained 
similar after further adjustment for eGFR and proteinuria (adjusted HR 2.07; 95% CI 1.44, 
2.98; P < 0.001). A similar relationship was demonstrated between supra-median TnT 
concentrations and all-cause mortality. 

When TnT concentration was categorised according to quartiles, the risk of all-cause 
mortality was over five times greater in Quartile 4 (≥16.79 ng/L) compared to Quartile 1 
(≤4.65 ng/L) in an unadjusted model. After adjustment for the variables incorporated into the 
CRCRTR, the risk of all-cause mortality remained twice as high in Quartile 4 compared to 
Quartile 1 (adjusted HR 2.35; 95% CI 1.38, 4.00; P = 0.002).   

 

  



88 
 

Table 4.3. Association of TnT with all-cause mortality on multivariable Cox proportional hazard regression models. 

 

 

   Model 1  Model 2  Model 3  
 Unadjusted HR 

(95% CI) 
P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

TnT (per 2-fold increase)  1.70 (1.53, 1.89) <0.001 1.50 (1.30, 1.72) <0.001 1.44 (1.23, 1.68) <0.001 1.39 (1.22, 1.59) <0.001 
TnT ≥14 ng/L 3.66 (2.70, 4.96) <0.001 2.32 (1.66, 3.25) <0.001 2.07 (1.44, 2.98) <0.001 2.23 (1.60, 3.11) <0.001 
TnT ≥median (9.44 ng/L) 3.58 (2.57, 4.98) <0.001 2.05 (1.41, 2.99) <0.001 1.82 (1.23, 2.71) 0.003 1.97 (1.37, 2.82) <0.001 
TnT quartiles 

Q1  (≤4.65  ng/L) 
Q2  (4.66 – 9.43 ng/L)  
Q3  (9.44 – 16.78 ng/L) 

   Q4  (≥16.79 ng/L) 

 
Reference 
1.25 (0.72, 2.17) 
3.05 (1.87, 4.97) 
5.40 (3.36, 8.70) 

 
 
0.438 
<0.001 
<0.001 

 
Reference 
0.80 (0.44, 1.46) 
1.30 (0.75, 2.27) 
2.67 (1.54, 4.63) 

 
 
0.475 
0.349 
<0.001 

 
Reference 
0.78 (0.42, 1.46) 
1.16 (0.64, 2.11) 
2.36 (1.29, 4.31) 

 
 
0.438 
0.617 
0.005 

 
Reference 
0.75 (0.42, 1.32) 
1.28 (0.76, 2.16) 
2.35 (1.38, 4.00) 

 
 
0.317 
0.358 
0.002 

 
 
Model 1: (339 participants); adjusted for age, sex, diabetes, history of hypertension, cholesterol/HDL ratio, BMI, smoking status, history of CVD 
Model 2: (316 participants); Model 1 + eGFR, proteinuria 
Model 3: (367 participants); adjusted for age, diabetes, total RRT time, serum creatinine, smoking status, history of IHD 
 
Abbreviations: BMI = body mass index; CI = confidence interval; CVD = cardiovascular disease; eGFR = estimated glomerular filtration rate; HR = hazard 
ratio; IHD = ischaemic heart disease; RRT = renal replacement therapy; TnT = troponin T 
 

 

 

 



89 
 

4.3.4  TnT concentration and cardiovascular mortality 

The Kaplan-Meier plot (Figure 4.2) showed that when serum TnT concentration was 
categorised according to a cut-off of 14 ng/L, the probability of cardiovascular mortality was 
significantly lower in the low TnT group compared to the high TnT group (Log rank test P 
<0.001). 

 

 

 

 

Figure 4.2. Kaplan-Meier curve of cardiovascular mortality according to low (<14 ng/L) or 
high (≥14 ng/L) TnT concentration. 
 
Abbreviations: TnT = troponin T 
 

 

 

 

 

Table 4.4 displays the relationship between cardiovascular mortality and TnT concentration. 

In an unadjusted model, a doubling of serum TnT concentration resulted in a doubling in the 
risk of cardiovascular mortality (unadjusted HR 2.03; 95% CI 1.75, 2.36; P <0.001). This 



90 
 

association was attenuated but remained significant after adjustment for conventional 
cardiovascular risk factors (adjusted HR 1.88; 95% CI 1.51, 2.34; P <0.001) and factors 
included in CRCRTR (adjusted HR 1.69; 95% CI 1.39, 2.04; P <0.001). 

High TnT concentration (≥14 ng/L) versus low TnT concentration (<14 ng/L) was 
associated with a six-fold increased risk of cardiovascular mortality in a univariable Cox 
regression model (unadjusted HR 6.24; 95% CI 3.67, 10.60; P <0.001). In a multivariable 
model which adjusted for traditional cardiovascular risk factors and measures of graft 
function, high TnT concentration remained associated with a three-fold increase in the risk 
of cardiovascular mortality (adjusted HR 3.04; 95% CI 1.61, 5.75; P = 0.001). A similar 
pattern was displayed for univariable and multivariable models examining the relationship 
between cardiovascular mortality and supra-median TnT concentrations. 

The risk of cardiovascular mortality increased across quartiles of serum TnT concentration 
in all unadjusted and adjusted models.   
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Table 4.4. Association of TnT with cardiovascular mortality on multivariable Cox proportional hazard regression models 

 

 

   Model 1  Model 2  Model 3  
 Unadjusted HR 

(95% CI) 
P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

TnT (per 2-fold increase)  2.03 (1.75, 2.36) <0.001 1.88 (1.51, 2.34) <0.001 1.93 (1.48, 2.50) <0.001 1.69 (1.39, 2.04)  <0.001 
TnT ≥14 ng/L 6.24 (3.67, 10.60) <0.001 3.61 (1.99, 6.54) <0.001 3.04 (1.61, 5.75) 0.001 3.63 (2.03, 6.49) <0.001 
TnT ≥median (9.44 ng/L) 7.48 (3.80, 14.75) <0.001 3.71 (1.77, 7.79) 0.001 3.34 (1.52, 7.34) 0.003 4.03 (1.95, 8.33) <0.001 
TnT quartiles 

Q1  (≤4.65  ng/L) 
Q2  (4.66 – 9.43 ng/L)  
Q3  (9.44 – 16.78 ng/L) 

   Q4  (≥16.79 ng/L) 

 
Reference 
1.59 (0.45, 5.64) 
6.67 (2.29, 19.45) 
13.89 (4.89, 39.46) 

 
 
0.472 
0.001 
<0.001 

 
Reference 
1.20 (0.33, 4.38) 
2.90 (0.92, 9.16) 
6.49 (2.08, 20.24) 

 
 
0.783 
0.070 
0.001 

 
Reference 
0.95 (0.24, 3.69) 
2.25 (0.69, 7.35) 
5.50 (1.67, 18.14) 

 
 
0.937 
0.180 
0.005 

 
Reference 
1.11 (0.31, 3.98) 
3.16 (1.04, 9.63) 
6.52 (2.13, 19.94) 

 
 
0.876 
0.043 
0.001 

 
 
Model 1: (339 participants); adjusted for age, sex, diabetes, history of hypertension, cholesterol/HDL ratio, BMI, smoking status, history of CVD 
Model 2: (316 participants); Model 1 + eGFR, proteinuria 
Model 3: (367 participants); adjusted for age, diabetes, total RRT time, serum creatinine, smoking status, history of IHD 
 
Abbreviations: BMI = body mass index; CI = confidence interval; CVD = cardiovascular disease; eGFR = estimated glomerular filtration rate; HR = hazard 
ratio; IHD = ischaemic heart disease; RRT = renal replacement therapy; TnT = troponin T 
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4.3.5  TnT concentration and MACE 

The Kaplan-Meier plot (Figure 4.3) showed that MACE-free survival was greater in the low 
TnT (<14 ng/L) group compared to the high TnT (≥14 ng/L) group (Log rank test P <0.001). 

 

 

 

Figure 4.3. Kaplan-Meier curve of MACE according to low (<14 ng/L) or high (≥14 ng/L) 
TnT concentration. 
 
Abbreviations: MACE = major adverse cardiovascular event; TnT = troponin T 
 

 

 

 

 

 

 

The association between serum TnT concentration, treated as both a continuous and a 
categorical variable, with development of first MACE is displayed in Table 4.5. 
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In a univariable Cox regression model, a two-fold increase in TnT concentration was 
associated with a two-fold increased risk of developing MACE (unadjusted HR 1.99; 95% 
CI 1.74, 2.28; P <0.001). This relationship was similar after adjustment for the covariates 
included in the CRCRTR (adjusted HR 1.75; 95% CI 1.47, 2.07; P <0.001). 

When categorised, high TnT (≥14 ng/L) versus low TnT (<14 ng/L) concentration was 
associated with development of MACE in an unadjusted model (unadjusted HR 3.91; 95% 
CI 2.76, 5.53; P <0.001). This association was weaker but remained significant after 
adjustment for conventional cardiovascular risk factors and measures of graft function 
(adjusted HR 2.11; 95% CI 1.40, 3.20; P <0.001), and after adjustment for the variables of 
CRCRTR (adjusted HR 2.32; 95% CI 1.58, 3.42; P <0.001). Supra-median TnT 
concentrations were associated with MACE in a similar manner. 

The risk of MACE increased across increasing quartiles of TnT concentration. In an 
unadjusted model, the risk of MACE was approximately eight times higher in Quartile 4 
(≥16.79 ng/L) compared to Quartile 1 (≤4.65 ng/L). After full adjustment for cardiovascular 
risk factors, eGFR and proteinuria, the risk of MACE was still three-fold higher in Quartile 4 
compared to Quartile 1 (adjusted HR 3.26; 95% CI 1.51, 7.02; P = 0.003). 
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Table 4.5. Association of TnT with MACE on multivariable Cox proportional hazard regression models. 

 

 

   Model 1  Model 2  Model 3  
 Unadjusted HR 

(95% CI) 
P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

TnT (per 2-fold increase)  1.99 (1.74, 2.28) <0.001 1.62 (1.37, 1.91) <0.001 1.62 (1.34, 1.95) <0.001 1.75 (1.47, 2.07) <0.001 
TnT ≥14 ng/L 3.91 (2.76, 5.53) <0.001 2.29 (1.55, 3.38) <0.001 2.11 (1.40, 3.20) <0.001 2.32 (1.58, 3.42) <0.001 
TnT ≥median (9.44 ng/L) 4.47 (3.03, 6.57) <0.001 2.32 (1.50, 3.58) <0.001 2.09 (1.31, 3.32) 0.002 2.62 (1.71, 4.02) <0.001 
TnT quartiles 

Q1  (≤4.65  ng/L) 
Q2  (4.66 – 9.43 ng/L)  
Q3  (9.44 – 16.78 ng/L) 

   Q4  (≥16.79 ng/L) 

 
Reference 
2.02 (1.03, 4.00) 
5.47 (2.96, 10.14) 
8.29 (4.48, 15.34) 

 
 
0.042 
<0.001 
<0.001 

 
Reference 
1.31 (0.65, 2.66) 
2.36 (1.20, 4.63) 
3.43 (1.73, 6.81) 

 
 
0.453 
0.012 
<0.001 

 
Reference 
1.29 (0.60, 2.78) 
2.08 (0.98, 4.41) 
3.26 (1.51, 7.02) 

 
 
0.516 
0.056 
0.003 

 
Reference 
1.43 (0.71, 2.86) 
2.88 (1.49, 5.55) 
3.98 (2.02, 7.85) 

 
 
0.313 
0.002 
<0.001 

 

 

Model 1: (339 participants); adjusted for age, sex, diabetes, history of hypertension, cholesterol/HDL ratio, BMI, smoking status, history of CVD 
Model 2: (316 participants); Model 1 + eGFR, proteinuria 
Model 3: (360 participants); adjusted for age, diabetes, LDL-cholesterol, number of transplant grafts, serum creatinine, smoking status, history of IHD 
 
Abbreviations: BMI = body mass index; CI = confidence interval; CVD = cardiovascular disease; eGFR = estimated glomerular filtration rate; HR = hazard 
ratio; IHD = ischaemic heart disease; MACE = major adverse cardiovascular events; RRT = renal replacement therapy; TnT = troponin T 
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4.3.6  Optimal TnT concentration cut-off values  

The optimal cut-off values of serum TnT concentration for predicting mortality and MACE 
in this study were derived from calculation of Youden’s J statistics for each outcome. The 
optimal cut-points were 9.1 ng/L for all-cause mortality, 11.8 ng/L for cardiovascular 
mortality, and 7.1 ng/L for MACE. 

Table 4.6 demonstrates the relationship between adverse outcomes and TnT concentration 
dichotomised at these optimal cut-points. 

In all unadjusted and adjusted models, TnT was highly significantly associated with all-
cause mortality when dichotomised at the relevant optimal cut-off value of 9.1 ng/L. 

The relationship between TnT and cardiovascular mortality was strongest. Even after 
adjustment for conventional cardiovascular risk factors, eGFR and proteinuria, TnT 
concentrations greater than 11.8 ng/L were associated with an almost four-fold increased 
risk of cardiovascular mortality (adjusted HR 3.91; 95% CI 1.98, 7.73; P <0.001). This 
association was similar after adjustment for the CRCRTR covariates (adjusted HR 4.20; 
95% CI 2.26, 7.80; P <0.001). 

The relationship between TnT and MACE was similar. In all multivariable models, TnT 
concentrations greater than 7.1 ng/L were associated with an approximate three-fold 
increased risk of MACE. 
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Table 4.6. Association of TnT at optimal cut-offs calculated from Youden’s J statistic with all-cause mortality, cardiovascular mortality and MACE. 

 

 

   Model 1 Model 2 Model 3 
 Unadjusted HR 

(95% CI) 
P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

All-cause mortality 
TnT >9.1 ng/L 

 
3.92 (2.79, 5.51) 
 

 
<0.001 

 
2.29 (1.56, 3.36) 

 
<0.001 

 
2.07 (1.38, 3.10) 

 
<0.001 

 

a 2.18 (1.51, 3.15) 
 
<0.001 

Cardiovascular mortality 
TnT >11.8 ng/L 

 
7.09 (3.95, 12.70) 
 

 
<0.001 

 
4.31 (2.25, 8.26) 

 
<0.001 

 
3.91 (1.98, 7.73) 

 
<0.001 

 
a 4.20 (2.26, 7.80) 

 
<0.001 

MACE 
TnT >7.1 ng/L 

 
5.69 (3.59, 9.01) 
 

 
<0.001 

 
3.18 (1.89, 5.35) 

 
<0.001 

 
2.88 (1.64, 5.06) 

 
<0.001 

 
b 3.60 (2.19, 5.90) 

 
<0.001 

 

 

Model 1: (339 participants); adjusted for age, sex, diabetes, history of hypertension, cholesterol/HDL ratio, BMI, smoking status, history of CVD 
Model 2: (316 participants); Model 1 + eGFR, proteinuria 
a Model 3: (367 participants); adjusted for age, diabetes, total RRT time, serum creatinine, smoking status, history of IHD 
b Model 3: (360 participants); adjusted for age, diabetes, LDL-cholesterol, number of transplant grafts, serum creatinine, smoking status, history of IHD 
 

Abbreviations: BMI = body mass index; CI = confidence interval; CVD = cardiovascular disease; eGFR = estimated glomerular filtration rate; HR = hazard 
ratio; IHD = ischaemic heart disease; MACE = major adverse cardiovascular event; RRT = renal replacement therapy; TnT = troponin T 
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4.3.7  Impact of TnT concentration on survival model performance 

Table 4.7 demonstrates the differences in C-statistics of each model before and after the 
addition of (continuous) serum TnT concentration. Also displayed are the category-free net 
reclassification index (NRI>0) and integrated discrimination index (IDI). 

Regarding all-cause mortality, the addition of TnT to a model adjusted for traditional 
cardiovascular risk factors led to a statistically significant improvement in the C-statistic of 
the model (Model 1: C-statistic difference +0.016; P = 0.026). However, following further 
adjustment for eGFR and proteinuria, the improvement in C-statistic was lower and no 
longer significant (Model 2: C-statistic difference +0.009; P = 0.130). The IDI and category-
free NRI were statistically significant in both models. In the multivariable model for all-
cause mortality comprised of the CRCRTR variables, the addition of TnT concentration led 
to a significant improvement in the C-statistic (difference +0.012; P = 0.047) and to 
significant IDI (0.030; P = 0.028) and category-free NRI (0.418; P = 0.027). 

For cardiovascular mortality and MACE, the addition of TnT concentration resulted in 
statistically significant IDI and category-free NRI in all models. However, a significant 
improvement in C-statistic was only observed in Model 1 for cardiovascular mortality (C-
statistic change +0.037; P = 0.040   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.7. Metrics for improvement in risk prediction of outcomes with addition of 
(continuous) TnT  

 All-cause mortality Cardiovascular 
mortality 

MACE 

Model 1    
Per 2-fold increase TnT 
Adjusted HR 
C-statistic 

 
1.50 (1.30, 1.72) 
 

 
1.88 (1.51, 2.34) 
 

 
1.62 (1.37, 1.91) 
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Abbreviations: CI = confidence interval; HR = hazard ratio; IDI = Integrated Discrimination 
Index; MACE = major adverse cardiovascular events; NRI (>0) = category-free Net 
Reclassification Index; TnT = troponin T 

 

4.3.8  TnT concentration and death-censored graft survival 

Table 4.8 demonstrates the relationship between serum TnT concentration and death-
censored graft loss. 

 

Table 4.8. Association of TnT with death-censored graft survival on univariable and 
multivariable Cox proportional hazards regression models. 

   Original model 
   Original model + TnT 
Difference 
P value 

0.755 
0.771 
0.016 
0.026 

0.792 
0.829 
0.037 
0.040 

0.769 
0.787 
0.018 
0.101 

 
IDI (95% CI) 
P value 

 
0.048 (0.019, 0.080) 
0.002 

 
0.109 (0.035, 0.173) 
0.008 

 
0.054 (0.017, 0.095) 
0.002 

 
NRI (>0) (95% CI) 
P value 

 
0.580 (0.290, 0.750) 
<0.001 

 
0.876 (0.328, 1.07) 
0.003 

 
0.612 (0.248, 0.798) 
0.002 

 
Model 2 

   

Per 2-fold increase TnT 
Adjusted HR 
C-statistic 
   Original model 
   Original model + TnT 
Difference 
P value 

 
1.44 (1.23, 1.68) 
 
0.763 
0.772 
0.009 
0.130 

 
1.93 (1.48, 2.50) 
 
0.803 
0.829 
0.026 
0.138 

 
1.62 (1.34, 1.95) 
 
0.774 
0.786 
0.012 
0.240 

 
IDI (95% CI) 
P value 

 
0.029 (0.005, 0.060) 
0.018 

 
0.081 (0.015, 0.139) 
0.020 

 
0.044 (0.010, 0.084) 
0.005 

 
NRI (>0) (95% CI) 
P value 

 
0.466 (0.120, 0.668) 
0.016 

 
0.588 (0.122, 0.942) 
0.017 

 
0.416 (0.176, 0.764) 
0.007 

 
Model 3 

   

Per 2-fold increase TnT 
Adjusted HR 
C-statistic 
   Original model 
   Original model + TnT 
Difference 
P value 

 
1.39 (1.22, 1.59) 
 
0.761 
0.773 
0.012 
0.047 

 
1.69 (1.39, 2.04) 
 
0.804 
0.830 
0.026 
0.050 

 
1.75 (1.47, 2.07) 
 
0.758 
0.784 
0.026 
0.030 

 
IDI (95% CI) 
P value 

 
0.030 (0.004, 0.061) 
0.028 

 
0.070 (0.006, 0.126) 
0.039 

 
0.074 (0.031, 0.123) 
<0.001 

 
NRI (>0) (95% CI) 
P value 

 
0.418 (0.110, 0.618) 
0.027 

 
0.608 (0.238, 0.948) 
0.021 

 
0.662 (0.388, 0.890) 
<0.001 
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 Unadjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI)a 

P 
value 

TnT (per 2-fold increase)  1.53 (1.30, 1.79) <0.001 1.39 (1.14, 1.71) 0.001 
TnT ≥14 ng/L 1.80 (1.20, 2.68) 0.004 1.55 (0.96, 2.49) 0.074 
TnT ≥median (9.44 ng/L) 1.93 (1.32, 2.82) 0.001 1.22 (0.77, 1.93) 0.389 
TnT quartiles 

Q1  (≤4.65  ng/L) 
Q2  (4.66 – 9.43 ng/L)  
Q3  (9.44 – 16.78 ng/L) 
Q4  (≥16.79 ng/L) 

 
Reference 
1.38 (0.79, 2.41) 
1.88 (1.08, 3.27) 
2.90 (1.67, 5.05) 

 
 
0.259 
0.025 
<0.001 

 
Reference 
1.20 (0.64, 2.26) 
1.06 (0.54, 2.06) 
1.95 (0.99, 3.86) 

 
 
0.568 
0.865 
0.055 

 

a Model adjusted for recipient age, donor type, HLA mismatch, time since transplant, 
smoking status, systolic blood pressure, eGFR, proteinuria, history of CVD 

  

Abbreviations: CI = confidence interval; CVD = cardiovascular disease; eGFR = estimated 
glomerular filtration rate; HLA = human leucocyte antigen; HR = hazard ratio; TnT = 
troponin T 

 

In an unadjusted Cox regression model, a two-fold increase in serum TnT concentration was 
associated with a 53% increased risk of death-censored graft loss (unadjusted HR 1.53; 95% 
CI 1.30, 1.79; P <0.001). This association was weaker but remained significant after 
adjustment for factors associated with graft survival (adjusted HR 1.39; 95% CI 1.14, 1.71; 
P = 0.001). 

When treated as a categorical variable according to a cut-off of 14 ng/L, median or quartiles, 
TnT concentration was associated with death-censored graft loss in unadjusted models. 
These associations lost significance in adjusted models. 

 

 

 

 

4.4  Discussion 

In 2012, the American Heart Association / American College of Cardiology Foundation 
(AHA/ACCF) released a scientific statement regarding cardiac disease evaluation in kidney 
transplantation candidates (51). One of the recommendations in this statement was to 
consider the measurement of serum troponin in order to risk stratify kidney transplant 
candidates for future cardiovascular events. In a study of 644 patients with ESRD wait-listed 
for transplantation in a single centre in the USA, Hickson and co-workers demonstrated TnT 
to be the strongest predictor of survival on the waiting list (305). Moreover, in a similar 
study by the same research group, TnT concentration measured a median of four months 
prior to transplantation predicted survival up to three years after transplantation (302). The 
authors of the AHA/ACCF statement highlighted that transplant candidates often have 
unique clinical and metabolic characteristics which set them apart from other patient 
populations and make cardiovascular risk prediction challenging (51).   
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In recognition of the fact that many of these metabolic abnormalities persist in the post-
transplantation period, the present study investigated the use of troponin for cardiovascular 
risk stratification in a local cohort of renal transplant recipients. A similar study of TnT was 
performed in this cohort of patients following their recruitment in 2000-2002 (304). 
However, several key differences exist between the original study by Connolly and 
colleagues and the current study. Firstly, the original study had a shorter follow-up period of 
less than five years and therefore captured approximately half the number of deaths. 
Additionally, the outcomes of the original study were limited to all-cause and cardiovascular 
mortality, with no data on cardiovascular events or graft loss (304). Nevertheless, in keeping 
with results from the present study, Connolly and co-workers demonstrated that TnT was 
associated with mortality in this cohort of renal transplant recipients (304). 

In their study, Connolly et al. measured TnT using what is now termed a conventional assay. 
In comparison, within the current study TnT was measured using a high sensitivity assay 
which has obtained approval from NICE and been widely adopted across the UK and Europe 
(270, 275). As a direct consequence of the differing assay characteristics, there is a striking 
discrepancy in the results. TnT was detectable in less than 10% of participants from the 
original study (304). In the current study, despite being measured in the same individuals, 
TnT was detectable and quantifiable in over 85% of participants.  

The ability of high sensitivity assays to detect troponin at much lower concentrations in the 
majority of individuals has had significant clinical implications, both for the diagnosis of 
cardiovascular events and in predicting future cardiovascular risk (254). It is now well 
established that, in the general population, cardiovascular risk occurs with TnT 
concentrations below the 99th percentile of 14 ng/L and rises in a graded fashion (254, 279). 
This has led to the suggestion that for long-term mortality and cardiovascular risk prediction, 
lower cut-off values than are employed for ACS diagnosis may be appropriate (306). In 
agreement with this, the optimal TnT cut-off values calculated from receiver-operating 
characteristic (ROC) curve and Youden’s J statistics in the current study were lower than 14 
ng/L for all adverse outcomes (all-cause mortality 9.1 ng/L; cardiovascular mortality 11.8 
ng/L; MACE 7.1 ng/L). This pattern would not have been demonstrable in renal transplant 
recipients with the conventional TnT assay used in the original study.  

A comparison of three TnI assays was performed in the FINRISK97 study (307). TnI was 
measured in approximately 8,000 apparently healthy individuals from the general population 
in Finland using a conventional assay, a high sensitivity assay and a super-sensitivity assay 
(307). As expected, the percentage of individuals with detectable troponin concentrations 
increased with increasing assay sensitivity. Interestingly, this had clinically significant 
implications. The association of TnI with MACE became stronger as assay sensitivity 
increased. Furthermore, cardiovascular risk prediction was most accurate when the super-
sensitivity assay was employed (307). This suggests that results from studies using 
conventional versus high sensitivity assays for troponin measurement should not be 
considered directly comparable. Additionally, high sensitivity assays may be more useful for 
cardiovascular risk prediction (307). 

Results from the current study demonstrated that TnT concentration is modestly correlated 
with both serum creatinine and eGFR in renal transplant recipients. This relationship 
between renal function and troponin has been widely reported in population-based studies, 
and in studies of individuals with CKD (295, 308-311). In the Chronic Renal Insufficiency 
Cohort (CRIC) study, for example, lower eGFR was independently associated with elevated 
TnT concentrations in 2,464 participants with CKD (309). This correlation has also been 
described in a previous cross-sectional study by Arroyo and colleagues, which used a high-
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sensitivity assay to quantify TnT in 177 renal transplant recipients (312). Even with a 
conventional assay, the relationship between eGFR and TnT is evident in patients following 
kidney transplantation (303). 

Traditionally, there have been concerns that troponin may not be a useful biomarker in 
patients with renal disease because of the influence eGFR has on its serum concentration 
(294, 298). However, there is a growing body of evidence which demonstrates that in 
patients with renal impairment, TnT concentrations are more representative of the degree of 
cardiac disease than the degree of renal dysfunction (294, 298). The ESC 2015 guidelines on 
the management of ACS specifically state that “in most patients with renal dysfunction, 
elevations in cardiac troponin should not be primarily attributed to impaired clearance and 
considered harmless” (250). Potential cardiac causes of TnT elevation in patients with 
reduced eGFR include increased ventricular pressure, microvascular ischaemia and the 
directly toxic effect of uraemia on cardiac myocytes (269, 313). In the Fourth Universal 
Definition of Myocardial Infarction there is an emphasis on asymptomatic elevations of 
troponin being indicative of “myocardial injury” in the absence of MI (269).  

Renal impairment has been proposed as a potential cause of this phenomenon of myocardial 
injury (269). It is therefore unsurprising that, in this cohort of renal transplant recipients with 
a mean eGFR of 52 ml/min/1.73m2, 33% of individuals displayed a serum TnT 
concentration greater than the 99th percentile (>14 ng/L). This is in comparison to 7% of 
healthy individuals in the Atherosclerosis Risk in Communities (ARIC) study or 25% in the 
Dallas Heart Study (DHS) (284, 286).   

Although TnT is primarily used as a biomarker for the diagnosis of myocardial ischaemia 
and infarction, its role in prognostication appears to be associated with other cardiac 
pathologies which may increase its usefulness in renal transplant recipients. In 3,679 
participants with stable ischaemic heart disease in the Prevention of Events with Angiotensin 
Converting Enzyme Inhibition (PEACE) Trial, TnT was associated with cardiovascular 
mortality and heart failure but not MI (292). A large systematic review involving 67,000 
participants demonstrated an association between troponin and incident heart failure (314). 
Additionally, in another study of approximately 5,000 healthy individuals, TnT 
concentrations were associated with myocardial fibrosis on cardiac magnetic resonance 
imaging (MRI) (315). Together, these findings suggest that chronic elevations in TnT 
concentration may signify changes in left ventricular morphology rather than coronary artery 
obstruction (292, 315). Indeed, one study has demonstrated that in patients with CKD being 
worked up for kidney transplantation, there was no association between TnT concentration 
and the severity of coronary artery disease on angiography (305). 

In keeping with this, renal transplant recipients in the current study who had left ventricular 
hypertrophy (LVH) on ECG had significantly higher concentrations of TnT. This association 
has been previously described by other studies in the general population, in patients with 
CKD, and in renal transplant recipients (305, 308, 310, 316, 317). Interestingly, in the DHS, 
TnT concentrations were strongly associated with structural heart disease such as LVH on 
cardiac MRI and consequently predicted risk of mortality (284). LVH contributes to 
cardiovascular mortality in patients with ESRD and may not regress following 
transplantation; therefore it is biologically plausible that TnT is an ideal marker for risk-
stratifying transplant recipients for adverse outcomes (318). 

In the current study, the median TnT concentration in males was almost double that of 
females. This sex-related discrepancy in TnT concentrations has consistently been reported 
in large, prospective, population-based studies such as the DHS, ARIC study and the 
Cardiovascular Health Study (CHS) (216, 284, 319). In the study performed to validate the 
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Roche Elecsys assay used in the present study, this difference in TnT concentrations 
between males and females was also observed (271). At present, the mechanisms underlying 
this are unknown. However, there are numerous theories including a lower cardiac mass in 
females or the protective effect of oestrogen (320). NICE and the US Food and Drug 
Administration (FDA) suggest that sex-specific 99th percentiles may be appropriate when 
using high sensitivity troponin assays (275, 306). However this is not common in clinical 
practice; a recent survey showed only 18% of medical institutions had adopted sex-specific 
troponin cut-offs. Nonetheless, adjustment for sex in the current study did not attenuate the 
relationship of TnT with adverse patient outcomes.  

In the renal transplant recipients of this study, TnT was associated with several traditional 
cardiovascular risk factors in univariable analyses. The relationship between TnT and 
prevalent hypertension may be representative of their association with LVH (321). More 
marked in this study was the association between TnT concentration and diabetes. Renal 
transplant recipients with diabetes had a median TnT concentration which was more than 
double that of recipients without diabetes. Additionally, TnT was more strongly correlated 
with HbA1c than with creatinine or eGFR. Although not well studied in transplant 
recipients, this relationship between TnT and diabetes has been demonstrated in the general 
population. For example, in both the DHS and a study of healthy individuals in Japan, type 2 
diabetes was an independent predictor of elevated TnT concentrations (308, 322). 
Furthermore, in a study of patients with type 2 diabetes, TnT concentration was 
independently associated with duration of the disease (311). Interestingly, the population-
based ARIC study showed that baseline TnT concentration in ambulatory individuals 
predicts their future risk of developing type 2 diabetes (323). The investigators hypothesised 
that TnT is a marker of an as-yet undefined pathophysiological overlap between diabetes and 
cardiovascular disease. 

In the current study of local renal transplant recipients, TnT concentration measured using a 
high sensitivity assay was associated with all-cause mortality, cardiovascular mortality and 
development of MACE. This was independent of conventional cardiovascular risk factors, 
measures of graft function and covariates from the CRCRTR. These results are fully in 
agreement with the existing literature from population-based studies and those involving 
patients with CKD and ESRD (35, 284-291, 310, 324, 325). Despite the previously 
discussed concerns that the association between eGFR and TnT may limit the clinical utility 
of the biomarker in renal transplant recipients, this was not evident in the current study. For 
example, the relationship between TnT (treated as a continuous variable) and MACE was 
unchanged after adjustment for both eGFR and proteinuria (adjusted HR in Model 2 and 
Model 3, 1.62). This is similar to results from the ARIC study which suggested that TnT was 
in fact a better predictor of cardiovascular disease in those with renal impairment compared 
to those without (35). 

In the current study, discrimination metrics suggest that TnT may add incremental value to 
conventional cardiovascular risk factors for predicting mortality and future cardiovascular 
events. This is in keeping with numerous studies in the general population which have 
demonstrated that troponin at least moderately improves risk prediction (285, 288, 290). 
With regards all-cause mortality, TnT increased the C-statistics of baseline models and 
contributed to statistically significant NRI and IDI. However, TnT may be most useful for 
predicting cardiovascular mortality specifically. The hazard ratios for TnT and 
cardiovascular mortality were higher than those for all-cause mortality and MACE in this 
study. Additionally, according to the benchmarks established by Pencina and co-workers, 
the continuous NRI figures (Model 1, 0.876; Model 2, 0.588; Model 3, 0.608) obtained 
suggest a strong contribution from the biomarker for this outcome (175). 
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To date, there has only been one study investigating the association of troponin measured 
using a high sensitivity assay with adverse outcomes in renal transplant recipients. This 
study included a cohort of 1,131 renal transplant recipients from the Folic Acid for Vascular 
Outcome Reduction In Transplantation (FAVORIT) trial (326). The most significant 
difference between this post hoc analysis of the FAVORIT trial and the current study is that 
TnI, rather than TnT, was measured. In the FAVORIT trial, TnI was associated with death 
and a composite of death and cardiovascular events. However, in contrast to the current 
study, there was no association between troponin and future cardiovascular events alone 
(326). This is surprising given that the FAVORIT cohort was significantly larger and the 
number of cardiovascular events was much higher (319 events versus 132 events in the 
present study). It would therefore follow that the post hoc analysis of the FAVORIT trial had 
greater statistical power to detect any existing association between TnI and MACE. The 
reason for the discrepancy in these study results is unclear. One potential explanation is that 
the definition of MACE varied between studies; an event in FAVORIT was defined as MI, 
stroke, or cardiovascular death, while the current study also included peripheral vascular 
disease (PVD) interventions and hospitalisations for heart failure (326). As previously 
discussed, troponin has been found to be predictive of incident heart failure (292, 314). 
Additionally, in a study with over 1,000 participants with PVD, troponin concentration was 
associated with future amputations (327).  

Another potential explanation for the difference in results is that TnI was measured in 
FAVORIT, as opposed to TnT (326). Although both are present in cardiac myocytes in a 1:1 
ratio, a study involving over 3,000 participants demonstrated that these biomarkers were 
only moderately correlated (r = 0.585) (328). Moreover, TnI and TnT were associated with 
different ECG abnormalities (328). In another comparison study, TnI associated more 
closely with traditional risk factors, while TnT was most closely associated with diabetes 
(329). Interestingly, in the ESC 2015 guidelines on ACS management, TnT is favoured for 
prognostication of patients (250). It has been established in numerous studies that TnT is 
more frequently elevated in patients with renal disease (295, 330, 331). It is possible that for 
risk-stratifying renal transplant recipients, TnT is a more appropriate biomarker than TnI. 

In the current study, TnT (as a continuous variable) was associated with death-censored graft 
loss despite adjustments for numerous prognostic factors such as donor type, time since 
transplantation, eGFR, proteinuria, hypertension and prevalent cardiovascular disease. In the 
post hoc analysis of the FAVORIT trial, TnI was associated with graft failure only when it 
was included in a composite outcome with mortality (326). TnI was not associated with graft 
loss alone despite adjustment for similar covariates to the current study. Again, this may 
represent the possibility that TnT is a superior prognostic biomarker to TnI in renal 
transplant recipients.  

The association between graft failure and TnT in the present study is in keeping with 
numerous studies performed in other patient groups which show a relationship between this 
biomarker and the development of ESRD (332-335). In both the Genetic Epidemiology 
Network of Arteriopathy (GENOA) study and the ARIC study, TnT predicted risk of ESRD 
in community-dwelling individuals (332, 335). It is worth noting that the GENOA study did 
not adjust for proteinuria, a well-established predictor of ESRD (332).  However, the 
association between TnT and ESRD was still significant after adjustment for urine 
albumin/creatinine ratio (ACR) in the ARIC study (335). In two additional studies, troponin 
predicted progression to ESRD in patients with type 1 and type 2 diabetes and diabetic 
nephropathy (333, 334). The pathophysiological mechanisms underlying the relationship 
between troponin and the development of graft failure or ESRD are unclear. However, it is 
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possible that in these circumstances, troponin acts a surrogate marker of end-organ damage 
due to microvascular disease in the heart and kidneys (335). 

When measuring biomarkers to improve prediction of cardiovascular risk, it is accepted that 
elevations of the biomarker should identify individuals who would benefit from specific 
cardiovascular risk reduction strategies (336). In the West of Scotland Coronary Prevention 
Study (WOSCOPS), 3,318 men with elevated LDL cholesterol and no history of MI were 
randomised to pravastatin or placebo for five years (337). This study measured TnI at 
baseline and after a year of treatment. Pravastatin reduced TnI concentrations independent of 
LDL, which translated into a reduced risk of cardiovascular events (337). Given the 
association of TnT with mortality and MACE in the current study, a future trial in renal 
transplant recipients investigating the effects of statin therapy on troponin and risk of 
adverse outcomes may be warranted. 

In summary, this study has demonstrated that TnT concentration is associated with a range 
of adverse outcomes in renal transplant recipients including mortality, MACE and death-
censored graft loss. For mortality and MACE, TnT appears to improve the accuracy of risk 
prediction compared to conventional risk factors alone. The optimal cut-off values for 
predicting these outcomes are lower than the 99th percentile of 14 ng/L used to diagnose 
ACS. This suggests that risk of death, cardiovascular disease and graft loss are evident at 
apparently “normal” TnT concentrations in renal transplant recipients and therefore all 
future studies in this area should use high sensitivity troponin assays. A potentially useful 
future study would involve comparing the performance of TnT and TnI for cardiovascular 
risk prediction in renal transplant recipients as their performance may not be equivalent.         
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5.1  Introduction 

Pre-emptive kidney transplantation is the gold-standard form of renal replacement therapy 
(RRT) for patients with end-stage renal disease (ESRD) (4). Due to a variety of factors, 
including donor shortages, this option is not always possible. The majority of patients with 
ESRD do not receive a kidney transplant pre-emptively (5, 6). Consequently, most recipients 
have experienced a prolonged period of chronic kidney disease (CKD) and a variable period 
on dialysis by the time of transplantation, both of which substantially increase their risk of 
developing cardiac abnormalities (8, 27). 

There is a close relationship between the heart and the kidneys which appears to be bi-
directional; dysfunction in one organ often precipitates dysfunction in the other (338). 
Indeed, there is significant pathophysiological and clinical overlap between CKD and heart 
failure, making it difficult to distinguish which is the primary problem when both co-exist in 
the same patient (338).  

Even in the absence of overt left ventricular dysfunction, it is well established that renal 
impairment is associated with adverse cardiac remodelling (338, 339). Structural cardiac 
abnormalities such as left ventricular hypertrophy (LVH) and cardiac fibrosis become 
increasingly prevalent as estimated glomerular filtration rate (eGFR) falls (339, 340). Such 
abnormalities contribute to the increased incidence of fatal arrythmias and sudden cardiac 
death which is observed in patients with renal disease, including those on dialysis and those 
who undergo kidney transplantation (338). In recognition of this issue, Kidney Disease: 
Improving Global Outcomes (KDIGO) recently convened an international controversies 
conference entitled “Heart failure in chronic kidney disease” (341). Its primary aim was to 
increase understanding of the interface between cardiac and renal dysfunction. 

The published conclusions of the KDIGO conference reported that up to 25% of patients 
referred for consideration of renal transplantation or added to the waiting list have a degree 
of left ventricular dysfunction (341). There is some evidence to suggest that left ventricular 
structure and function improve following renal transplantation when measured by 
echocardiography (342-344). However, a study using cardiac magnetic resonance imaging 
(MRI) reported that left ventricular mass and ejection fraction were not significantly 
different in patients with ESRD who were transplanted compared to those who remained on 
dialysis (318). Heart failure and structural cardiac abnormalities therefore remain a 
significant clinical problem following kidney transplantation. In one study it was estimated 
that 18% of renal transplant recipients in the USA develop de novo heart failure within 3 
years of transplantation (345).  

One of the future research recommendations to arise from the KDIGO conference was the 
use of biomarkers to risk-stratify patients with renal disease who were asymptomatic of 
underlying heart failure (341). Various biomarkers may be suitable for this purpose, but 
natriuretic peptides have become well established in clinical practice and are already easily 
accessible to most clinicians. 

The role of the heart as an endocrine organ, capable of releasing hormones, was first 
reported in the 1950s following a series of animal studies (346). In the first such study, 
secretory granules were demonstrated in the atria of guinea pigs (347). In a subsequent study 
by Henry and Pearce, it was shown that diuresis was induced by balloon stretch of the canine 
atrium (348). Several decades later, de Bold and colleagues noted that injecting rats with 
homogenised atrial extract triggered a marked natriuresis with associated kaliuresis and 
diuresis (349). Soon thereafter the natriuretic peptides were isolated and their structures 
identified (346, 350). 
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The natriuretic peptide system is comprised of three peptide hormones with important roles 
in maintaining homeostasis of the cardiovascular system (351). These hormones are: atrial 
natriuretic peptide (ANP), B-type natriuretic peptide (BNP) and C-type natriuretic peptide 
(CNP). All three peptides share a common ring structure comprised of 17 amino acids (351). 
CNP is distinctly different from its counterparts in that it is produced primarily in the central 
nervous system and endothelial cells and acts in a paracrine manner to cause vasodilatation 
(352). It is only present in the circulation at extremely low concentrations and is difficult to 
measure (352, 353).     

ANP and BNP are released from the heart in response to myocyte stretch and 
haemodynamic stress, most often associated with heart failure (351, 354). In general, ANP is 
released from the atria and BNP from the ventricles. However, under certain conditions, 
both peptides can be secreted from either cardiac chamber (351). These peptides have 
numerous biological functions aimed at mitigating the effects of volume overload on the 
cardiovascular system. In the kidney, they increase glomerular filtration rate and induce both 
natriuresis and diuresis (346). In the circulation, they allow smooth muscle relaxation, 
thereby promoting arterial and venous dilatation (346).  

Unlike many of the other neurohormonal pathways which are upregulated in heart failure, 
the natriuretic peptide axis represents a positive aspect of neurohormonal activation (354). 
ANP and BNP have a significant role in optimising the loading conditions of the heart in left 
ventricular dysfunction. This is partly achieved through their inhibition of the renin-
angiotensin-aldosterone and sympathetic nervous systems (346, 354). 

Both ANP and BNP are detectable in human plasma and their concentrations are elevated in 
patients with heart failure (355). However, BNP has been the focus of the majority of 
clinical studies because it is more stable in vitro and therefore easier to measure (356, 357). 
Additionally, the half-life of ANP in humans is approximately 2.5 minutes while the half-life 
of BNP is ten times longer at 22.6 minutes (346, 358, 359). In direct comparison studies, 
ANP was inferior to BNP as a prognostic and diagnostic marker of ventricular dysfunction 
(346, 356, 357). 

BNP is synthesised in ventricular myocytes and requires extensive processing prior to its 
secretion (360). It is initially manufactured as a 134-amino acid precursor molecule, pre-
proBNP (357). This undergoes intracellular modification to form the 108-amino acid 
molecule, proBNP (346). ProBNP is subsequently cleaved to form two molecules: a 76-
amino acid N-terminal pro-BNP (NT-proBNP), and a 32-amino acid C-terminal BNP 
(BNP). BNP is the biologically active hormone, whereas NT-proBNP has no known 
function (346).  

NT-proBNP and BNP are released from myocytes simultaneously in a 1:1 ratio, and serum 
concentrations of both are elevated in heart failure (351, 357). However, NT-proBNP is 
cleared more slowly from the circulation, has a longer half-life and is usually present in 
much higher concentrations than BNP (351, 357). Although they are strongly correlated, 
converting NT-proBNP concentrations to BNP concentrations is not possible (351). It is now 
accepted that both BNP and NT-proBNP perform similarly in clinical scenarios and use of 
one biomarker over the other depends on the preference of individual institutions (351, 360, 
361).    

The value of natriuretic peptides in improving the diagnosis of heart failure over and above 
clinical assessment has been well established in multiple studies and systematic reviews 
(362-367). Accordingly, their use in routine clinical practice is recommended by 
international guidelines, both in Europe and in the USA (361, 368). In the European Society 
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of Cardiology (ESC) 2016 guidelines for the diagnosis and treatment of heart failure, 
natriuretic peptides are included with electrocardiograms and echocardiography as “essential 
initial investigations” in patients presenting to non-acute settings with signs and symptoms 
suggestive of heart failure (368). These guidelines state that, based on current literature, 
BNP and NT-proBNP are most useful for ruling out a diagnosis of heart failure. Patients 
with concentrations below the established cut-points (35 pg/ml for BNP and 125 pg/ml for 
NT-proBNP) are unlikely to have heart failure (368). Patients with values above these cut-
points require further investigations before a diagnosis is reached (368).  

Equivalent guidelines from the American College of Cardiology / American Heart 
Association (ACC/AHA) in 2017 also endorse natriuretic peptide measurement for the 
diagnosis of heart failure (361). However, these guidelines recommend an additional role for 
natriuretic peptides, namely as a means of establishing disease severity and prognosis for 
patients with heart failure (361). In a systematic review involving 16 studies of BNP and 88 
studies of NT-proBNP, both peptides strongly predicted all-cause and cardiovascular 
mortality in patients with chronic heart failure (369). 

There is now growing evidence to suggest that measurement of natriuretic peptide 
concentration may be useful in settings other than suspected or confirmed heart failure. In 
the Atherosclerosis Risk in Communities (ARIC) cohort of 11,193 participants free from 
cardiovascular disease at recruitment, NT-proBNP concentration was associated with all-
cause mortality, cardiovascular mortality, ischaemic heart disease and stroke (287). In the 
Diabetes and Cardiovascular Risk Evaluation: Targets and Essential Data for Commitment 
of Treatment (DETECT) Study, a single-measurement of NT-proBNP in primary care 
improved prediction of cardiovascular events over and above traditional cardiovascular risk 
factors (370). Additionally, Di Angelantonio and colleagues performed a systematic review 
and meta-analysis of 40 prospective studies which investigated the association of natriuretic 
peptides with adverse outcomes (371). The majority of studies measured NT-proBNP. 
Overall, NT-proBNP concentration was associated with future cardiovascular events in the 
general population, in patients with elevated cardiovascular risk factors and in patients with 
existing, stable cardiovascular disease (371).  

Natriuretic peptide concentrations are strongly influenced by renal function and are inversely 
related to eGFR (372). NT-proBNP is affected by eGFR to a greater extent than BNP (372, 
373). Nonetheless, in patients with renal impairment, NT-proBNP retains value in the 
diagnosis of heart failure and in risk-stratifying patients for mortality (374, 375). It also 
appears to be useful in predicting future cardiovascular events in patients with CKD (216, 
324). Even in patients on maintenance haemodialysis, numerous studies have demonstrated 
that natriuretic peptide concentrations are associated with adverse outcomes such as all-
cause and cardiovascular mortality (376-379).  

The investigation of natriuretic peptides in risk-stratifying renal transplant recipients for 
adverse outcomes has been limited to two studies to-date. In a post hoc analysis of the Folic 
Acid for Vascular Outcome Reduction In Transplantation (FAVORIT) trial, BNP (rather 
than NT-proBNP) concentration was associated with adverse patient and graft outcomes 
(326). In another study NT-proBNP concentration was associated with all-cause mortality in 
a cohort of 606 renal transplant recipients (380).  

This study investigated the association of serum NT-proBNP concentration with a range of 
adverse outcomes (including all-cause mortality, cardiovascular mortality, cardiovascular 
events and death-censored graft loss) in a cohort of renal transplant recipients. Furthermore, 
the incremental value of NT-proBNP over and above traditional cardiovascular risk factors 
for prediction of these outcomes was assessed. 
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5.2  Patients and methods 

5.2.1  Study population and outcomes 

The participants and clinical outcomes for this study have been fully described in Chapter 2, 
Patients and Methods.  

 

5.2.2  Biomarker measurement 

Analyses to determine NT-proBNP concentration from serum samples were undertaken by 
senior Biomedical Scientists blinded to the study outcomes. All analyses were performed in 
the Belfast Health and Social Care Trust (BHSCT) Clinical Chemistry laboratory. 

NT-proBNP concentration was determined using an electrochemiluminescence 
immunoassay, Elecsys proBNP II (Roche Diagnostics, Burgess Hill, UK). Analysis was 
performed on an e602 module of the Cobas® 8000 modular analyser (Roche Diagnostics), 
according to manufacturer instructions and BHSCT standard operating procedures. The 
serum samples were thawed at room temperature and subsequently transferred to false-
bottom tubes in order to achieve compatibility with the analyser. The assay run-time was 18 
minutes. In summary, the first incubation was performed with 15 µL of serum, a biotinylated 
anti-NT-proBNP antibody and a ruthenium-labelled anti-NT-proBNP antibody. Sandwich 
complexes formed between the two antibodies and the NT-proBNP present in the sample. 
For the second incubation, streptavidin-coated microparticles were added. The sandwich 
complexes became bound to the microparticles via the interaction of biotin and streptavidin. 
Subsequently, the microparticles were bound to an electrode via the interaction of ruthenium 
with an applied magnetic charge. In the final step, a voltage was applied to the electrode and 
the resultant electrochemiluminescent signal was read by a photomultiplier. NT-proBNP 
concentrations were determined using a two-point calibration curve plotted by the analyser.      

The manufacturer has reported an intra-assay (within-run) coefficient of variation (CV) of 
1.8% at 77 pg/ml and 1.2% at 2105 pg/ml. The inter-assay (between-run) CV calculated in 
the Clinical Biochemistry laboratory of BHSCT were 6.2% at 155 pg/ml and 5.3% at 4623 
pg/ml.  

The measurement limit of the Elecsys proBNP II assay is 5-35,000 pg/ml. The cut-off value 
of 125 pg/ml used in this study has been recommended by the manufacturer for the 
exclusion of cardiac dysfunction. 

The methods used to measure the other laboratory parameters reported in this study have 
been described in Chapter 2, Patients and Methods. 

 

5.2.3  Statistical methods 

The methods outlined in Section 2.8 were used to perform all statistical analyses for this 
study. 

 

5.3  Results 

5.3.1  Characteristics of the study population 



110 
 

Serum was available for 367 of the 379 recruited participants. Those participants without 
available serum were excluded from the current study. 

The study population was divided into two groups according to serum NT-proBNP 
concentration using the cut-off value of 125 pg/ml recommended by the assay manufacturer. 
In total, 110 (30%) participants had low NT-proBNP (<125 pg/ml) and 257 (70%) had high 
NT-proBNP (≥125 pg/ml) concentrations. The baseline characteristics of the participants 
according to low and high NT-proBNP concentrations are displayed in Table 5.1. 

Patients in the high NT-proBNP group were more likely to be older and to have been 
recipients of a deceased donor kidney. They were also more likely to have a history of 
hypertension and pre-existing cardiovascular disease. 

Numerous laboratory parameters differed between the groups. Serum creatinine, corrected 
calcium, phosphate and parathyroid hormone (PTH) concentrations were higher in the high 
NT-proBNP group. The degree of proteinuria was also greater in the high NT-proBNP group 
compared to the low NT-proBNP group (0.26 g/24h versus 0.13 g/24h; P <0.001). The 
median haemoglobin concentration was significantly lower in the high NT-proBNP group 
compared to the low NT-proBNP group (12.5 g/dl versus 13.3 g/dl; P <0.001). The 
proportion of patients with a history of diabetes mellitus did not differ between groups. 
However, the mean HbA1c concentration was significantly lower in the low NT-proBNP 
group compared to the high NT-proBNP group (5.8% versus 6.4%; P <0.001).        

Table 5.1. Baseline characteristics of the study population according to low (<125 pg/ml) 
and high (≥125 pg/ml) NT-proBNP concentration. 
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* P value obtained from Mann Whitney U test 
† P value obtained from independent samples t-test 

 

Abbreviations: BMI = body mass index; DBD = deceased after brainstem death; eGFR = 
estimated glomerular filtration rate; HbA1c = haemoglobin A1c; IQR = interquartile range; 
NT-proBNP = N-terminal pro B-type natriuretic peptide; PTH = parathyroid hormone; RRT 
= renal replacement therapy; SD = standard deviation  

5.3.2  NT-proBNP concentration in the study population 

Characteristic NT-proBNP 
<125 pg/ml 
N = 110 
 

NT-proBNP 
≥125 pg/ml 
N = 257 

P value 

Age (years); median (IQR) 40 (34, 49) 51 (40, 62) <0.001* 
Male sex; n (%) 73 (66.4) 160 (62.3) 0.528 
Primary renal disease; n (%) 
     Glomerular disease 
     Interstitial disease & pyelonephritis 
     Polycystic kidney disease 
     Diabetic nephropathy 
     Aetiology unknown 
     Other 

 
33 (30.0) 
23 (20.9) 
11 (10.0) 
5 (4.5) 
15 (13.6) 
23 (20.9) 

 
56 (21.8) 
57 (22.2) 
37 (14.4) 
18 (7.0) 
36 (14.0) 
53 (20.6) 

 
0.541 

Transplant grafts – including current; n (%) 
     1 
     2 
     3 
     4 

 
91 (82.7) 
17 (15.5) 
1 (0.9) 
1 (0) 

 
222 (86.4) 
31 (12.1) 
4 (1.6) 
0 (0) 

 
0.338 
 

Donor type; n (%) 
     DBD 
     Living-related  

 
95 (86.4) 
15 (13.6) 

 
246 (95.7) 
11 (4.3) 

 
0.003 

Total RRT time (months); median (IQR) 119 (61, 198) 126 (73, 181) 0.776* 
Current smokers; n (%) 20 (18.2) 47 (18.3) 1.000 
History of diabetes mellitus; n (%) 9 (8.2) 41 (16.0) 0.068 
History of hypertension; n (%) 74 (67.3) 222 (86.4) <0.001 
Statin use; n (%) 41 (37.3) 111 (43.2) 0.348 
BMI (kg/m2); mean (SD) 26.2 (3.9) 26.7 (4.7) 0.306† 
Left ventricular hypertrophy; n (%) 16 (15.1) 56 (23.7) 0.095 
History of cardiovascular disease; n (%) 
     Ischaemic heart disease 
     Stroke 
     Peripheral vascular disease 

11 (10.0) 
4 (3.6) 
1 (0.9) 
7 (6.4) 

70 (27.2) 
52 (20.2) 
19 (7.4) 
17 (6.6) 

<0.001 
<0.001 
0.024 
1.000 

Total cholesterol (mmol/L); mean (SD) 5.1 (1.0) 5.3 (1.0) 0.083† 
HDL cholesterol (mmol/L); mean (SD) 1.4 (0.4) 1.4 (0.4) 0.633† 
LDL cholesterol (mmol/L); mean (SD) 2.9 (0.8) 3.0 (0.8) 0.238† 
Triglycerides (mmol/L); mean (SD) 1.8 (1.0) 2.0 (1.2) 0.058† 
Creatinine (µmol/L); mean (SD) 117 (33) 157 (77)  <0.001† 
eGFR (ml/min/1.73m2); mean (SD) 63 (17) 48 (20) <0.001† 
Proteinuria (g/24h); median (IQR) 0.13 (0.07, 0.32) 0.26 (0.11, 0.66) <0.001* 
Haemoglobin (g/dl); mean (SD) 13.3 (1.3) 12.5 (2.0) <0.001† 
Corrected calcium (mmol/L); mean (SD) 2.42 (0.11) 2.44 (0.16) 0.046† 
Phosphate (mmol/L); mean (SD) 0.94 (0.20) 1.06 (0.27) <0.001† 
PTH (pg/ml); median (IQR) 78 (57, 115) 114 (72, 196) <0.001* 
HbA1c (%); mean (SD) 5.8 (0.8) 6.4 (1.2)  <0.001† 
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In total, one participant had an NT-proBNP concentration greater than the upper detection 
limit of the assay (>35,000 pg/ml). The NT-proBNP concentration for this participant was 
treated as 35,000 pg/ml for all analyses. Subsequently, NT-proBNP concentrations ranged 
from 8 pg/ml to 35,000 pg/ml.  

Prior to logarithmic transformation, serum NT-proBNP concentrations were highly 
positively skewed. The mean NT-proBNP concentration was 1,010 (SD = 3,528) pg/ml. The 
median (IQR) NT-proBNP concentration was 226 (106, 554) pg/ml. 

Table 5.2 demonstrates the clinical characteristics and laboratory parameters associated with 
NT-proBNP concentration treated as a continuous variable in this cohort of patients.  

NT-proBNP concentration was significantly higher in recipients of a deceased donor kidney 
compared to those who received a live donor kidney (239 pg/ml versus 99 pg/ml; P = 0.001). 
Median NT-proBNP concentrations were higher in participants with diabetes or 
hypertension compared to those without these co-morbidities. The median NT-proBNP 
concentration was also significantly higher in patients who had left ventricular hypertrophy 
(LVH) on electrocardiogram (ECG) compared to those who did not (379 pg/ml versus 200 
pg/ml; P = 0.001).  Additionally, participants with pre-existing cardiovascular disease had 
significantly higher NT-proBNP concentrations than those without cardiovascular disease 
(396 pg/ml versus 193 pg/ml; P <0.001). 

In univariable analyses, serum NT-proBNP concentration was moderately correlated with 
age (Spearman’s rho = 0.376; P <0.001). Moderate correlations were also demonstrated 
between serum NT-proBNP concentration and creatinine (Spearman’s rho = 0.378; P 
<0.001), phosphate (Spearman’s rho = 0.315; P <0.001) and HbA1c (Spearman’s rho = 
0.346; P <0.001).     

There was a weak but significant correlation between NT-proBNP and triglyceride 
concentrations (Spearman’s rho = 0.111; P = 0.034) in this cohort of renal transplant 
recipients. Additionally, NT-proBNP concentration was weakly correlated with PTH 
concentration (Spearman’s rho = 0.243; P <0.001) and negatively correlated with 
haemoglobin concentration (Spearman’s rho = -0.288; P <0.001).    
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Table 5.2. Factors associated with (continuous) NT-proBNP concentration on univariable 
analysis.  

 

 

Abbreviations: BMI = body mass index; DBD = deceased after brainstem death; eGFR = 
estimated glomerular filtration rate; HbA1c = haemoglobin A1c; IQR = interquartile range; 
NT-proBNP = N-terminal pro B-type natriuretic peptide; PTH = parathyroid hormone; RRT 
= renal replacement therapy 

Characteristic Median (IQR) 
NT-proBNP 
concentration 

Correlation 
coefficient  

P value 

Age (years)  0.376 <0.001 
Sex – male 
          female 

210 (98, 552) 
247 (115, 558) 

 0.401 

Primary renal disease;  
     Glomerular disease 
     Interstitial disease & pyelonephritis 
     Polycystic kidney disease 
     Diabetic nephropathy 
     Aetiology unknown 
     Other 

 
172 (89, 405) 
210 (114, 499) 
326 (129, 585) 
402 (127, 2307) 
304 (94, 634) 
230 (103, 453) 

  
0.102 

Transplant grafts – including current;  
     1 
     2 
     3 
     4 

 
230 (107, 547) 
167 (89, 472) 
962 (426, 1870) 
- 

  
0.064 

Donor type;  
     DBD 
     Living-related 

 
239 (113, 583) 
99 (63, 208) 

  
0.001 

Total RRT time (months)  -0.036 0.491 
Smoking status - smoker 
                            non-smoker 

229 (107, 500) 
203 (96, 1135) 

 0.597 

History of diabetes mellitus – yes 
                                                 no  

374 (158, 1007) 
210 (99, 500) 

 0.009 

History of hypertension – yes 
                                           no   

259 (123, 641) 
115 (65, 264) 

 <0.001 

Statin use – yes 
                    no 

297 (114, 651) 
209 (99, 404) 

 0.060 

BMI (kg/m2)  -0.025 0.648 
Left ventricular hypertrophy – present 
                                                  absent   

379 (138, 1289) 
200 (98, 397) 

 0.001 

History of cardiovascular disease - yes 
                                                         no 

396 (163, 1198) 
193 (98, 401) 

 <0.001 

Total cholesterol (mmol/L)  0.046 0.377 
HDL cholesterol (mmol/L)  -0.095 0.070 
LDL cholesterol (mmol/L)  0.041 0.443 
Triglycerides (mmol/L)  0.111 0.034 
Creatinine (µmol/L)  0.378 <0.001 
eGFR (ml/min/1.73m2)  -0.463 <0.001 
Proteinuria (g/24h)  0.296 <0.001 
Haemoglobin (g/dl)  -0.288 <0.001 
Corrected calcium (mmol/L)  0.033 0.533 
Phosphate (mmol/L)  0.315 <0.001 
Parathyroid hormone (pg/ml)  0.243 <0.001 
HbA1c (%)  0.346 <0.001 
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5.3.3  NT-proBNP concentration and all-cause mortality 

The Kaplan-Meier plot (Figure 5.1) demonstrated that overall survival probability was 
significantly greater in the low NT-proBNP (<125 pg/ml) group compared to the high NT-
proBNP (≥125 pg/ml) group (Log rank test P <0.001). 

 

 

 

 
Figure 5.1. Kaplan-Meier curve of all-cause mortality according to low (<125 pg/ml) or 
high (≥125 pg/ml) NT-proBNP concentration. 
 
Abbreviations: NT-proBNP = N-terminal pro B-type natriuretic peptide 
 

 

 

 

 

The associations of NT-proBNP, treated as both a continuous and a categorial variable, with 
all-cause mortality are demonstrated in Table 5.3. 

In a univariable Cox regression model, a two-fold increase in serum NT-proBNP 
concentration was associated with a 55% increased risk of all-cause mortality (unadjusted 
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HR 1.55; 95% CI 1.44, 1.68; P <0.001). This association was significant after adjustment for 
conventional cardiovascular risk factors, eGFR and proteinuria (adjusted HR 1.36; 95% CI 
1.22, 1.51; P <0.001). Adjustment for the variables included in the Cardiovascular Risk 
Calculator for Renal Transplant Recipients (CRCRTR) did not alter this relationship 
(adjusted HR 1.35; 95% CI 1.22, 1.49; P <0.001). 

NT-proBNP concentration was associated with all-cause mortality when analysed as a 
categorical variable. In an unadjusted model, high NT-proBNP (≥125 pg/ml) versus low NT-
proBNP (<125 pg/ml) was associated with over a three-fold increase in the risk of all-cause 
mortality (unadjusted HR 3.27; 95% CI 2.14, 5.00; P <0.001). This association was 
attenuated after adjustment for traditional cardiovascular risk factors and measures of graft 
function (Model 2: adjusted HR 1.87; 95% CI 1.13, 3.12; P = 0.016), and after adjustment 
for the covariates of the CRCRTR (Model 3: 1.77; 95% CI 1.13, 2.78; P = 0.013). Supra-
median NT-proBNP concentrations were associated with all-cause mortality in a similar 
way. 

In both univariable and multivariable models, the risk of all-cause mortality increased across 
increasing quartiles of NT-proBNP concentrations. In the unadjusted model, the risk of all-
cause mortality in Quartile 4 (≥553.91 pg/ml) was approximately six times that in Quartile 1 
(≤105.70 pg/ml) (unadjusted HR 6.26; 95% CI 3.83, 10.22; P <0.001). In a multivariable 
Cox regression model adjusted for traditional cardiovascular risk factors, the risk of all-
cause mortality was significantly higher in Quartile 4 compared to Quartile 1 (adjusted HR 
3.70; 95% CI 2.10, 6.52; P <0.001).           
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Table 5.3. Association of NT-proBNP with all-cause mortality on multivariable Cox proportional hazard regression models. 

 

 

   Model 1  Model 2  Model 3  
 Unadjusted HR 

(95% CI) 
P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

NT-proBNP (per 2-fold increase)  1.55 (1.44, 1.68) <0.001 1.35 (1.23, 1.48) <0.001 1.36 (1.22, 1.51) <0.001 1.35 (1.22, 1.49) <0.001 
NT-proBNP  ≥125 pg/ml 3.27 (2.14, 5.00) <0.001 1.96 (1.21, 3.16) 0.006 1.87 (1.13, 3.12) 0.016 1.77 (1.13, 2.78) 0.013 
NT-proBNP  ≥median (226 pg/ml) 3.48 (2.50, 4.84) <0.001 2.48 (1.71, 3.61) <0.001 2.38 (1.58, 3.57) <0.001 2.16 (1.51, 3.10) <0.001 
NT-proBNP quartiles 

Q1  (≤105.7 pg/ml) 
Q2  (105.71 – 226.30 pg/ml)  
Q3  (226.31 – 553.9 pg/ml) 

   Q4  (≥553.91 pg/ml) 

 
Reference 
1.47 (0.84, 2.57) 
3.00 (1.81, 4.99) 
6.26 (3.83, 10.22) 

 
 
0.182 
<0.001 
<0.001 

 
Reference 
1.16 (0.64, 2.11) 
2.13 (1.22, 3.72) 
3.70 (2.10, 6.52) 

 
 
0.620 
0.008 
<0.001 

 
Reference 
1.26 (0.67, 2.35) 
2.27 (1.25, 4.13) 
3.74 (1.99, 7.01) 

 
 
0.475 
0.007 
<0.001 

 
Reference 
1.11 (0.63, 1.96) 
1.85 (1.09, 3.12) 
3.17 (1.84, 5.47) 

 
 
0.720 
0.022 
<0.001 

 

 
 
Model 1: (339 participants); adjusted for age, sex, diabetes, history of hypertension, cholesterol/HDL ratio, BMI, smoking status, history of CVD 
Model 2: (316 participants); Model 1 + eGFR, proteinuria 
Model 3: (367 participants); adjusted for age, diabetes, total RRT time, serum creatinine, smoking status, history of IHD 
 
Abbreviations: BMI = body mass index; CI = confidence interval; CVD = cardiovascular disease; eGFR = estimated glomerular filtration rate; HR = hazard 
ratio; IHD = ischaemic heart disease; NT-proBNP = N-terminal pro B-type natriuretic peptide; RRT = renal replacement therapy 
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5.3.4  NT-proBNP concentration and cardiovascular mortality 

The Kaplan-Meier plot (Figure 5.2) demonstrated that the probability of cardiovascular 
mortality was significantly lower in the low NT-proBNP (<125 pg/ml) group compared to 
the high NT-proBNP (≥125 pg/ml) group (Log rank test P <0.001). 

 

 

 
Figure 5.2. Kaplan-Meier curve of cardiovascular mortality according to low (<125 pg/ml) 
or high (≥125 pg/ml) NT-proBNP concentration. 
 
Abbreviations: NT-proBNP = N-terminal pro B-type natriuretic peptide 
 

 

 

 

 

 

Table 5.4 displays the association of serum NT-proBNP concentration with cardiovascular 
mortality. 

A doubling of NT-proBNP concentration was associated with a 73% increased risk of 
cardiovascular mortality in a univariable Cox regression model (unadjusted HR 1.73; 95% 
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CI 1.53, 1.97; P <0.001). This association remained significant in a multivariable model 
which adjusted for conventional cardiovascular risk factors, eGFR and proteinuria (adjusted 
HR 1.53; 95% CI 1.29, 1.82; P <0.001). A model which adjusted for the variables included 
in the CRCRTR yielded similar results (adjusted HR 1.52; 95% CI 1.30, 1.79; P <0.001). 

When dichotomised, high NT-proBNP (≥125 pg/ml) versus low NT-proBNP (<125 pg/ml) 
concentration was associated with cardiovascular mortality in an unadjusted Cox regression 
model (unadjusted HR 5.13; 95% CI 2.21, 11.92; P <0.001). This association was attenuated 
after adjustment for cardiovascular risk factors and measures of graft function (adjusted HR 
2.35; 95% CI 0.87, 6.32; P = 0.091). 

Following categorisation, NT-proBNP concentrations above the median (≥226 pg/ml) versus 
below the median (<226 pg/ml) were associated with cardiovascular mortality in all 
univariable and multivariable models. The risk of cardiovascular mortality also increased 
significantly across increasing quartiles of NT-proBNP concentration, with the highest risk 
being observed in the highest quartile. In a model adjusted for the covariates of the 
CRCRTR, the risk of cardiovascular mortality in Quartile 4 (≥553.91 pg/ml) was 
approximately four times that in Quartile 1 (≤105.70 pg/ml) (adjusted HR 4.32; 95% CI 
1.65, 11.29; P = 0.003). 
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Table 5.4. Association of NT-proBNP with cardiovascular mortality on multivariable Cox proportional hazard regression models. 

 

 

   Model 1  Model 2  Model 3  
 Unadjusted HR 

(95% CI) 
P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

NT-proBNP (per 2-fold increase)  1.73 (1.53, 1.97) <0.001 1.49 (1.29, 1.73) <0.001 1.53 (1.29, 1.82) <0.001 1.52 (1.30, 1.79) <0.001 
NT-proBNP  ≥125 pg/ml 5.13 (2.21, 11.92) <0.001 2.45 (1.00, 6.011) 0.050 2.35 (0.87, 6.32) 0.091 2.50 (1.03, 6.04) 0.042 
NT-proBNP  ≥median (226 pg/ml) 4.41 (2.46, 7.90) <0.001 3.11 (1.62, 5.96) 0.001 3.27 (1.58, 6.77) 0.001 2.66 (1.42, 4.97) 0.002 
NT-proBNP quartiles 

Q1  (≤105.7 pg/ml) 
Q2  (105.71 – 226.30 pg/ml)  
Q3  (226.31 – 553.9 pg/ml) 

   Q4  (≥553.91 pg/ml) 

 
Reference 
1.58 (0.65, 4.45) 
3.07 (1.19, 7.91) 
9.60 (4.00, 23.07) 

 
 
0.383 
0.020 
<0.001 

 
Reference 
0.904 (0.31, 2.68) 
1.85 (0.69, 5.01) 
4.60 (1.75, 12.10) 

 
 
0.856 
0.224 
0.002 

 
Reference 
0.89 (0.27, 2.89) 
2.06 (0.70, 6.09) 
5.17 (1.72, 15.50) 

 
 
0.839 
0.192 
0.003 

 
Reference 
1.08 (0.38, 3.08) 
1.89 (0.72, 4.98) 
4.32 (1.65, 11.29) 

 
 
0.882 
0.199 
0.003 

 

 
Model 1: (339 participants); adjusted for age, sex, diabetes, history of hypertension, cholesterol/HDL ratio, BMI, smoking status, history of CVD 
Model 2: (316 participants); Model 2 + eGFR, proteinuria 
Model 3: (367 participants); adjusted for age, diabetes, total RRT time, serum creatinine, smoking status, history of IHD 
 
Abbreviations: BMI = body mass index; CI = confidence interval; CVD = cardiovascular disease; eGFR = estimated glomerular filtration rate; HR = hazard 
ratio; IHD = ischaemic heart disease; NT-proBNP = N-terminal pro B-type natriuretic peptide; RRT = renal replacement therapy 
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5.3.5  NT-proBNP concentration and MACE 

The Kaplan-Meier plot (Figure 5.3) showed that the probability of MACE-free survival was 
significantly greater in the low NT-proBNP (<125 pg/ml) group compared to the high NT-
proBNP (≥125 pg/ml) group (Log rank test P <0.001).  

 

 

 
Figure 5.3. Kaplan-Meier curve of MACE according to low (<125 pg/ml) or high (≥125 
pg/ml) NT-proBNP concentration. 
 

Abbreviations: MACE = major adverse cardiovascular events; NT-proBNP = N-terminal pro 
B-type natriuretic peptide 
 

 

 

 

 

The association between NT-proBNP concentration and development of first MACE is 
demonstrated in Table 5.5. 

In an unadjusted model, a two-fold increase in NT-proBNP concentration was associated 
with a 46% increased risk of developing MACE (unadjusted HR 1.46; 95% CI 1.33, 1.59; P 
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<0.001). This relationship was weaker after adjustment for traditional cardiovascular risk 
factors (adjusted HR 1.26; 95% CI 1.14, 1.39; P <0.001). A model adjusted for the variables 
of the CRCRTR demonstrated a similar association between doubling of NT-proBNP 
concentration and development of MACE (adjusted HR 1.26; 95% CI 1.13, 1.40; P <0.001). 

When categorised according to either a cut-point of 125 pg/ml or its median value, high NT-
proBNP concentration was associated with the development of MACE in all univariable and 
multivariable models. After adjustment for conventional cardiovascular risk factors, eGFR 
and proteinuria, a supra-median NT-proBNP concentration was associated with a 92% 
increased risk of MACE (adjusted HR 1.92; 95% CI 1.25, 2.97; P = 0.003) compared to an 
NT-proBNP concentration below the median. 

The risk of MACE increased across increasing quartiles of NT-proBNP. In an unadjusted 
model, the risk of MACE was over four-fold higher in Quartile 4 (≥553.91 pg/ml) compared 
to Quartile 1 (≤105.7 pg/ml) (unadjusted HR 4.53; 95% CI 2.69, 7.61; P <0.001). In a 
multivariable model adjusted for conventional cardiovascular risk factors, eGFR and 
proteinuria, the risk of MACE in Quartile 4 was almost three times that in Quartile 1 
(adjusted HR 2.82; 95% CI 1.47, 5.41; P = 0.002). 
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Table 5.5. Association of NT-proBNP with MACE on multivariable Cox proportional hazard regression models. 

 

 

   Model 1  Model 2  Model 3  
 Unadjusted HR 

(95% CI) 
P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

NT-proBNP (per 2-fold increase)  1.46 (1.33, 1.59) <0.001 1.26 (1.14, 1.39) <0.001 1.26 (1.12, 1.41) <0.001 1.26 (1.13, 1.40) <0.001 
NT-proBNP  ≥125 pg/ml 2.87 (1.83, 4.51) <0.001 1.88 (1.14, 3.09) 0.013 1.79 (1.05, 3.07) 0.033 1.72 (1.05, 2.83) 0.031 
NT-proBNP  ≥median (226 pg/ml) 2.57 (1.80, 3.66) <0.001 2.03 (1.36, 3.03) <0.001 1.92 (1.25, 2.97) 0.003 1.84 (1.25, 2.71) 0.002 
NT-proBNP quartiles 

Q1  (≤105.7 pg/ml) 
Q2  (105.71 – 226.30 pg/ml)  
Q3  (226.31 – 553.9 pg/ml) 

   Q4  (≥553.91 pg/ml) 

 
Reference 
1.49 (0.85, 2.62) 
2.30 (1.34, 3.94) 
4.53 (2.69, 7.61) 

 
 
0.167 
0.003 
<0.001 

 
Reference 
1.11 (0.61, 2.00) 
1.75 (0.98, 3.11) 
2.74 (1.52, 4.93) 

 
 
0.743 
0.058 
0.001 

 
Reference 
1.17 (0.63, 2.18) 
1.73 (0.94, 3.21) 
2.82 (1.47, 5.41) 

 
 
0.620 
0.081 
0.002 

 
Reference 
1.05 (0.58, 1.90) 
1.64 (0.92, 2.91) 
2.26 (1.24, 4.12) 

 
 
0.875 
0.091 
0.008 

 

 

Model 1: (339 participants); adjusted for age, sex, diabetes, history of hypertension, cholesterol/HDL ratio, BMI, smoking status, history of CVD 
Model 2: (316 participants); Model 2 + eGFR, proteinuria 
Model 3: (360 participants); adjusted for age, diabetes, LDL-cholesterol, number of transplant grafts, serum creatinine, smoking status, history of IHD 
 
Abbreviations: BMI = body mass index; CI = confidence interval; CVD = cardiovascular disease; eGFR = estimated glomerular filtration rate; HR = hazard 
ratio; IHD = ischaemic heart disease; MACE = major adverse cardiovascular events; NT-proBNP = N-terminal pro B-type natriuretic peptide; RRT = renal 
replacement therapy 
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5.3.6  Optimal NT-proBNP concentration cut-off values  

The optimal cut-off values of NT-proBNP concentration for predicting each adverse patient 
outcome in this study (all-cause mortality, cardiovascular mortality, MACE) were derived 
from calculation of Youden’s J statistics. The optimal cut-points for all-cause and 
cardiovascular mortality were 373 pg/ml and 350 pg/ml respectively. The optimal NT-
proBNP value for predicting development of first MACE was 303 pg/ml. 

The relationship between adverse outcomes and NT-proBNP concentration dichotomised at 
these cut-off values is demonstrated in Table 5.6. 

In an unadjusted Cox regression model, a serum NT-proBNP concentration above 373 pg/ml 
was associated with over a three-fold increased risk of all-cause mortality (unadjusted HR 
3.53; 95% CI 2.61, 4.79; P <0.001). This association was lessened after adjustment for 
cardiovascular risk factors and measures of graft function (Model 2: adjusted HR 2.39; 95% 
CI 1.64, 3.50; P <0.001), and after adjustment for variables in the CRCRTR (Model 3: 
adjusted HR 2.17, 95% CI 1.55, 3.03; P <0.001). 

In univariable and multivariable models, an NT-proBNP concentration greater than 350 
pg/ml was associated with cardiovascular mortality. 

In an unadjusted model, an NT-proBNP concentration above 303 pg/ml was associated with 
a three-fold increased risk of developing MACE (unadjusted HR 3.13; 95% CI 2.21, 4.44; P 
<0.001). After adjustment for CRCRTR covariates, an NT-proBNP concentration greater 
than 303 pg/ml was associated with a two-fold increased risk of MACE. 
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Table 5.6. Association of NT-proBNP at optimal cut-offs calculated from Youden’s J statistic with all-cause mortality, cardiovascular mortality and MACE. 

 

 

   Model 1 Model 2 Model 3 
 Unadjusted HR 

(95% CI) 
P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

All-cause mortality 
NT-proBNP >373 pg/ml 

 
3.53 (2.61, 4.79) 
 

 
<0.001 

 
2.50 (1.78, 3.52) 

 
<0.001 

 
2.39 (1.64, 3.50) 

 
<0.001 

 

a 2.17 (1.55, 3.03) 
 
<0.001 

Cardiovascular mortality 
NT-proBNP >350 pg/ml 

 
4.61 (2.74, 7.75) 

 
<0.001 

 
3.03 (1.68, 5.49) 

 
<0.001 

 
3.37 (1.73, 6.58) 

 
<0.001 

 
a 2.59 (1.45, 4.61) 

 
0.001 

 
MACE 
NT-proBNP >303 pg/ml 

 
 
3.13 (2.21, 4.44) 
 

 
 
<0.001 

 
 
2.33 (1.57, 3.47) 

 
 
<0.001 

 
 
2.28 (1.47, 3.52) 

 
 
<0.001 

 
 

b 2.14 (1.46, 3.14) 

 
 
<0.001 

 

 
Model 1: (339 participants); adjusted for age, sex, diabetes, history of hypertension, cholesterol/HDL ratio, BMI, smoking status, history of CVD 
Model 2: (316 participants); Model 1 + eGFR, proteinuria 
a Model 3: (367 participants); adjusted for age, diabetes, total RRT time, serum creatinine, smoking status, history of IHD 
b Model 3: (360 participants); adjusted for age, diabetes, LDL-cholesterol, number of transplant grafts, serum creatinine, smoking status, history of IHD 
 

Abbreviations: BMI = body mass index; CI = confidence interval; CVD = cardiovascular disease; eGFR = estimated glomerular filtration rate; HR = hazard 
ratio; IHD = ischaemic heart disease; MACE = major adverse cardiovascular events; NT-proBNP = N-terminal pro B-type natriuretic peptide; RRT = renal 
replacement therapy  
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5.3.7  Impact of NT-proBNP concentration on survival model performance 

Table 5.7 demonstrates the differences in C-statistics of each model before and after the 
addition of serum NT-proBNP concentration (as a continuous variable). Also shown are the 
category-free net reclassification index (NRI >0) and integrated discrimination index (IDI) 
for each model after the addition of NT-proBNP concentration. 

For all-cause mortality, the addition of NT-proBNP concentration to a model comprised of 
conventional cardiovascular risk factors led to a statistically significant improvement in the 
C-statistic of the model (Model 1: C-statistic change +0.024; P = 0.005). Similar 
improvements in C-statistics were demonstrated when NT-proBNP concentration was added 
to the other multivariable models for all-cause mortality. The IDI and category-free NRI 
were statistically significant for each multivariable model related to all-cause mortality. 

For cardiovascular mortality, the addition of NT-proBNP to a model of traditional 
cardiovascular risk factors, eGFR and proteinuria, failed to lead to a statistically significant 
improvement in the C-statistic (Model 2: C-statistic change +0.027; P = 0.194). However, 
the IDI and category-free NRI were statistically significant for all models related to 
cardiovascular mortality after the addition of NT-proBNP concentration. 

The addition of NT-proBNP to models for the prediction of MACE did not lead to 
improvements in their C-statistics. The IDI for all models related to MACE were significant, 
but the category-free NRI for these models failed to attain statistical significance.    

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.7. Metrics for improvement in risk prediction of outcomes with addition of 
(continuous) NT-proBNP. 

 All-cause mortality Cardiovascular 
mortality 

MACE 

Model 1    
Per 2-fold increase BNP 
Adjusted HR 
C-statistic 
   Original model 

 
1.35 (1.23, 1.48) 
 
0.755 

 
1.49 (1.29, 1.73) 
 
0.792 

 
1.26 (1.14, 1.39) 
 
0.769 
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Abbreviations: BNP = N-terminal pro B-type natriuretic peptide; CI = confidence interval; 
HR = hazard ratio; IDI = Integrated Discrimination Index; MACE = major adverse 
cardiovascular events; NRI (>0) = category-free Net Reclassification Index 

 

 

5.3.8  NT-proBNP concentration and death-censored graft survival 

Table 5.8 demonstrates the relationship between NT-proBNP concentration and death-
censored graft survival. Overall, there were 110 death-censored graft losses. 

 

Table 5.8. Association of NT-proBNP with death-censored graft survival on univariable and 
multivariable Cox proportional hazards regression models. 

   Original model + BNP 
Difference 
P value 

0.779 
0.024 
0.005 

0.819 
0.027 
0.194 

0.784 
0.015 
0.105 

 
IDI (95% CI) 
P value 

 
0.053 (0.020, 0.091) 
0.002 

 
0.095 (0.023, 0.175) 
0.010 

 
0.039 (0.006, 0.078) 
0.023 

 
NRI (>0) (95% CI) 
P value 

 
0.434 (0.132, 0.632) 
0.007 

 
0.584 (0.022, 0.886) 
0.042 

 
0.312 (-0.048, 0.608) 
0.076 

 
Model 2 

   

Per 2-fold increase BNP 
Adjusted HR 
C-statistic 
   Original model 
   Original model + BNP 
Difference 
P value 

 
1.36 (1.22, 1.51) 
 
0.763 
0.781 
0.018 
0.020 

 
1.53 (1.29, 1.82) 
 
0.803 
0.826 
0.023 
0.265 

 
1.26 (1.12, 1.41) 
 
0.774  
0.787 
0.013 
0.129 

 
IDI (95% CI) 
P value 

 
0.039 (0.010, 0.076) 
0.007 

 
0.075 (0.011, 0.152) 
0.017 

 
0.030 (0.001, 0.067) 
0.040 

 
NRI (>0) (95% CI) 
P value 

 
0.372 (0.104, 0.614) 
0.010 

 
0.516 (0.020, 0.822) 
0.042 

 
0.236 (-0.102, 0.536) 
0.132 

 
Model 3 

   

Per 2-fold increase BNP 
Adjusted HR 
C-statistic 
   Original model 
   Original model + BNP 
Difference 
P value 

 
1.35 (1.22, 1.49) 
 
0.761 
0.781 
0.020 
0.011 

 
1.52 (1.30, 1.79) 
 
0.804 
0.823 
0.019 
0.278 

 
1.26 (1.13, 1.40) 
 
0.758 
0.767 
0.009 
0.307 

 
IDI (95% CI) 
P value 

 
0.039 (0.012, 0.072) 
0.005 

 
0.076 (0.024, 0.147) 
0.001 

 
0.037 (0.009, 0.073) 
0.007 

 
NRI (>0) (95% CI) 
P value 

 
0.364 (0.114, 0.590) 
0.011 

 
0.522 (0.154, 0.820) 
0.013 

 
0.432 (0.054, 0.638) 
0.027 
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 Unadjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI)a 

P 
value 

NT-proBNP (per 2-fold increase)  1.41 (1.28, 1.57) <0.001 1.22 (1.06, 1.39) 0.004 
NT-proBNP  ≥125 pg/ml 2.25 (1.43, 3.55) <0.001 1.10 (0.63, 1.92) 0.728 
NT-proBNP  ≥median (226 pg/ml) 2.36 (1.61, 3.47) <0.001 1.28 (0.83, 1.98) 0.261 
NT-proBNP quartiles 

Q1  (≤105.7 pg/ml) 
Q2  (105.71 – 226.30 pg/ml)  
Q3  (226.31 – 553.9 pg/ml) 
Q4  (≥553.91 pg/ml) 

 
Reference 
1.39 (0.77, 2.52) 
1.89 (1.06, 3.35) 
4.46 (2.57, 7.74) 

 
 
0.276 
0.031 
<0.001 

 
Reference 
0.98 (0.50, 1.96) 
0.96 (0.49, 1.89) 
1.83 (0.90, 3.69) 

 
 
0.962 
0.916 
0.094 

 

a Model adjusted for recipient age, donor type, HLA mismatch, time since transplant, 
smoking status, systolic blood pressure, eGFR, proteinuria, history of CVD  

 

Abbreviations: CI = confidence interval; CVD = cardiovascular disease; eGFR = estimated 
glomerular filtration rate; HLA = human leucocyte antigen; HR = hazard ratio; NT-proBNP 
= N-terminal pro B-type natriuretic peptide 

 

In an unadjusted Cox regression analysis, a twofold increase in NT-proBNP concentration 
was associated with a 41% increased risk of death-censored graft loss (unadjusted HR 1.41; 
95% CI 1.28, 1.57; P <0.001). Following adjustment for factors associated with graft loss, 
this relationship was attenuated but remained statistically significant (adjusted HR 1.22; 
95% CI 1.06, 1.39; P = 0.004). 

NT-proBNP concentration was associated with death-censored graft loss in univariable 
models when categorised according to a cut-off value of 125 pg/ml, median concentration 
and quartiles. However, these associations were not significant in multivariable models.    

 

 
 

 

5.4  Discussion 

The natriuretic peptides are strongly associated with heart failure (346, 351). In the general 
population, measurement of BNP or NT-proBNP concentration is recommended as part of 
routine clinical practice to diagnose heart failure and aid with prognostication (361, 368). 
Despite the fact that heart failure and other structural cardiac abnormalities are commonly 
encountered in patients following kidney transplantation, the investigation of natriuretic 
peptides in this population has been relatively limited to date. 

One reason for the dearth of studies in this area may be the fact that natriuretic peptide 
concentrations are inversely related to eGFR and are almost universally elevated in patients 
with renal dysfunction (372, 373). Their interpretation in this setting is therefore 
controversial (381). Indeed, many of the studies examining natriuretic peptides in renal 
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transplant recipients have focused on changes in their concentration according to eGFR or 
graft function, rather than focusing on their diagnostic and prognostic potential (382-384). 

In the current study, NT-proBNP concentration was modestly correlated with serum 
creatinine concentration, and a slightly stronger inverse relationship was demonstrated with 
eGFR. These findings are in keeping with the existing evidence. In a study by Wei and 
colleagues, plasma BNP concentration was measured in 17 patients before and after renal 
transplantation (383). As would be expected, transplantation led to decreased serum 
creatinine and BNP concentrations. Bodlaj and co-workers also demonstrated that NT-
proBNP concentrations decreased immediately after transplantation in those recipients with 
primary graft function, but not in those with delayed graft function (384). NT-proBNP 
concentration remained significantly correlated with eGFR at one year post-transplantation 
(384). It is interesting that, in the study by Wei et al, renal transplantation led to a significant 
improvement in left ventricular ejection fraction in addition to a fall in BNP (383). This 
raises the possibility that BNP concentration tracks left ventricular function, as well as graft 
function, in renal transplant recipients. 

Because interpretation can be challenging, there has been an inherent reluctance to measure 
natriuretic peptide concentrations in patients with renal disease, including transplant 
recipients (381). However, a recent meta-analysis has confirmed that the presence of renal 
dysfunction does not preclude the use of the natriuretic peptides to aid with diagnosis of 
heart failure (374). Furthermore, the results demonstrated that elevated NT-proBNP 
concentration confers worse prognosis in heart failure regardless of eGFR (374). 

Outside of the heart failure setting, several large studies have shown that NT-proBNP 
concentrations are associated with adverse outcomes in patients with reduced eGFR. In a 
sub-group analysis of the ARIC study, NT-proBNP was a better predictor of incident 
cardiovascular disease than markers of renal function (cystatin C, β2-microglobulin) in 
patients with CKD (216). Furthermore, in the Trial to Reduce Cardiovascular Events with 
Aranesp Therapy (TREAT) study, NT-proBNP was a better predictor of cardiovascular 
outcomes than clinical parameters in patients with diabetes, anaemia and CKD (324). 
Certainly, in this study of renal transplant recipients, the association of NT-proBNP with 
adverse events was only minimally attenuated when eGFR was added to the baseline 
survival models. This is in keeping with a large meta-analysis of over 25,000 patients which 
demonstrated the relationship between NT-proBNP and adverse outcomes is independent of 
renal function (385). 

In the current study, NT-proBNP was categorised according to a serum concentration of 125 
pg/ml. This cut-off value is recommended by the assay manufacturer (Roche Diagnostics) 
and by the ESC 2016 guidelines for use in the general population. However, 70% of patients 
in this study had NT-proBNP concentrations greater than 125 pg/ml. This may be related to 
fact that a significant number of the transplant recipients included had an eGFR below 60 
ml/min/1.73m2. Indeed, the mean eGFR of participants was 52 ml/min/1.73m2.  

It has been well established that NT-proBNP concentrations are significantly higher in 
patients with renal impairment compared to BNP concentrations (346, 372, 373). Previously 
this was attributed to a higher degree of renal clearance of NT-proBNP than BNP. However, 
a mechanistic study has shown both of these natriuretic peptides are equally dependent on 
renal clearance (386). The cause for a disproportionately higher level of NT-proBNP in renal 
disease therefore remains unclear. In any case, the application of higher cut-off values for 
natriuretic peptides has been recommended for patients with renal impairment (374, 375, 
387). In support of this, the calculated “optimal” cut-off values of NT-proBNP concentration 
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for predicting adverse events in the present study were at least double the established cut-off 
value of 125 pg/ml.  

In this cohort of local renal transplant recipients, there was a demonstrable relationship 
between NT-proBNP concentration and several traditional cardiovascular risk factors in 
univariable analyses. Firstly, age was positively correlated with NT-proBNP, and patients in 
the high (>125 pg/ml) NT-proBNP group were over a decade older than those in the low 
NT-proBNP group. This has been widely reported and likely represents the increasing 
incidence of cardiac abnormalities and dysfunction which occur with age (388-393). In the 
seminal N-Terminal Pro-BNP Investigation of Dyspnea in the Emergency Department 
(PRIDE) Study, a higher biomarker cut-off was recommended for the diagnosis of heart 
failure in order to overcome the effects of age (364). 

Additionally, there was an association between diabetes mellitus and NT-proBNP 
concentration in local transplant recipients. The median NT-proBNP concentration was 
significantly higher in recipients with a history of diabetes compared to those without a 
history of diabetes. HbA1c was also modestly correlated with NT-proBNP concentration. In 
the existing literature, there is conflicting evidence regarding an association between 
natriuretic peptides and diabetes. There was no association between NT-proBNP 
concentration and prevalent diabetes in studies involving the general population, including 
the Women’s Health Initiative Observational Study and the West of Scotland Coronary 
Prevention Study (WOSCOPS) (393, 394). Interestingly, in the ARIC study, the association 
between natriuretic peptide concentration and diabetes appeared to be U-shaped, with higher 
incidence of diabetes in the lowest and highest quintiles of NT-proBNP (287). 

However, results from studies involving patients with renal impairment demonstrate 
different results. In one study involving 207 participants with non-dialysis-requiring CKD, 
the prevalence of diabetes increased across quartiles of NT-proBNP concentration (395). 
The Chronic Renal Insufficiency Cohort (CRIC) Study, which included 3483 participants, 
reported that the prevalence of diabetes in the highest quintile of NT-proBNP concentration 
was twice as high as that in the lowest quintile (396). It is likely that there is a degree of 
confounding in these findings. As in the current study of renal transplant recipients, 
univariable analyses fail to control for the fact that diabetes itself is associated with 
cardiovascular disease and heart failure, and therefore higher NT-proBNP in patients with 
diabetes may reflect underlying cardiovascular pathology.    

In the present study, NT-proBNP was associated with prevalent hypertension. Hypertension 
in this study was defined according to the need for antihypertensive medications. In a cohort 
of patients from the Women’s Health Initiative Observational Study, NT-proBNP 
concentration increased with increasing numbers of antihypertensive agents used, and was 
also positively correlated with systolic blood pressure (394). This relationship between 
natriuretic peptide concentration and blood pressure has been reported in multiple other 
studies (287, 392, 393, 397). Given the strong, independent association between 
hypertension and heart failure, it is unsurprising that NT-proBNP concentration showed a 
clear association with hypertension in this study of  renal transplant recipients (398).       

Longstanding hypertension is also a major risk factor for the development of LVH (399). 
Indeed, LVH regression has been used as an outcome measure in numerous studies 
evaluating the efficacy of hypertension treatment (400). In this study of renal transplant 
recipients, there was a clear association between NT-proBNP and the presence of LVH on 
ECG. This supports findings from studies performed in other patient populations. In a study 
by Toda and colleagues, which included 186 patients with essential hypertension but no 
evidence of heart failure, NT-proBNP was independently associated with LVH (as 
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determined from QRS voltage on ECG) in a multivariable analysis (388). The much larger 
Prevention of Renal and Vascular End-stage Disease (PREVEND) study reported that there 
was a significant association between NT-proBNP concentration and LVH in 8,121 
participants from the general population (310).  Additionally, in a study of 213 patients with 
CKD, NT-proBNP was associated with LVH even after adjustment for eGFR (373). 
Interestingly, a study by Khan and co-workers concluded that NT-proBNP could be used in 
patients with CKD to identify those with LVH (395).   

In the current study, NT-proBNP was significantly higher in transplant recipients with 
established cardiovascular disease. This has been previously reported in a systematic review 
and meta-analysis which included 40 prospective studies; higher NT-proBNP values were 
measured in patients with stable cardiovascular disease compared to the general population 
(371). In the small study of 207 patients with CKD by Khan and colleagues, NT-proBNP 
was found to be a useful predictor of those with underlying cardiovascular disease, 
regardless of renal function (395). These findings may be explained by the fact that 
ischaemic heart disease is a known risk factor for the development of heart failure. 
Alternatively, NT-proBNP concentration was demonstrated to correlate with other 
parameters such as hypertension which contribute to increased cardiovascular risk. 

It is notable that NT-proBNP concentration in this study of renal transplant recipients was 
significantly correlated with numerous laboratory parameters including proteinuria, serum 
phosphate and PTH concentrations. A negative correlation was also demonstrated between 
NT-proBNP and haemoglobin concentrations.  These parameters are surrogate markers of 
graft dysfunction. Proteinuria, hyperphosphataemia, hyperparathyroidism and anaemia 
commonly accompany a declining eGFR (129, 401). Therefore these correlations may 
represent a degree of confounding by the underlying relationship between eGFR and NT-
proBNP. 

In a study of patients with CKD by Vickery and colleagues, PTH concentration, calcium x 
phosphate product and haemoglobin had independent effects on natriuretic peptide 
concentrations, but it is unclear whether this was still the case after adjustment for eGFR 
(373). The aim of the present study was to assess the association of NT-proBNP with 
adverse patient outcomes, and to determine whether this was independent of conventional 
cardiovascular risk factors. These risk factors were determined a priori. It was not possible, 
therefore, to adjust for all additional covariates, such as phosphate, without overfitting the 
survival models.  

The PREVEND study demonstrated a cross-sectional association between NT-proBNP 
concentration, eGFR and albuminuria in a large cohort of ambulatory individuals (310). 
Similar to the present study of renal transplant recipients, the relationship between NT-
proBNP and future cardiovascular events was attenuated but remained highly significant 
after adjustment for eGFR and albuminuria. Furthermore, a sensitivity analysis in the 
PREVEND study was performed in those with CKD (eGFR <60 ml/min/1.73m2 and/or urine 
albumin excretion >30mg/day), a group broadly similar to the transplant recipients of the 
current study. This confirmed an association between NT-proBNP and cardiovascular 
events, independent of eGFR and albuminuria (310). 

In the current study, serum NT-proBNP concentrations were strongly associated with all-
cause mortality in a cohort of local renal transplant recipients, independent of traditional 
cardiovascular risk factors and of the covariates of the CRCRTR. To date, only one previous 
study, performed in the Netherlands, has examined this relationship (380). The study by 
Oterdoom and colleagues involved a cohort of 606 renal transplant recipients. This cohort 
was quite similar to that of the present study because they were predominantly Caucasian, 
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were a median of 6 years post-transplantation, and had a mean eGFR of 49 ml/min/1.73m2 

(380). The results from Oterdoom’s study demonstrated that graft function and NT-proBNP 
were amongst the strongest predictors of mortality in renal transplant recipients (380). 
Indeed, the authors concluded that mortality in renal transplant recipients may be related to 
cardiac failure rather than atherosclerotic disease. 

Results from the present study are largely in keeping with those from Oterdoom et al. 
However, several key differences exist. Firstly, the present study of local recipients was able 
to demonstrate that NT-proBNP was more strongly associated with cardiovascular mortality 
than all-cause mortality, as evidenced by the larger hazard ratios. Cardiovascular mortality 
data was not available in the previous study.  Secondly, participants in the study by 
Oterdoom and colleagues were followed up for a median of five years, which is significantly 
shorter than the median 16 years of follow-up in the current study. The results suggest NT-
proBNP is associated with medium- and long-term mortality in renal transplant recipients. 

One other large study has investigated the association of natriuretic peptides with adverse 
outcomes in renal transplant recipients. In a post-hoc analysis of the FAVORIT trial, BNP 
(rather than NT-proBNP) was measured in 510 randomly selected renal transplant recipients 
and the cohort was subsequently enriched with all additional subjects in the trial who had 
experienced adverse events (326). A total cohort of 1,131 transplant recipients were included 
from sites in the USA, Canada and Brazil. In this post-hoc analysis, BNP concentration was 
associated with all-cause mortality and cardiovascular events (myocardial infarction, stroke, 
resuscitated sudden death, or cardiovascular death) in models adjusted for cardiovascular 
risk factors and measures of graft function (326).  

Results from the current study support the findings from the FAVORIT trial, namely that 
natriuretic peptide concentrations are associated with all-cause mortality, cardiovascular 
mortality and MACE in renal transplant recipients (326). Similar results were obtained even 
though NT-proBNP rather than BNP was measured in the current study. These similarities 
suggest that both natriuretic peptides are associated with adverse outcomes in renal 
transplant recipients, despite concerns that NT-proBNP is subject to greater influence by 
renal function (372, 373).   

Neither the study by Oterdoom and co-workers, nor the post-hoc analysis of the FAVORIT 
trial, attempted to assess whether natriuretic peptide concentration had incremental value 
over traditional cardiovascular risk factors in predicting adverse patient outcomes (326, 
380). In the current study, NT-proBNP was demonstrated to improve prediction of all-cause 
mortality. Adding the biomarker to existing models of conventional risk factors lead to an 
improvement in their C-statistics, and led to statistically significant IDI and category-free 
NRI. These results certainly warrant further investigation in a larger prospective study. 
Additional knowledge of the echocardiographic parameters of the transplant recipients in the 
current study would have been useful in putting these findings in context.  

For cardiovascular mortality, the addition of NT-proBNP to predictive models also led to 
significant category-free NRI and IDI. The values for category-free NRI ranged from 0.522 
– 0.584, which suggest moderate improvement, as gleaned from the benchmarks outlined by 
Pencina and colleagues: category-free NRI <0.2, weak improvement; 0.2 -0.6, moderate 
improvement; >0.6,  strong contribution from the biomarker (175). It is noteworthy that the 
improvement in C-statistics for all models relating to cardiovascular mortality were greater 
than those relating to all-cause mortality. However, none of the C-statistic improvements for 
cardiovascular mortality attained statistical significance. There are two potential 
explanations for this. Firstly, cardiovascular causes accounted for less than half of all deaths, 
meaning there were substantially fewer cases of cardiovascular mortality than all-cause 
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mortality. This may have led to loss of power. Alternatively, it has been demonstrated that 
the higher the C-statistic of the original model, the greater the improvement in C-statistic 
required to attain statistical significance (175). In the present study, the original, baseline 
models for cardiovascular mortality had higher C-statistics than those for all-cause mortality. 
In terms of MACE, NT-proBNP did not consistently improve risk prediction as ascertained 
by discrimination metrics. This may be because most of the cardiovascular events in the 
study were related to atherosclerotic disease rather than cardiac failure. 

In this cohort of local renal transplant recipients, NT-proBNP concentration (when treated as 
a continuous variable) was associated with death-censored graft loss. This was independent 
of other risk factors such as donor type, time since transplantation, eGFR and proteinuria. 
The FAVORIT trial reported similar results, with BNP concentration being associated with 
dialysis-dependent kidney failure in a multivariable model adjusted for similar covariates 
(326). Additionally, in the TREAT study, NT-proBNP enhanced prediction of progression of 
CKD to ESRD in 1,000 participants, independently of established risk factors such as 
proteinuria (333). These results suggest that cardiac injury and strain may contribute to 
eGFR decline in patients with CKD and in renal transplant recipients. 

In summary, NT-proBNP concentration is associated with all-cause mortality, 
cardiovascular mortality and MACE in the local renal transplant population. This association 
is strongest for cardiovascular mortality. The addition of NT-proBNP to models consisting 
of conventional cardiovascular risk factors and covariates from the CRCRTR appears to aid 
with prediction of all-cause and cardiovascular mortality. Further studies will be required to 
confirm this. Cost analyses should be considered essential before natriuretic peptide 
measurement could be adopted into clinical practice for the purposes of risk stratification. 
Interestingly, an association was demonstrated between NT-proBNP and graft loss, 
highlighting the need for further research into the contribution of cardiac injury to graft 
failure following kidney transplantation.  
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Chapter 6 
 
Soluble ST2 and 
Cardiovascular Risk 
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6.1  Introduction 

Suppression of tumorigenicity 2 (ST2) was initially discovered by two independent research 
groups in 1989 (402, 403). It is a member of the interleukin-1 (IL-1) receptor family (404). 
The ST2 gene, located on chromosome 2q12, encodes four isoforms of the receptor (405). 
However, only two of these isoforms are considered to be of clinical relevance: ST2L and 
soluble ST2 (sST2) (406). ST2L is a membrane-bound receptor comprised of three 
extracellular immunoglobulin-like domains, a transmembrane domain and an intracellular 
(or cytoplasmic) domain. sST2 is a truncated version which circulates in serum and contains 
only the extracellular domains attached to a unique C-terminal amino acid sequence. 

Both ST2L and sST2 are transcriptional products of the same mRNA, with differential 
splicing and alternative promoter usage determining the ratio of the membrane-bound and 
circulating isoforms (407). The control mechanisms of the differential transcription process 
for ST2 remain poorly understood.  

Following its initial discovery, ST2 was an “orphan receptor” whose ligand and function 
were unknown. Preliminary studies demonstrated that ST2L was constitutively expressed on 
Type 2 helper T (Th2) cells (408, 409). In a study by Xu and colleagues, ST2L expression 
acted as a stable marker for Th2 cells and could be used to distinguish them from Type 1 
helper T (Th1) cells (410). Furthermore, blocking ST2L with an anti-ST2L antibody resulted 
in a reduction in Th2-mediated responses. Consequently, much of the initial research on ST2 
focused on its role in Th2-driven autoimmune and inflammatory conditions (411). 

In a study by Schmitz and co-workers in 2005, interleukin-33 (IL-33) was identified as the 
functional ligand for ST2L (412). IL-33 functions as an alarmin, a cytokine released by 
numerous cell types (such as endothelial cells and fibroblasts) in response to stress or 
damage (411, 413, 414). Once bound together, IL-33/ST2 form a complex with IL-1R 
accessory protein (IL-1RAP). The downstream effects of this interaction include activation 
of mitogen-activated protein (MAP)-kinases and nuclear-factor kappa B (NF-κB), 
upregulation of inflammatory gene transcription and subsequent release of Th2-associated 
inflammatory cytokines (412). 

A potential role for ST2 signalling within the cardiovascular system was first reported in a 
seminal study by Weinberg and colleagues in 2002 (415). The authors found that subjecting 
rat cardiomyocytes to biomechanical strain caused significant upregulation of the ST2 gene, 
with a corresponding increase in the expression of both ST2L and sST2. Serum 
concentrations of sST2 were demonstrably higher in mice subjected to experimental 
myocardial infarction (MI) compared to healthy controls (415). The authors proceeded to 
demonstrate that sST2 concentrations were approximately fourfold higher in the serum of 
human subjects on day 1 following MI compared to day 14. Serum sST2 concentration was 
also negatively correlated with left ventricular ejection fraction and positively correlated 
with creatine kinase (CK) (415).  

In another experimental model, Sanada and colleagues demonstrated inducible expression of 
IL-33 and sST2 in cardiomyocytes and cardiac fibroblasts in response to biomechanical 
stress (416). During this experiment, administration of purified IL-33 potently blocked 
phenylephrine and angiotensin II–induced cardiomyocyte hypertrophy, decreased production 
of damaging reactive oxygen species and reduced cardiac fibrosis (416). The authors 
therefore concluded that the interaction between IL-33 and ST2L is cardioprotective. 
Conversely, sST2 reversed the cardioprotective effects of IL-33 in a dose-dependent manner 
(416). This suggests that sST2 acts as a soluble decoy receptor, binding IL-33 and 
preventing its beneficial interaction with ST2L. 
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The positive effects of the IL-33/ST2L interaction was confirmed in a study performed by 
Seki et al (417). Following the induction of MI in mice, IL-33 administration prevented 
cardiomyocyte apoptosis, reduced cardiac fibrosis and improved ventricular function. 
Administration of sST2 counteracted these effects (417). It has therefore been established 
that both isoforms of ST2 are involved in regulating the functions of IL-33 in the 
cardiovascular system: ST2L facilitates IL-33-driven cardiac remodelling and reduces 
myocardial fibrosis, while sST2 acts an inhibitor of these processes.  

The IL-33/ST2 axis may also have a role in the development of atherosclerotic disease 
(418). Atherosclerosis is a Th1-mediated immune process. The interaction between ST2L 
and IL-33 results in a Th1-to-Th2 switch in immune response, theoretically blunting the 
immune response required for atherosclerosis to develop (419). In a study by Miller et al., 
mice fed a high-fat diet developed severe, inflamed atherosclerotic plaques. Administration 
of IL-33 markedly reduced plaque development. sST2 neutralised the beneficial effects of 
IL-33 on the vasculature, supporting previous reports of its role as a decoy receptor (419).     

Following their pioneering work with animal models, Weinberg and co-workers progressed 
to investigate the role of sST2 in human cardiovascular disorders. The group hypothesised 
that conditions of myocardial overload such as MI or heart failure would induce sST2 
expression, leading to increased serum sST2 concentrations in patients with these conditions. 
In their preliminary study, the authors measured serum sST2 concentration in patients with 
severe chronic heart failure and in healthy controls, with repeat measurement at 14 days 
(420). sST2 concentrations were significantly higher in patients with heart failure and were 
moderately correlated with B-type natriuretic peptide (BNP) levels (r = 0.36, P <0.0001). 
Even after adjustment for BNP, an increase in sST2 levels was predictive of mortality (420). 
In an additional study, the group reported that serum sST2 concentration post-MI was 
associated with development of heart failure and 30-day mortality, independent of 
established clinical risk indicators (421). 

These early studies confirmed sST2 as a surrogate marker for myocardial dysfunction and 
fibrosis, and suggested that serum sST2 concentration may be useful in predicting adverse 
outcomes in patients with established cardiovascular disease. Larger studies have 
subsequently confirmed the utility of sST2 for this purpose. In the Pro-BNP Investigation of 
Dyspnea in the Emergency Department (PRIDE) study, sST2 concentrations were measured 
in 593 patients presenting to the emergency department with acute dyspnoea of any cause 
(422). In total, 208 of the study cohort had acutely decompensated heart failure. Despite 
these patients demonstrating higher sST2 levels, N-terminal pro B-type natriuretic peptide 
(NT-proBNP) was significantly better for diagnosis of heart failure. However, even after 
adjustment for NT-proBNP, there was a clear dose-dependent relationship between serum 
sST2 concentration and risk of death at one year and four years. The authors concluded that 
the prognostic information provided by sST2 was additive to that of NT-proBNP (422).      

Despite an exponential rise in the number of reported cardiovascular biomarkers, sST2 is 
one of the few to survive the rigorous evaluation process required before being adopted into 
clinical practice (423). Numerous studies have confirmed its utility in risk-stratifying 
patients with acute and chronic heart failure for mortality (424-429). Consequently, its 
measurement in ambulatory patients with heart failure is now recommended in American 
College of Cardiology Foundation/American Heart Association guidelines (430). 

The use of sST2 for prognostication has also been investigated in other cohorts, both with 
and without established cardiovascular disease. It is predictive of mortality in patients 
following acute coronary syndrome, and in patients with stable ischaemic heart disease 
(431). In the Framingham Heart Study, sST2 concentration was associated with 
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cardiovascular mortality, incident heart failure and major cardiovascular events in healthy 
individuals (432). Similar results were found in the Dallas Heart Study (433). Though 
expanding, the evidence-base remains insufficient for the incorporation of sST2 
measurement into clinical practice guidelines outside of the setting of heart failure. 

In the recent literature, sST2 has been investigated in various groups of patients with renal 
disease (434-436). However, the role of sST2 in predicting mortality and cardiovascular 
events in patients following kidney transplantation has not been investigated previously. In 
this study, the association of sST2 with all-cause mortality, cardiovascular mortality and 
major adverse cardiovascular events (MACE) was investigated in a cohort of renal 
transplant recipients. The ability of sST2 to improve prediction of these adverse patient 
outcomes compared to conventional cardiovascular risk factors and an existing risk 
calculator was also evaluated. Finally, the association of sST2 with death-censored graft loss 
was examined. 

 

6.2  Patients and methods 

6.2.1  Study population and outcomes 

The recruitment process, patient characteristics and clinical outcomes for this study were 
fully described in Chapter 2, Patients and Methods. 

 

6.2.2  Biomarker measurement 

The concentration of sST2 was measured from EDTA plasma samples in a fully-automated 
process using a Triturus Analyser (Diagnostics Grifols SA, Barcelona, Spain). The Presage 
ST2 assay (Critical Diagnostics, San Diego, CA, USA) was used for analysis. This is a high-
sensitivity, monoclonal sandwich ELISA which is commercially-available in a 96-well 
microtiter plate format. It is the only ST2 assay that meets the quality standards required to 
obtain the Conformitè Européenne (CE) Mark and Food and Drug Administration (FDA) 
approval. 

Plasma samples, which had been stored at -80°C since the time of collection, were thawed at 
room temperature for 30 minutes prior to analysis. Standards with known sST2 
concentrations were reconstituted with deionised water as per manufacturer instructions. The 
plasma samples and (high and low) controls were diluted 1:50. Each of the standards, 
plasma samples and controls were analysed in duplicate to allow evaluation of repeatability. 
These were incubated in microwells coated with mouse anti-human ST2 antibody, which 
acted as the capture antibody. A second mouse anti-human biotinylated ST2 antibody, which 
acted as the tracer antibody, was then added. A streptavidin-horseradish peroxidase 
conjugate and tetramethylbenzidine (TMB) reagent were added stepwise. Washing occurred 
prior to each step. 

The absorbance of the resultant colour change was quantified via spectrophotometry at 
450nm wavelength. The absorbance values of the standard solutions were used to plot a log-
log linear regression standard curve. The mean sST2 concentration of each duplicate pair, as 
derived from this standard curve, was taken as the final sST2 concentration. In this study, 
plasma samples with coefficient of variation (CV) >10% on duplicate results were 
reanalysed. 
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The lower limit of detection for this assay is 2 ng/ml, with a reportable range of 3.1 – 200.0 
ng/ml. A previous report demonstrated an intra-assay (within-run) CV of <2.5%, with an 
inter-assay (between-run) CV of <4% (437).  To create an internal control, a plasma sample 
from a healthy volunteer was analysed with each assay run. The within-run CV was <2%. 
The inter-assay CV was 4.1% at a mean concentration of 30.4 ng/ml and 5.1% at a mean 
concentration of 74.8 ng/ml. 

 

6.2.3  Statistical methods 

The methods used to perform the statistical analyses in this study have been described in 
Section 2.8. 

 

6.3  Results 

6.3.1  Characteristics of the study population 

Plasma was unavailable for 12 participants due to insufficient blood sampling volume at 
recruitment. sST2 was therefore measured for 367 of the 379 recruited participants. 

Participants were divided into two groups according to sST2 plasma concentration using the 
widely reported cut-off value of 35 ng/ml. In total, 197 (53.7%) had low sST2 (<35 ng/ml) 
and 170 (46.3%)  had high sST2 (>35 ng/ml) concentrations. The baseline characteristics of 
the participants according to low and high sST2 concentrations are displayed in Table 6.1. 

Patients in the high sST2 group were more likely to be male and have a history of 
cardiovascular disease. Serum phosphate concentration was marginally higher in the high 
sST2 group compared to the low sST2 group (1.10 mmol/L versus 0.99 mmol/L; P = 0.012) 
despite the mean phosphate concentration falling within the laboratory reference range (0.80 
– 1.50 mmol/L) in both groups. Of note, the degree of proteinuria was also significantly 
greater in the high sST2 group compared to the low sST2 group (0.23 g/24h versus 0.17 
g/24h; P = 0.029). The groups were similar for all other characteristics.  

 

 

 

 

 

 

Table 6.1. Baseline characteristics of the study population according to low (<35 ng/ml) 
and high (≥35 ng/ml) sST2 concentration. 

 

Characteristic sST2 <35ng/ml 
N = 197 
 

sST2 ≥35ng/ml 
N = 170  

P 
value 

Age (years); median (IQR) 44 (37, 58) 49 (38, 60) 0.138* 
Male sex; n (%) 113 (57.4) 121 (71.2) 0.008 
Primary renal disease; n (%)    
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     Glomerular disease 
     Interstitial disease & pyelonephritis 
     Polycystic kidney disease 
     Diabetic nephropathy 
     Aetiology unknown 
     Other 

48 (24.4) 
47 (23.9) 
20 (10.2) 
12 (6.1) 
26 (13.2) 
44 (22.3) 

42 (24.7) 
32 (18.8) 
28 (16.5) 
11 (6.5) 
25 (14.7) 
32 (18.8) 

0.474 

Transplant grafts - including current; n (%) 
     1 
     2 
     3 
     4 

 
170 (86.3) 
26 (13.2) 
1 (0.5) 
0 (0) 

 
144 (84.7) 
21 (12.4) 
4 (2.4) 
1 (0.6) 

 
0.319 

Donor type; n (%) 
     DBD 
     Living-related  

 
182 (92.4) 
15 (7.6) 

 
159 (93.5) 
11 (6.5) 

 
0.824 
 

Total RRT time (months); median (IQR) 120 (65, 193) 129 (76, 190.3) 0.193* 
Current smokers; n (%) 42 (21.3) 25 (14.7) 0.134 
History of diabetes mellitus; n (%) 28 (14.2) 22 (12.9) 0.840 
History of hypertension; n (%) 154 (78.2) 141 (82.9) 0.310 
Statin use; n (%) 82 (41.6) 72 (42.4) 0.972 
BMI (kg/m2); mean (SD) 26.7 (5.0) 26.4 (4.0) 0.721† 
Left ventricular hypertrophy; n (%) 38 (20.2) 33 (21.4) 0.887 
History of cardiovascular disease; n (%) 
     Ischaemic heart disease 
     Stroke 
     Peripheral vascular disease 

34 (17.3) 
23 (11.7) 
9 (4.6) 
8 (4.1) 

46 (27.1) 
32 (18.8) 
11 (6.5) 
16 (9.4) 

0.032 
0.077 
0.569 
0.063 

Total cholesterol (mmol/L); mean (SD) 5.3 (1.0) 5.2 (1.0) 0.371† 
HDL cholesterol (mmol/L); mean (SD) 1.4 (0.4) 1.4 (0.4) 0.866† 
LDL cholesterol (mmol/L); mean (SD) 3.0 (0.8) 3.0 (0.8) 0.340† 
Triglycerides (mmol/L); mean (SD) 2.0 (1.3) 1.9 (1.0) 0.582† 
Creatinine (µmol/L); mean (SD) 143 (67) 149 (73) 0.449† 
eGFR (ml/min/1.73m2); mean (SD) 52 (19) 52 (22) 0.955† 
Proteinuria (g/24h); median (IQR) 0.17 (0.08, 0.41) 0.23 (0.10, 0.69) 0.029* 
Haemoglobin (g/dl); mean (SD) 12.8 (1.6) 12.7 (2.1) 0.361† 
Corrected calcium (mmol/L); mean (SD) 2.44 (0.15) 2.44 (0.14) 0.956† 
Phosphate (mmol/L); mean (SD) 0.99 (0.25) 1.10 (0.26) 0.012† 
PTH (pg/ml); median (IQR) 100 (64, 175) 103 (62, 170) 0.651* 
HbA1c (%); mean (SD) 6.1 (1.2) 6.3 (1.1) 0.174† 

 
* P value obtained from Mann Whitney U test 
† P value obtained from independent samples t-test 
 
Abbreviations: BMI = body mass index; DBD = deceased after brainstem death; eGFR = 
estimated glomerular filtration rate; HbA1c = haemoglobin A1c; IQR = interquartile range; 
PTH = parathyroid hormone; RRT = renal replacement therapy; SD = standard deviation; 
sST2 = soluble ST2 

6.3.2  sST2 concentration in the study population 

The median sST2 concentration in the entire cohort was 33.1 ng/ml. The concentrations of 
sST2 ranged from 9.6 ng/ml to 177.0 ng/ml. 

Table 6.2 demonstrates the characteristics associated with sST2 concentration when it was 
treated as a continuous variable. sST2 concentration was significantly higher in males 
compared to females (35.3 ng/ml versus 29.9 ng/ml; P = 0.006). The median sST2 
concentration was also significantly greater in smokers compared to non-smokers (34.1 
ng/ml versus 30.1 ng/ml, P = 0.024). There was no association between prevalent 
hypertension, diabetes mellitus or left ventricular hypertrophy and sST2 concentration. 
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However, median sST2 concentration was significantly greater in those with a history of 
cardiovascular disease compared to those without (37.3 ng/ml versus 31.9 ng/ml; P = 0.031).  

In univariable analyses, sST2 concentration correlated weakly with the degree of proteinuria 
(Spearman’s rho 0.152, P = 0.005). There was no statistically significant correlation between 
sST2 and age (Spearman’s rho = 0.067; P = 0.203), BMI (Spearman’s rho = 0.030; P = 
0.580), creatinine (Spearman’s rho 0.075; P = 0.153), eGFR (Spearman’s rho = -0.034; P = 
0.521), haemoglobin (Spearman’s rho = -0.051; P = 0.369) or phosphate concentration 
(Spearman’s rho = 0.102; P = 0.051).       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.2. Factors associated with (continuous) sST2 concentration on univariable analysis.  

Characteristic Median (IQR) 
sST2 concentration 

Correlation 
coefficient  

P value 

Age (years)  0.067 0.203 
Sex – male 
          Female 

35.3 (26.4, 48.6) 
29.9 (23.1, 40.7) 

 0.006 
 

Primary renal disease;  
     Glomerular disease 
     Interstitial disease & pyelonephritis 
     Polycystic kidney disease 
     Diabetic nephropathy 
     Aetiology unknown 
     Other 

 
32.1 (22.8, 46.8) 
31.2 (25.3, 41.4) 
36.5 (28.5, 45.8) 
30.4 (25.0, 47.1) 
34.6 (27.6, 50.7) 
30.9 (24.6, 40.1) 

  
0.304 

Transplant grafts – including current;  
     1 
     2 
     3 
     4 

 
33.0 (25.6, 45.7) 
31.2 (22.0, 45.3) 
44.2 (34.1, 47.5) 
- 

  
 
0.475 
 

Donor type;     
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Abbreviations: BMI = body mass index; DBD = deceased after brainstem death; eGFR = 
estimated glomerular filtration rate; HbA1c = haemoglobin A1c; IQR = interquartile range; 
PTH = parathyroid hormone; RRT = renal replacement therapy; sST2 = soluble ST2  

     DBD 
     Living-related 

33.4 (25.4, 45.9) 
31.6 (25.9, 41.4) 

0.956 

Total RRT time (months)  0.093 0.076 
Smoking status - smoker 
                            non-smoker 

34.1 (25.9, 47.0) 
30.1 (22.0, 38.7) 

 0.024 

History of diabetes mellitus – yes 
                                                 no  

33.4 (25.4, 45.5) 
30.7 (25.9, 45.9) 

 0.890 

History of hypertension – yes 
                                           no   

30.7 (24.7, 42.7) 
34.3 (25.5, 46.0) 

 0.350 

Statin use – yes 
                    no 

33.1 (26.7, 44.3) 
33.0 (23.9, 46.8) 

 0.708 

BMI (kg/m2)  0.030 0.580 
Left ventricular hypertrophy – present 
                                                  absent   

32.2 (25.0, 45.1) 
34.3 (26.8, 52.7) 

 0.188 

History of cardiovascular disease - yes 
                                                         no 

31.9 (25.0, 44.6) 
37.3 (27.4, 51.1) 

 0.031 

Total cholesterol (mmol/L)  -0.38 0.462 
HDL cholesterol (mmol/L)  -0.13 0.809 
LDL cholesterol (mmol/L)  -0.13 0.808 
Triglycerides (mmol/L)  -0.12 0.817 
Creatinine (µmol/L)  0.075 0.153 
eGFR (ml/min/1.73m2)  -0.034 0.521 
Proteinuria (g/24h)  0.152 0.005 
Haemoglobin (g/dl)  -0.051 0.369 
Corrected calcium (mmol/L)  0.045 0.393 
Phosphate (mmol/L)  0.102 0.051 
Parathyroid hormone (pg/ml)  -0.12 0.818 
HbA1c (%)  0.098 0.060 
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6.3.3  sST2 concentration and all-cause mortality 

The Kaplan-Meier plot (Figure 6.1) demonstrated that survival probability was significantly greater in 
the low sST2 group compared to the high sST2 group when sST2 concentration was dichotomised at 
the traditional cut-off of 35 ng/ml (Log rank test P = 0.025). 

 

 

 

 
 
Figure 6.1. Kaplan-Meier curves of all-cause mortality according to low (<35 ng/ml) or high 
(≥35ng/ml) sST2 concentration. 

 

Abbreviations: sST2 = soluble ST2 
 

 

 

 

 

 

The associations of sST2, treated as both a continuous and a categorial variable, with all-cause 
mortality are demonstrated in Table 6.3. 
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In a univariable Cox regression model, a twofold increase in sST2 concentration was associated with 
a 31% increase in the risk of all-cause mortality (adjusted HR 1.31; 95% CI 1.05, 1.63; P = 0.016). 
This association remained significant after adjustment for conventional cardiovascular risk factors, 
graft function and proteinuria (Model 2: adjusted HR 1.34; 95% CI 1.04, 1.72; P = 0.022). Adjustment 
for the covariates incorporated into the Cardiovascular Risk Calculator for Renal Transplant 
Recipients (CRCRTR) did not attenuate this relationship (Model 3: adjusted HR 1.33; 95% CI 1.06, 
1.67; P = 0.014). 

After adjustment for conventional cardiovascular risk factors, high sST2 (>35 ng/ml) versus low sST2 
(<35 ng/ml) concentration was associated with all-cause mortality (Model 1: adjusted HR 1.38; 95% 
CI 1.01, 1.90; P = 0.046). The risk of all-cause mortality remained similar after further adjustment for 
eGFR and proteinuria but was no longer statistically significant (Model 2: adjusted HR 1.34; 95% CI 
0.96, 1.88; P = 0.085).  

sST2 concentrations greater than the median (>33.1 ng/ml) compared to less than the median were 
associated with all-cause mortality in a univariable model (adjusted HR 1.52; 95% CI 1.12, 2.05; P = 
0.007) and in all multivariable models (Models 1-3). The risk of all-cause mortality also increased 
across quartiles of sST2 concentration in all models, with the greatest risk observed in the highest 
quartiles.  
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Table 6.3. Association of sST2 with all-cause mortality on multivariable cox proportional hazard regression models. 

 

 

   Model 1  Model 2  Model 3  
 Unadjusted HR 

(95% CI) 
P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

sST2 (per 2-fold increase)  1.31 (1.05, 1.63) 0.016 1.35 (1.06, 1.71) 0.016 1.34 (1.04, 1.72) 0.022 1.33 (1.06, 1.67) 0.014 
sST2 ≥35 ng/ml 1.41 (1.04, 1.90) 0.025 1.38 (1.01, 1.90) 0.046 1.34 (0.96, 1.88) 0.085 1.36 (1.00, 1.85) 0.049 
sST2 ≥median (33.1 ng/ml) 1.52 (1.12, 2.05) 0.007 1.51 (1.09, 2.09) 0.012 1.49 (1.06, 2.09) 0.023 1.46 (1.07, 1.99) 0.016 
sST2 quartiles 

Q1  (≤25.4 ng/ml) 
Q2  (25.4 – 33.1 ng/ml)  
Q3  (33.1 – 45.6 ng/ml) 

   Q4  (≥45.6 ng/ml) 

 
Reference 
0.88 (0.56, 1.38) 
1.40 (0.92, 2.12) 
1.46 (0.96, 2.21) 

 
 
0.567 
0.113 
0.079 

 
Reference 
0.81 (0.50, 1.30) 
1.27 (0.82, 1.97) 
1.48 (0.94, 2.32) 

 
 
0.386 
0.290 
0.091 

 
Reference 
0.80 (0.49, 1.31) 
1.26 (0.80, 2.00) 
1.42 (0.89, 2.27) 

 
 
0.376 
0.314 
0.146 

 
Reference 
0.92 (0.58, 1.45) 
1.34 (0.88, 2.04) 
1.48 (0.97, 2.27) 

 
 
0.718 
0.171 
0.70 

 
 
Model 1: (341 participants); adjusted for age, sex, diabetes, history of hypertension, cholesterol/HDL ratio, BMI, smoking status, history of CVD 
Model 2: (318 participants); Model 1 + eGFR, proteinuria 
Model 3: (367 participants); adjusted for age, diabetes, total RRT time, serum creatinine, smoking status, history of IHD 
 
Abbreviations: BMI = body mass index; CI = confidence interval; CVD = cardiovascular disease; eGFR = estimated glomerular filtration rate; HR = hazard 
ratio; IHD = ischaemic heart disease RRT = renal replacement therapy; sST2 = soluble ST2 
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6.3.4  sST2 concentration and cardiovascular mortality 

The Kaplan Meier plot (Figure 6.2) showed no significant difference in cardiovascular 
mortality between low sST2 and high sST2 groups when sST2 concentration was 
categorised at the cut-off value of 35 ng/ml (Log rank test P = 0.286). 

 

 

 

 

Figure 6.2. Kaplan-Meier curves of cardiovascular mortality according to low (<35 ng/ml) 
or high (≥35ng/ml) sST2 concentration. 

 

Abbreviations: sST2 = soluble ST2 
 

 

 

 

 

 

The relationship between sST2 concentration and cardiovascular mortality is shown in Table 
6.4. 
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A twofold increase in sST2 concentration was associated with a 50% increased risk of 
cardiovascular-related death in an unadjusted Cox regression model (unadjusted HR 1.50; 
95% CI 1.05, 2.13; P = 0.024). This risk remained similar after adjustments for traditional 
cardiovascular risk factors and measures of graft function (Model 2: adjusted HR 1.54; 95% 
CI 1.03, 2.31; P = 0.037), and after adjustments for the factors included in the CRCRTR 
(Model 3: adjusted HR 1.50; 95% CI 1.03, 2.18; P = 0.033).  

There was less evidence that high sST2 concentration (>35 ng/ml) was associated with 
cardiovascular mortality in a univariable cox regression model (unadjusted HR 1.31; 95% CI 
0.80, 2.16; P = 0.288). Adjustment for cardiovascular risk factors, eGFR and proteinuria did 
not alter this relationship (Model 2: adjusted HR 1.25; 95% CI 0.71, 2.21; P = 0.432).  

There was also less evidence of associations with cardiovascular mortality when 
categorising ST2 according to the median value (33.1 ng/ml) and by quartiles. 
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Table 6.4. Association of ST2 with cardiovascular mortality on multivariable Cox proportional hazard regression models. 

 

 

   Model 1  Model 2  Model 3  
 Unadjusted HR 

(95% CI) 
P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR (95% 
CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

sST2 (per 2-fold increase) 1.50 (1.05, 2.13) 0.024 1.53 (1.03, 2.27) 0.034 1.54 (1.03, 2.31) 0.037 1.50 (1.03, 2.18) 0.033 
sST2 ≥35 ng/ml 1.31 (0.80, 2.16) 0.288 1.16 (0.68, 1.96) 0.592 1.25 (0.71, 2.21) 0.432 1.16 (0.69, 1.94) 0.576 
sST2 ≥median (33.1 ng/ml) 1.42 (0.86, 2.34) 0.172 1.28 (0.75, 2.17) 0.366 1.41 (0.80, 2.48) 0.240 1.27 (0.76, 2.13) 0.366 
sST2 quartiles 

Q1  (≤25.4 ng/ml) 
Q2  (25.4 – 33.1 ng/ml)  
Q3  (33.1 – 45.6 ng/ml) 

   Q4  (≥45.6 ng/ml) 

 
Reference 
0.80 (0.38, 1.69) 
1.16 (0.58, 2.32) 
1.41 (0.72, 2.76) 

 
 
0.554 
0.678 
0.319 

 
Reference 
0.72 (0.33, 1.61) 
0.94 (0.45, 1.96) 
1.28 (0.62, 2.64) 

 
 
0.427 
0.871 
0.509 

 
Reference 
0.56 (0.23, 1.35) 
0.99 (0.47, 2.08) 
1.20 (0.57, 2.57) 

 
 
0.196 
0.981 
0.630 

 
Reference 
0.83 (0.39, 1.77) 
1.05 (0.52, 2.13) 
1.31 (0.65, 2.61) 

 
 
0.626 
0.897 
0.451 

 

Model 1: (341 participants); adjusted for age, sex, diabetes, history of hypertension, cholesterol/HDL ratio, BMI, smoking status, history of CVD 
Model 2: (318 participants); Model 1 + eGFR, proteinuria 
Model 3: (367 participants); adjusted for age, diabetes, total RRT time, serum creatinine, smoking status, history of IHD 
 
Abbreviations: BMI = body mass index; CI = confidence interval; CVD = cardiovascular disease; eGFR = estimated glomerular filtration rate; HR = hazard 
ratio; IHD = ischaemic heart disease; RRT = renal replacement therapy; sST2 = soluble ST2 
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6.3.5  sST2 concentration and MACE 

The Kaplan-Meier plot (Figure 6.3) comparing MACE-free survival between the low sST2 
group and the high sST2 group when sST2 concentration was categorised at a cut-off value 
of 35 ng/ml is shown below (Log rank test P = 0.212).  

 

 

 

 

Figure 6.3. Kaplan-Meier curves of MACE according to low (<35 ng/ml) or high 
(≥35ng/ml) sST2 concentration. 

 

Abbreviations: MACE = major adverse cardiovascular event; sST2 = soluble ST2 
 

 

 

 

 

The association between sST2 concentration and the development of first MACE is 
displayed in Table 6.5. 

A doubling of sST2 concentration increased the unadjusted risk of developing MACE by 
36% (unadjusted HR 1.36; 95% CI 1.07, 1.74; P = 0.013). Although not statistically 
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significant, this association was similar after adjustment for measures of graft function and 
traditional cardiovascular risk factors (Model 2: adjusted HR 1.29; 95% CI 0.98, 1.70; P = 
0.072).  

sST2 concentrations greater than the median (>33.1 ng/ml) compared to less than the median 
were associated with development of first MACE on univariable survival analysis 
(unadjusted HR 1.45; 95% CI 1.03, 2.04; P = 0.035). This relationship was attenuated by 
adjustment for conventional risk factors (Model 1: adjusted HR 1.24; 95% CI 0.86, 1.79; P = 
0.247).  

The risk of developing MACE increased across increasing quartiles of sST2 concentration. 
On univariable analysis, the risk of MACE was 72% higher in Quartile 4 (>45.6 ng/ml) 
compared to Quartile 1 (<25.4 ng/ml) (unadjusted HR 1.72; 95% CI 1.06, 2.80; P = 0.029). 
The relationship was similar in multivariable models 1 and 2, though not statistically 
significant. After adjustment for the variables of the CRCRTR, the risk of developing 
MACE was 88% higher in Quartile 4 of sST2 concentration compared to Quartile 1 
(adjusted HR 1.88; 95% CI 1.13, 3.12; 0.015). 
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Table 6.5. Association of ST2 with MACE on multivariable Cox proportional hazard regression models. 

 

 

   Model 1  Model 2  Model 3  
 Unadjusted HR 

(95% CI) 
P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

sST2 (per 2-fold increase)  1.36 (1.07, 1.74) 0.013 1.30 (0.99, 1.70) 0.057 1.29 (0.98, 1.70) 0.072 1.40 (1.08, 1.80) 0.010 
sST2 ≥35 ng/ml 1.34 (0.95, 1.88) 0.096 1.10 (0.76, 1.58) 0.616 1.10 (0.75, 1.62) 0.624 1.19 (0.84, 1.71) 0.332 
sST2 ≥median (33.1 ng/ml) 1.45 (1.03, 2.04) 0.035 1.24 (0.86, 1.79) 0.247 1.26 (0.86, 1.86) 0.239 1.30 (0.91, 1.87) 0.147 
sST2 quartiles 

Q1  (≤25.4 ng/ml) 
Q2  (25.4 – 33.1 ng/ml)  
Q3  (33.1 – 45.6 ng/ml) 

   Q4  (≥45.6 ng/ml) 

 
Reference 
1.18 (0.71, 1.97) 
1.44 (0.88, 2.35) 
1.72 (1.06, 2.80) 

 
 
0.519 
0.148 
0.029 

 
Reference 
1.28 (0.73, 2.22) 
1.23 (0.73, 2.08) 
1.64 (0.96, 2.80) 

 
 
0.391 
0.439 
0.071 

 
Reference 
1.18 (0.66, 2.12) 
1.21 (0.70, 2.07) 
1.58 (0.91, 2.73) 

 
 
0.577 
0.496 
0.102 

 
Reference 
1.51 (0.89, 2.57) 
1.35 (0.81, 2.25) 
1.88 (1.13, 3.12) 

 
 
0.126 
0.248 
0.015 

 

 
Model 1: (341 participants); adjusted for age, sex, diabetes, history of hypertension, cholesterol/HDL ratio, BMI, smoking status, history of CVD 
Model 2: (318 participants); Model 1 + eGFR, proteinuria 
Model 3: (360 participants); adjusted for age, diabetes, LDL-cholesterol, number of transplant grafts, serum creatinine, smoking status, history of IHD 
 
Abbreviations: BMI = body mass index; CI = confidence interval; CVD = cardiovascular disease; eGFR = estimated glomerular filtration rate; HR = hazard 
ratio; IHD = ischaemic heart disease; MACE = major adverse cardiovascular event; RRT = renal replacement therapy; sST2 = soluble ST2 
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6.3.6  Optimal sST2 concentration cut-off values 

Calculation of Youden’s J statistics allowed identification of the optimal cut-off values of 
sST2 concentration for predicting each patient outcome (all-cause mortality, cardiovascular 
mortality and MACE) in this cohort of renal transplant recipients.  

The optimal cut-off value of sST2 concentration for predicting all-cause mortality was 33 
ng/ml. This coincided with the median sST2 concentration, results for which have been 
demonstrated previously. 

The optimal cut-off values for cardiovascular mortality and MACE were 41 ng/ml and 24 
ng/ml respectively. The relationship between patient outcomes and sST2 concentration 
dichotomised at these cut-off values are demonstrated in Table 6.6. 

An sST2 concentration greater than 41 ng/ml was associated with cardiovascular mortality 
on univariable survival analysis (unadjusted HR 1.72; 95% CI 1.04, 2.85; P = 0.035). The 
risk was similar after adjustment for conventional risk factors, eGFR and proteinuria 
(adjusted HR 1.69; 95% CI 0.95, 2.98; P = 0.072). 

In an unadjusted Cox regression model, an sST2 concentration greater than 24 ng/ml was 
associated with a 75% increased risk of developing MACE (unadjusted HR 1.75; 95% CI 
1.09, 2.82; P = 0.021). This relationship was strengthened by adjustment for covariates 
included in CRCRTR (adjusted HR 1.89; 95% CI 1.14, 3.13; P = 0.013). 
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Table 6.6. Association of sST2 at optimal cut-offs calculated from Youden’s J statistic with cardiovascular mortality and MACE. 

 

 

   Model 1 Model 2 Model 3 
 Unadjusted HR 

(95% CI) 
P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI) 

P 
value 

Cardiovascular mortality 
sST2 >41 ng/ml 

 
1.72 (1.04, 2.85) 
 

 
0.035 

 
1.63 (0.96, 2.78) 

 
0.070 

 
1.69 (0.95, 2.98) 

 
0.072 

 
1.57 (0.93, 2.67)a 

 
0.092 

MACE 
sST2 >24 ng/ml 

 
1.75 (1.09, 2.82) 
 

 
0.021 

 
1.70 (0.99, 2.90) 

 
0.054 

 
1.68 (0.96, 2.93) 

 
0.069 

 
1.89 (1.14, 3.13)b 

 
0.013 

 

 
Model 1: (341 participants); adjusted for age, sex, diabetes, history of hypertension, cholesterol/HDL ratio, BMI, smoking status, history of CVD 
Model 2: (318 participants); Model 1 + eGFR, proteinuria 
a Model 3: (367 participants); adjusted for age, diabetes, total RRT time, serum creatinine, smoking status, history of IHD 
b Model 3: (360 participants); adjusted for age, diabetes, LDL-cholesterol, number of transplant grafts, serum creatinine, smoking status, history of IHD 
 

Abbreviations: BMI = body mass index; CI = confidence interval; CVD = cardiovascular disease; eGFR = estimated glomerular filtration rate; HR = hazard 
ratio; IHD = ischaemic heart disease; MACE = major adverse cardiovascular event; RRT = renal replacement therapy; sST2 = soluble ST2 
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6.3.7  Impact of sST2 concentration on survival model performance  

The differences in C-statistics of each survival model before and after the addition of the 
continuous form of sST2 concentration are demonstrated in Table 6.7. Also shown are the 
category-free net reclassification index (NRI >0) and integrated discrimination index (IDI) 
for each model after sST2 concentration has been included. 

For all-cause mortality, adding sST2 concentration to a model comprised of conventional 
cardiovascular risk factors, eGFR and proteinuria failed to improve the predictive accuracy 
of the model (C-statistic difference + 0.003; P = 0.416). The model IDI was 0.004 (95% CI -
0.005, 0.026; P = 0.392) and the category-free NRI was 0.138 (95% CI -0.208, 0.398; P = 
0.299) after addition of sST2. Similar results were observed when sST2 was included in a 
model to predict all-cause mortality based on the variables in CRCRTR. 

In a similar manner, sST2 concentration did not improve the predictive accuracy of models 
for cardiovascular mortality or development of MACE. sST2 concentration did not 
significantly improve the C-statistics of any of the models. Furthermore, the category-free 
NRI and IDI for each model were not significantly differently from zero. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.7. Metrics for improvement in risk prediction of outcomes with addition of 
(continuous) sST2 

 

 All-cause mortality Cardiovascular 
mortality 

MACE 

 
Model 1 

   

Per 2-fold increase sST2 
Adjusted HR 

 
1.35 (1.06, 1.71) 

 
1.53 (1.03, 2.27) 

 
1.30 (0.99, 1.70) 
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Abbreviations: HR = hazard ratio; CI = confidence interval; IDI = Integrated Discrimination 
Index; MACE = major adverse cardiovascular events; NRI (>0) = category-free Net 
Reclassification Index; sST2 = soluble ST2 

 
 
6.3.8  sST2 concentration and death-censored graft survival 

The relationship between sST2 concentration and death-censored graft survival is 
demonstrated in Table 6.8. 

 

Table 6.8. Association of sST2 with death-censored graft survival in univariable and 
multivariable Cox proportional hazards regression models. 

C-statistic 
  Original model 
  Original model + sST2 
Difference 
P value 

 
0.750 
0.753 
0.003 
0.481 

 
0.776 
0.770 
-0.006 
0.470 

 
0762 
0.763 
0.001 
0.851 

 
IDI (95% CI) 
P value 

 
0.006 (-0.002, 0.026) 
0.226 

 
0.019 (-0.03, 0.063) 
0.126 

 
0.008 (-0.003, 0.030) 
0.286 

 
NRI (>0) (95% CI) 
P value 

 
0.218 (-0.166, 0.454) 
0.272 

 
0.07 (-0.388, 0.0.448) 
0.498 

 
0.056 (-0.360, 0.330) 
0.751 

 
Model 2 

   

Per 2-fold increase sST2 
Adjusted HR 
C-statistic 
  Original model 
  Original model + sST2 
Difference 
P value 

 
1.34 (1.04, 1.72) 
 
0.758 
0.761 
0.003 
0.416 

 
1.54 (1.03, 2.31) 
 
0.787 
0.788 
0.001 
0.896 

 
1.29 (0.98, 1.70) 
 
0.766 
0.766 
0.000 
0.952 

 
IDI (95% CI) 
P value 

 
0.004 (-0.005, 0.023) 
0.392 

 
0.016 (-0.002, 0.060) 
0.120 

 
0.007 (-0.004, 0.033) 
0.272 

 
NRI (>0) (95% CI) 
P value 

 
0.138 (-0.208, 0.398) 
0.299 

 
0.128 (-0.296, 0.474) 
0.478 

 
0.070 (-0.442, 0.352) 
0.731  

 
Model 3 

   

Per 2-fold increase sST2 
Adjusted HR 
C-statistic 
  Original model 
  Original model + sST2 
Difference 
P value 

 
1.33 (1.06, 1.67) 
 
0.757 
0.761 
0.004 
0.257 

 
1.50 (1.03, 2.18) 
 
0.792 
0.791 
-0.001 
0.894 

 
1.40 (1.08, 1.80) 
 
0.756 
0.756 
0.000 
0.909 

 
IDI (95% CI) 
P value 

 
0.005 (-0.004, 0.027) 
0.352 

 
0.014 (-0.001, 0.051) 
0.086 

 
0.011 (-0.002, 0.033) 
0.153 

 
NRI (>0) (95% CI) 
P value 

 
0.212 (-0.118, 0.392) 
0.252 

 
0.122 (-0.192, 0.424) 
0.319 

 
0.186 (-0.102, 0.426) 
0.186 
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 Unadjusted HR 
(95% CI) 

P 
value 

Adjusted HR 
(95% CI)a 

P 
value 

sST2 (per 2-fold increase)  1.01 (0.75, 1.35) 0.946 1.10 (0.79, 1.52) 0.589 
sST2 ≥35 ng/ml 0.90 (0.61, 1.31) 0.573 1.00 (0.65, 1.53) 0.995 
sST2 ≥median (33.1 ng/ml) 0.98 (0.67, 1.42) 0.906 1.02 (0.66, 1.56) 0.941 
sST2 quartiles 

Q1  (≤25.4 ng/ml) 
Q2  (25.4 – 33.1 ng/ml)  
Q3  (33.1 – 45.6 ng/ml) 
Q4  (≥45.6 ng/ml) 

 
Reference 
1.03 (0.62, 1.70) 
0.84 (0.49, 1.45) 
1.16 (0.69, 1.95) 

 
 
0.925 
0.539 
0.574 

 
Reference 
1.09 (0.61, 1.95) 
0.83 (0.44, 1.55) 
1.37 (0.76, 2.44) 

 
 
0.764 
0.553 
0.292 

 
a  Model adjusted for recipient age, donor type, HLA mismatch, time since transplant, 
smoking status, systolic blood pressure, eGFR, proteinuria, history of CVD  

 

Abbreviations: CVD = cardiovascular disease; eGFR = estimated glomerular filtration rate; 
HLA = human leucocyte antigen; HR = hazard ratio; CI = confidence interval; sST2 = 
soluble ST2 

 

sST2 concentration was not associated with graft loss in univariable Cox regression models 
when treated as a continuous variable (unadjusted HR 1.01; 95% CI 0.75, 1.35; P = 0.946) or 
when categorised according to the traditional cut-off value (sST2 >35ng/ml, unadjusted HR 
0.90; 95% CI 0.61, 1.31; P = 0.573). The lack of association between sST2 and graft 
survival was also demonstrated in all multivariable models. 

 

 

 

 

 

 

 

6.4  Discussion 

Numerous studies have reported the clinical characteristics and laboratory parameters 
associated with sST2 concentrations amongst healthy individuals, patients with chronic 
kidney disease (CKD) and patients with end-stage renal disease (ESRD) being evaluated for 
kidney transplantation (433, 434, 437-440). To date, sST2 has not been investigated in renal 
transplant recipients as a potential biomarker of cardiovascular disease. As a result, the 
clinical variables associated with sST2 concentration in renal transplant recipients have not 
been previously described. 

sST2 concentrations in the participants of this study were higher in males than in females. 
This is in keeping with several previous studies (437, 438). Dieplinger and colleagues found 
that the median sST2 concentration in males was almost double that of females (13 ng/ml 
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versus 8 ng/ml) in 528 healthy blood donors (437). The sex-specific 95% reference ranges 
calculated from this study highlight the variation in sST2 concentrations between the sexes. 
The reference range was 4 – 31 ng/ml for males, while for females it was 2 – 21 ng/ml (437). 
In the Framingham Heart Study it was reported that women taking oestrogen replacement 
had the lowest sST2 concentrations (438). This suggests that sex hormones may play a role 
in determining sST2 concentrations in healthy individuals. Whether this is also the case for 
renal transplant recipients remains unclear. 

It is notable from the existing literature that the association between sST2 concentrations and 
conventional cardiovascular risk factors varies between studies (433, 434, 438, 441-443). 
The most widely reported relationship is between sST2 and diabetes mellitus. In 3,450 
community-based participants from the Framingham Heart Study, sST2 concentrations were 
associated with prevalent diabetes (438). Additionally, among 3,915 older ambulatory 
patients in the Cardiovascular Health Study, the prevalence of diabetes increased with 
increasing quintiles of sST2 concentration (443). A positive association between diabetes 
and sST2 in patients with CKD was also reported in a study by Tuegel and colleagues (434). 
Interestingly, Lin et al. also found a correlation between sST2 and markers of diabetes such 
as blood glucose concentration and triglycerides (439). 

In the local renal transplant population, however, median sST2 concentration was not 
significantly different between recipients with diabetes and those without. In addition, there 
was no correlation between HbA1c and sST2. This may reflect the relatively low number of 
recipients who had diabetes at enrolment for the study (n = 50, 13.6%). Of note, 27 
recipients in this study had post-transplant diabetes mellitus (PTDM). It is possible that the 
relationship between sST2 and PTDM differs to that between sST2 and diabetes in non-
transplanted individuals. 

In this cohort of renal transplant recipients, smoking was the only traditional cardiovascular 
risk factor positively associated with sST2 concentration, with median sST2 concentration 
being significantly higher in current smokers. This has been described in other patient 
cohorts (77). ST2 expression is increased in respiratory diseases such as asthma and COPD, 
which are more common among smokers (444, 445). Data on the presence of respiratory co-
morbidities were not collected for this study so it was not possible to explore this further.  

The median sST2 concentration was significantly higher amongst transplant recipients with 
pre-existing cardiovascular disease in this study. This is despite there being no association 
between sST2 concentrations and traditional cardiovascular risk factors such as age, BMI, 
cholesterol and prevalent hypertension. This confirms the findings of various other studies 
(433, 434, 440). Indeed, in participants from the Framingham Heart Study Offspring Study, 
Ho and co-workers demonstrated that up to 40% of interindividual variation in sST2 
concentration was attributable to genetic factors (446). Clinical factors accounted for less 
than 15% of variation in sST2 concentration. It has been proposed that the lack of 
correlation between cardiovascular risk factors and sST2 may add to its utility in predicting 
adverse outcomes (441). The hypothesis is that sST2 may contribute independent and 
additional information beyond established clinical factors. 

Interpreting the concentrations of established biomarkers of cardiovascular disease in 
patients with renal impairment can be challenging. For example, troponin T and NT-proBNP 
concentrations are strongly correlated with eGFR (447). This may be less of an issue with 
sST2 concentration, which would make it an ideal biomarker for predicting risk of 
cardiovascular mortality in patients with renal disease (448). In this study of renal transplant 
recipients there was no correlation between sST2 concentration and either creatinine or 
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eGFR. This is in keeping with previous reports in which sST2 concentration was not 
correlated or only weakly inversely correlated with eGFR (434, 449, 450). 

The Barcelona Study was established to investigate the ability of sST2 to predict mortality in 
patients with heart failure and co-existing renal impairment. The authors described a 
statistically significant, but clinically insignificant, correlation between eGFR and sST2 
concentration (rho = -0.16, P = <0.001) (450). Interestingly, the predictive value of sST2 
was actually higher in the patients with renal disease compared to the entire cohort. In the 
current study, the addition of eGFR to survival models had little impact on the relationship 
between sST2 concentration and adverse patient outcomes. This is demonstrated by the 
similar hazard ratios observed in Model 1 and Model 2 for each outcome. 

The correlation between sST2 concentration and the degree of proteinuria in the participants 
of this study is intriguing. In a study by Tuegel and colleagues, sST2 concentration was 
moderately correlated with urine albumin/creatinine ratio (uACR) (rho = 0.207, P <0.01) in 
patients with CKD (434). The underlying mechanism is unclear. However, albuminuria is a 
surrogate marker of endothelial dysfunction and it has been demonstrated that endothelial 
cells may be a non-myocardial source of sST2 (451, 452). Recruitment for this study 
occurred in an era which pre-dates the assays used for spot uACR determination. Therefore, 
further research will be required to confirm the relationship between sST2 and albuminuria 
in the renal transplant population. 

In a recent study, Alam and colleagues sought to investigate if there was a relationship 
between sST2 concentration and the progression of CKD (453). Again, they found a 
correlation between sST2 and uACR. However, this did not translate into an association 
between sST2 and CKD progression (453). Similarly, in the present study, elevated sST2 
concentration was not associated with eGFR decline and graft failure in renal transplant 
recipients. 

Given the role of the IL-33/ST2 axis in humoral immune responses, numerous studies have 
investigated sST2 concentrations in relation to inflammatory and autoimmune conditions 
(454). In a study by Mok and co-workers, serum sST2 concentrations were elevated in 
patients with active systemic lupus erythematosus (SLE), compared to those with inactive 
SLE and healthy controls (455). sST2 concentrations were sensitive to change longitudinally 
in a pattern which correlated with disease activity. Further studies have identified that sST2 
concentrations may also be elevated in ANCA-associated vasculitis and IgA nephropathy 
(456, 457). It therefore appears likely that in patients with renal disease, sST2 concentrations 
are affected by the underlying aetiology of renal injury. In particular, sST2 concentrations 
may be elevated in those with glomerular disease. In this study, however, sST2 
concentrations in renal transplant recipients were similar in those with glomerulonephritis 
compared to those with interstitial disease, polycystic kidney disease and diabetic 
nephropathy. This may reflect the fact that transplant recipients are prescribed 
immunosuppressant medication which contributes to quiescence of the underlying renal 
disease. Future studies on the impact of immunosuppression on sST2 concentration in 
transplant recipients and in other patient groups may confirm this hypothesis.    

The first ELISA for the measurement of human sST2 was developed in 2000 (458). By 

2015, there were over 20 commercially-available assays (448). Three of these assays have 

been used in published clinical studies to measure sST2 in plasma or serum, but it has been 

established that results between these assays are not comparable (448). In the Dallas Heart 

Study, the assay used was unable to detect sST2 in 67% of the 3,294 participants (433). 
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However, the high-sensitivity Presage ST2 assay used in the Framingham Heart Study 

demonstrated that sST2 was measurable in all 3,248 participants (432). In the present study, 

use of the Presage ST2 assay allowed determination of sST2 for every participant with an 

available plasma sample and all sST2 concentrations were within the measurable range of 3 

– 200 ng/ml. 

 

In a study of the analytical issues surrounding the Presage assay, it was demonstrated that 
sST2 remains stable for at least 18 months when stored at -80°C (437). Dedicated studies 
have not investigated its stability beyond this timeframe. However, the Framingham Heart 
Study measured sST2 in samples which were approximately 10 years old and found an 
association between sST2 concentration and mortality (432). The samples from renal 
transplant recipients in this study were approximately 16-18 years old when analysed and a 
similar relationship was demonstrated between sST2 concentration and adverse patient 
outcomes. Such results strongly suggest that, as an analyte, sST2 is stable for many years 
when kept in frozen storage. As such, other studies with a prolonged follow-up period and 
baseline blood samples should be able to measure sST2 concentration and obtain meaningful 
results.      

As previously discussed, measurement of sST2 in patients with heart failure has been 
recommended in recent guidelines in order to identify those at highest risk of future events 
and mortality (430). Given that it is a marker of myocardial fibrosis, ventricular dysfunction 
and adverse ventricular remodelling, it is unsurprising that sST2 performs best as a 
prognostic biomarker in patients with heart failure. A recent meta-analysis involving seven 
studies concluded that sST2 was an independent predictor of all-cause and cardiovascular 
mortality in this patient population (429).  

sST2 concentrations are elevated following both non-ST-elevation MI (NSTEMI) and ST-
elevation MI (STEMI) and are predictive of mortality (421, 431, 459). It should be noted, 
however, that the association between sST2 and adverse outcomes in patients with ischaemic 
heart disease is weaker than in patients with heart failure. Adjustment for NT-proBNP and 
clinical risk scores caused the association with mortality to lose significance (421, 459, 460).   

Numerous studies have also investigated sST2 in ambulatory and community-based 
populations without a clinical diagnosis of cardiovascular disease. These studies found that 
sST2 concentration is associated with mortality, development of heart failure and major 
cardiovascular events in such cohorts (432, 433, 443). However, in 8,444 participants from 
the FINRISK97 study, sST2 was associated with all-cause mortality but not heart failure nor 
cardiovascular events on multivariable analysis (461).  

Given the high prevalence of abnormalities such as myocardial fibrosis and left ventricular 
hypertrophy observed in patients with renal disease, recent studies have investigated sST2 as 
a prognostic biomarker in these patients. In a recent study of 883 patients with CKD and a 
mean eGFR of 49 ml/min/1.73m2, sST2 concentration was associated with all-cause 
mortality (434). In two studies of patients with ESRD requiring haemodialysis, sST2 was 
predictive of all-cause mortality, cardiovascular mortality and major cardiovascular events 
(435, 436). sST2 may act as a particularly useful biomarker for prognostication in patients 
with ESRD because, unlike NT-proBNP, serum sST2 concentration is unchanged by 
haemodialysis and haemodiafiltration (462, 463).   
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Results from the current study are in keeping with those in the existing literature. sST2 
concentrations in the local renal transplant population are associated with all-cause and 
cardiovascular mortality. These results suggest that sST2 represents a pathobiological 
pathway which is strongly associated with mortality following kidney transplantation.   

There is also an association between sST2 and MACE in this population after adjustment for 
risk factors included in the CRCRTR, although this association loses significance after 
adjustment for conventional cardiovascular risk factors. This finding is similar to that of 
other studies. While the link between sST2 and mortality is strong, its relationship with 
atherosclerotic cardiovascular events is much less clear (431). In a study of patients who had 
experienced a STEMI, sST2 concentration was predictive of mortality but not recurrent 
ischaemic events. In patients following NSTEMI, however, sST2 concentration accurately 
predicted re-infarction and future MACE (459). In the study of sST2 in patients with CKD, 
the group most analogous to renal transplant recipients, there was no association between 
sST2 and atherosclerotic cardiovascular events, despite an association with mortality (434).  

In the present study, the relationship between sST2 and adverse outcomes consistently 
attained statistical significance when the biomarker was treated as a continuous variable. 
When sST2 was categorised according to the established cut-off value of 35 ng/ml, 
statistical significance was lost for cardiovascular mortality and MACE. It is possible that 
the cut-off value validated for use in patients with heart failure is not applicable to renal 
transplant recipients. When the optimal cut-off values were calculated and applied for each 
outcome, the associations were stronger (as demonstrated by increased hazard ratios), but 
statistical significance was not reached in all models. This suggests that there was a loss of 
statistical power, which often occurs when continuous variables are dichotomised (464). 

Despite the strong link between sST2 and mortality in renal transplant recipients, the 
addition of sST2 concentration to survival models did not lead to a statistically significant 
change in the C-statistic for the prediction of mortality. Similarly, the IDI and category-free 
NRI were exceptionally low and not statistically significant. This is a common issue in 
biomarker research. It has been acknowledged that even when a strong association exists 
between a biomarker and an outcome of interest, the addition of the biomarker to risk 
models often fails to significantly increase their C-statistic or lead to clinically significant 
IDI or NRI (170). 

In summary, sST2 concentration in this cohort of renal transplant recipients was associated 
with all-cause mortality, cardiovascular mortality and MACE. Further studies are warranted 
to ascertain the pathobiological pathways associated with elevated sST2 concentration in 
RTR, and to determine whether these pathways may act as potential therapeutic targets for 
reduction of cardiovascular risk. In light of the results from this study, however, sST2 adds 
little value to existing clinical risk factors for prediction of adverse outcomes in renal 
transplant recipients.   
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Chapter 7 
 
Combined Biomarkers and 
Cardiovascular Risk 
 

 

 

 

 

 

 

 

 

7.1  Introduction 

The potential clinical benefits of combining biomarkers in a “multimarker” approach to 
cardiovascular risk prediction has been widely reported (165, 465-468). Such an approach 
encompasses all of the prognostic value provided by the individual biomarkers and may 
increase the power of risk prediction tools (465, 468).           

In the preceding chapters of this thesis, four biomarkers of cardiovascular disease, C-
reactive protein (CRP), troponin T (TnT), N-terminal pro B-type natriuretic peptide (NT-
proBNP) and soluble ST2 (sST2), were studied in isolation. CRP is a marker of the 
inflammatory process involved in the development and progression of atherosclerosis (190, 
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469). TnT is a marker of myocardial injury primarily associated with ischaemic heart disease 
(IHD) (263). NT-proBNP is a marker of heart failure, released from the myocardium in 
response to stretch or haemodynamic stress (351, 354). Finally, sST2 is a surrogate marker 
of myocardial fibrosis closely linked to heart failure-related mortality (417).  

Each of these biomarkers represent a unique pathophysiological pathway related to 
cardiovascular disease. It is therefore plausible that each individual biomarker could 
contribute independent, additive prognostic value to survival models for adverse outcomes 
such as mortality and major adverse cardiovascular events (MACE). Alternatively, a 
biomarker which was associated with an adverse outcome in isolation may not retain an 
independent association with the outcome when it is combined with the other biomarkers. 
Exploration of this hypothesis requires the simultaneous addition of all four biomarkers to 
survival models.  

In this study, four cardiovascular biomarkers (CRP, TnT, NT-proBNP and sST2) have been 
analysed together in order to determine whether their associations with adverse outcomes 
and their ability to improve risk prediction in renal transplant recipients are altered by a 
multimarker approach. 

 

7.2  Patients and methods 

7.2.1  Study population and outcomes 

The study participants have been fully described in Chapter 2, Patients and Methods. The 
clinical outcomes for this study were all-cause mortality, cardiovascular mortality and 
MACE. 

 

 

7.2.2  Biomarker measurement 

The sample handling and laboratory methods used to determine CRP (Chapter 3), TnT 
(Chapter 4), NT-proBNP (Chapter 5), and sST2 (Chapter 6) concentrations have been 
described previously. 

 

7.2.3  Statistical methods 

The methods used to perform the statistical analyses in this study have been described in 
Section 2.8. The studied biomarkers (CRP, TnT, NT-proBNP and sST2) were modelled as 
continuous variables.  

The discrimination and reclassification metrics for survival models were calculated twice: 1) 
following the addition of all four biomarkers; and 2) following the addition only of the 
biomarkers shown to have a statistically significant association with the clinical outcome in 
all four multivariable models (Models 1-4). 

 

7.3  Results 

7.3.1  Combined biomarker concentrations and all-cause mortality 



161 
 

Table 7.1 displays the associations of CRP, TnT, NT-proBNP and sST2 concentrations with 
all-cause mortality when all four biomarkers were included in multivariable models. 

In a multivariable model containing only the four biomarkers, the relationship between sST2 
concentration and all-cause mortality was not statistically significant (Model 1: adjusted HR 
1.18; 95% CI 0.94, 1.48; P = 0.160). Adjustment for traditional cardiovascular risk factors 
and variables included in the Cardiovascular Risk Calculator for Renal Transplant 
Recipients (CRCRTR) did not alter this relationship. Additionally, TnT was significantly 
associated with all-cause mortality only in the model containing the four biomarkers alone. 

CRP and NT-proBNP concentrations were associated with all-cause mortality in all 
multivariable models. The strongest relationship was between NT-proBNP and all-cause 
mortality. After adjustment for the other biomarkers, a two-fold increase in NT-proBNP 
concentration was associated with a 35% increased risk of death (Model 1: adjusted HR 
1.35; 95% CI 1.22, 1.49; P <0.001). When further adjustment was made for traditional 
cardiovascular risk factors, graft function and proteinuria, NT-proBNP remained the 
biomarker most closely associated with all-cause mortality (Model 3: adjusted HR 1.22; 
95% CI 1.08, 1.38; P = 0.001).  
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Table 7.1. Association of CRP, TnT, NT-proBNP and sST2 concentrations with all-cause mortality in multivariable Cox proportional hazard regression 
models. 

 

 Model 1  Model 2  Model 3  Model 4  
 aHR (95% CI) P 

value 
aHR (95% CI) P 

value 
aHR (95% CI) P 

value 
aHR (95% CI) P 

value 
CRP (per 2-fold increase) 1.12 (1.03, 1.23) 0.012 1.14 (1.03, 1.26) 0.009 1.18 (1.06, 1.32) 0.003 1.12 (1.01, 1.24) 0.025 
TnT (per 2-fold increase) 1.29 (1.12, 1.49) <0.001 1.20 (1.00, 1.43) 0.051 1.14 (0.94, 1.39) 0.175 1.16 (0.98, 1.36) 0.079 
NT-proBNP (per 2-fold increase) 1.35 (1.22, 1.49) <0.001 1.21 (1.08, 1.36) 0.001 1.22 (1.08, 1.38) 0.001 1.25 (1.12, 1.39) <0.001 
sST2 (per 2-fold increase) 1.18 (0.94, 1.48) 0.160 1.19 (0.92, 1.54) 0.180 1.22 (0.93, 1.59) 0.149 1.22 (0.96, 1.55) 0.105 

 

 

Model 1: (364 participants); includes four biomarkers only (CRP, TnT, NT-proBNP, sST2) 
Model 2: (338 participants); includes age, sex, diabetes, history of hypertension, cholesterol/HDL ratio, BMI, smoking status, history of CVD + four 
biomarkers (CRP, TnT, NT-proBNP, sST2) 
Model 3: (315 participants); includes Model 1 + eGFR + proteinuria + four biomarkers (CRP, TnT, NT-proBNP, sST2) 
Model 4: (364 participants); includes age, diabetes, total RRT time, serum creatinine, smoking status, history of IHD + four biomarkers (CRP, TnT, NT-
proBNP, sST2) 
 
 
Abbreviations: BMI = body mass index; CI = confidence interval; CRP = C-reactive protein; CVD = cardiovascular disease; eGFR = estimated glomerular 
filtration rate; IHD = ischaemic heart disease; MACE = major adverse cardiovascular event; NT-proBNP = N-terminal pro B-type natriuretic peptide; RRT = 
renal replacement therapy; sST2 = soluble ST2; TnT = troponin T 
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7.3.2  Impact of biomarkers on all-cause mortality model performance     

Table 7.2 demonstrates the differences in C-statistics of each model related to all-cause 
mortality before and after the addition of the biomarkers. The category-free net 
reclassification index (NRI >0) and integrated discrimination index (IDI) for each model 
related to all-cause mortality after the addition of the biomarkers are also shown. 

For all-cause mortality, the addition of the four biomarkers to a model comprised of 
conventional cardiovascular risk factors led to a statistically significant improvement in the 
C-statistic of the model (Model 2: C-statistic change +0.034; P <0.001). Similar 
improvements in C-statistics were demonstrated when all four biomarkers were added to the 
other multivariable models for all-cause mortality. The IDI and category-free NRI were 
statistically significant following the addition of the four biomarkers to each multivariable 
model related to all-cause mortality. 

Similar results for the discrimination and reclassification metrics were demonstrated when 
only CRP and NT-proBNP were added to the models related to all-cause mortality. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7.2. Metrics for improvement in risk prediction of all-cause mortality with addition of 
all four biomarkers versus only biomarkers demonstrating independent association with all-
cause mortality. 

 

All-cause mortality 
 

 + all 4 biomarkers + CRP, NT-proBNP only 
 
Model 2 
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C-statistic 
   Original model 
   New model 
Difference 
P value 

 
0.754 
0.788 
0.034 
<0.001 

 
0.754 
0.784 
0.030 
0.001 

 
IDI (95% CI) 
P value 

 
0.073 (0.037, 0.117) 
<0.001 

 
0.063 (0.029, 0.104) 
0.001 

 
NRI (>0) (95% CI) 
P value 

 
0.540 (0.286, 0.766) 
0.001 

 
0.480 (0.222, 0.696) 
0.004 

 
Model 3 
 

  

C-statistic 
   Original model 
   New model 
Difference 
P value 

 
0.762 
0.791 
0.029 
0.001 

 
0.762 
0.790 
0.028 
0.001 

 
IDI (95% CI) 
P value 

 
0.055 (0.024, 0.099) 
0.001 

 
0.050 (0.019, 0.089) 
0.001 

 
NRI (>0) (95% CI) 
P value 

 
0.438 (0.182, 0.692) 
0.002 

 
0.448 (0.152, 0.664) 
0.004 

 
Model 4 
 

 
 

 

C-statistic 
   Original model 
   New model 
Difference 
P value 

 
0.760 
0.790 
0.030 
0.001 

 
0.760 
0.786 
0.026 
0.001 

 
IDI (95% CI) 
P value 

 
0.056 (0.025, 0.097) 
0.002 
 

 
0.048 (0.19, 0.083) 
0.004 

NRI (>0) (95% CI) 
P value 

0.434 (0.174, 0.682) 
0.006 

0.368 (0.136, 0.610) 
0.010 

 

Abbreviations: BNP = N-terminal pro B-type natriuretic peptide; CI = confidence interval; 
CRP = C-reactive protein; IDI = Integrated Discrimination Index; MACE = major adverse 
cardiovascular events; NRI (>0) = category-free Net Reclassification Index 

 

7.3.3  Combined biomarker concentrations and cardiovascular mortality 

Table 7.3 displays the relationships between CRP, TnT, NT-proBNP and sST2 
concentrations and cardiovascular mortality in multivariable models containing all four 
biomarkers. 

In the initial model containing the four biomarkers alone, CRP concentration was not 
significantly associated with cardiovascular mortality (Model 1: adjusted HR 1.08; 95% CI 
0.93, 1.26; P = 0.310). Further adjustments for traditional and transplant-related 
cardiovascular risk factors did not alter this. A similar pattern was demonstrated for sST2 
concentration. 
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In all adjusted models, TnT and NT-proBNP concentrations were strongly associated with 
cardiovascular mortality. The strongest association was between TnT and cardiovascular 
mortality. After adjustment for the other biomarkers, a doubling of TnT concentration was 
associated with a 54% increased risk of cardiovascular mortality (Model 1: adjusted HR 
1.54; 95% CI 1.25, 1.91; P <0.001). Further adjustment for traditional risk factors, graft 
function and proteinuria did not attenuate this relationship (Model 3: adjusted HR 1.53; 95% 
CI 1.13, 2.08; P = 0.007). 
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Table 7.3. Association of CRP, TnT, NT-proBNP and sST2 concentrations with cardiovascular mortality in multivariable Cox proportional hazard 
regression models. 

 

 Model 1  Model 2  Model 3  Model 4  
 aHR (95% CI) P 

value 
aHR (95% CI) P 

value 
aHR (95% CI) P 

value 
aHR (95% CI) P 

value 
CRP (per 2-fold increase)  1.08 (0.93, 1.26) 0.310 1.13 (0.96, 1.33) 0.132 1.19 (0.99, 1.43) 0.062 1.04 (0.88, 1.22) 0.661 
TnT (per 2-fold increase) 1.54 (1.25, 1.91) <0.001 1.50 (1.14, 1.97) 0.004 1.53 (1.13, 2.08) 0.007 1.45 (1.14, 1.83) 0.002 
NT-proBNP (per 2-fold increase) 1.41 (1.20, 1.64) <0.001 1.24 (1.04, 1.49) 0.019 1.26 (1.04, 1.55) 0.022 1.37 (1.14, 1.63) 0.001 
sST2 (per 2-fold increase) 1.22 (0.83, 1.81)  0.311 1.20 (0.79, 1.84) 0.398 1.27 (0.82, 1.96) 0.287 1.21 (0.80, 1.83) 0.366 

 

 

Model 1: (364 participants); includes four biomarkers only (CRP, TnT, NT-proBNP, sST2) 
Model 2: (338 participants); includes age, sex, diabetes, history of hypertension, cholesterol/HDL ratio, BMI, smoking status, history of CVD + four 
biomarkers (CRP, TnT, NT-proBNP, sST2) 
Model 3: (315 participants); includes Model 1 + eGFR + proteinuria + four biomarkers (CRP, TnT, NT-proBNP, sST2) 
Model 4: (364 participants); includes age, diabetes, total RRT time, serum creatinine, smoking status, history of IHD + four biomarkers (CRP, TnT, NT-
proBNP, sST2) 
 
 
Abbreviations: BMI = body mass index; CI = confidence interval; CRP = C-reactive protein; CVD = cardiovascular disease; eGFR = estimated glomerular 
filtration rate; IHD = ischaemic heart disease; MACE = major adverse cardiovascular event; NT-proBNP = N-terminal pro B-type natriuretic peptide; RRT = 
renal replacement therapy; sST2 = soluble ST2; TnT = troponin T 
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7.3.4  Impact of biomarkers on cardiovascular mortality model performance 

Table 7.4 demonstrates the differences in C-statistics of each model related to cardiovascular 
mortality before and after the addition of the biomarkers. The category-free net 
reclassification index (NRI >0) and integrated discrimination index (IDI) for each model 
related to cardiovascular mortality after the addition of the biomarkers are also shown. 

For cardiovascular mortality, the addition of all four biomarkers to a model comprised of 
traditional cardiovascular risk factors, eGFR and proteinuria led to an increase in the C-
statistic, but this failed to achieve statistical significance (Model 3: C-statistic change 
+0.036; P = 0.078). Similar results were demonstrated when the biomarkers were added to a 
model for cardiovascular mortality which included variables from CRCRTR. The IDI and 
category-free NRI were statistically significant for all models related to cardiovascular 
mortality after the addition of the four biomarkers. 

Very similar results for the C-statistic change, IDI and category-free NRI were obtained 
when only TnT and NT-proBNP were added to the multivariable models related to 
cardiovascular mortality. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7.4. Metrics for improvement in risk prediction of cardiovascular mortality with 
addition of all four biomarkers versus only biomarkers demonstrating independent 
association with cardiovascular mortality. 

 

Cardiovascular mortality 
 

 + all 4 biomarkers + TnT, NT-proBNP only 
 
Model 2 
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C-statistic 
   Original model 
   New model 
Difference 
P value 

 
0.792 
0.836 
0.044 
0.029 

 
0.792 
0.835 
0.043 
0.031 

 
IDI (95% CI) 
P value 

 
0.133 (0.057, 0.217) 
0.002 

 
0.128 (0.046, 0.206) 
0.002 

 
NRI (>0) (95% CI) 
P value 

 
0.662 (0.320, 1.076) 
0.003 

 
0.714 (0.256, 1.020) 
0.007 

 
Model 3 
 

 
 

 

C-statistic 
   Original model 
   New model 
Difference 
P value 

 
0.803 
0.839 
0.036 
0.078 

 
0.803 
0.837 
0.034 
0.092 

 
IDI (95% CI) 
P value 

 
0.113 (0.047, 0.195) 
0.001 

 
0.104 (0.034, 0.178) 
0.003 

 
NRI (>0) (95% CI) 
P value 

 
0.604 (0.260, 0.988) 
0.004 

 
0.564 (0.182, 0.928) 
0.011 

 
Model 4 
 

  

C-statistic 
   Original model 
   New model 
Difference 
P value 

 
0.801 
0.832 
0.031 
0.103 

 
0.801 
0.833 
0.032 
0.098 

 
IDI (95% CI) 
P value 

 
0.115 (0.055, 0.203) 
0.002 

 
0.114 (0.050, 0.194) 
0.002 
 

NRI (>0) (95% CI) 
P value 

0.662 (0.342, 0.968) 
0.002 

0.742 (0.364, 1.002) 
0.001 

 

Abbreviations: NT-proBNP = N-terminal pro B-type natriuretic peptide; CI = confidence 
interval; IDI = Integrated Discrimination Index; MACE = major adverse cardiovascular 
events; NRI (>0) = category-free Net Reclassification Index; TnT = troponin T 

 

7.3.5  Combined biomarker concentrations and MACE 

Table 7.5 displays the associations of CRP, TnT, NT-proBNP and sST2 concentrations with 
MACE when all four biomarkers were added to multivariable models. 

In a multivariable model containing the four biomarkers alone, CRP showed no association 
with MACE (Model 1: adjusted HR 1.06; 95% CI 0.96, 1.18; P = 0.249). This remained 
unchanged after adjustments for traditional cardiovascular risk factors, graft function and 
proteinuria, and for variables included in CRCRTR. Additionally, the association between 
sST2 concentration and MACE did not attain statistical significance in any of the models. 
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Of the four included biomarkers, only TnT remained independently associated with MACE 
in all models. After adjustment for CRP, NT-proBNP and sST2, a two-fold increase in TnT 
concentration was associated with a 68% increase in the risk of developing MACE (Model 
1: adjusted HR 1.68; 95% CI 1.42, 2.00; P <0.001). The strength of this association was 
similar after adjustment for variables included in CRCRTR (Model 4: adjusted HR 1.60; 
95% CI 1.30, 1.96; P <0.001).  
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Table 7.5. Association of CRP, TnT, NT-proBNP and sST2 concentrations with MACE in multivariable Cox proportional hazard regression models. 

 

 Model 1  Model 2  Model 3  Model 4  
 aHR (95% CI) P 

value 
aHR (95% CI) P 

value 
aHR (95% CI) P 

value 
aHR (95% CI) P 

value 
CRP (per 2-fold increase)  1.06 (0.96, 1.18) 0.249 1.03 (0.92, 1.16) 0.557 1.04 (0.91, 1.18) 0.577 1.04 (0.93, 1.16) 0.487 
TnT (per 2-fold increase) 1.68 (1.42, 2.00) <0.001 1.43 (1.15, 1.77) 0.001 1.43 (1.14, 1.80) 0.002 1.60 (1.30, 1.96) <0.001 
NT-proBNP (per 2-fold increase) 1.16 (1.04, 1.30) 0.007 1.10 (0.97, 1.24) 0.154 1.10 (0.96, 1.26) 0.169 1.09 (0.96, 1.23) 0.187 
sST2 (per 2-fold increase) 1.22 (0.95, 1.58) 0.118 1.18 (0.90, 1.55) 0.229 1.18 (0.89, 1.57) 0.249 1.23 (0.94, 1.60) 0.129 

 

 

Model 1: (364 participants); includes four biomarkers only (CRP, TnT, NT-proBNP, sST2) 
Model 2: (338 participants); includes age, sex, diabetes, history of hypertension, cholesterol/HDL ratio, BMI, smoking status, history of CVD + four 
biomarkers (CRP, TnT, NT-proBNP, sST2) 
Model 3: (315 participants); includes Model 1 + eGFR + proteinuria + four biomarkers (CRP, TnT, NT-proBNP, sST2) 
Model 4: (357 participants); includes age, diabetes, LDL-cholesterol, number of transplant grafts, serum creatinine, smoking status, history of IHD + four 
biomarkers (CRP, TnT, NT-proBNP, sST2) 
 
 
Abbreviations: BMI = body mass index; CI = confidence interval; CRP = C-reactive protein; CVD = cardiovascular disease; eGFR = estimated glomerular 
filtration rate; IHD = ischaemic heart disease; MACE = major adverse cardiovascular event; NT-proBNP = N-terminal pro B-type natriuretic peptide; RRT = 
renal replacement therapy; sST2 = soluble ST2; TnT = troponin T 
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7.3.6  Impact of biomarkers on MACE model performance 

Table 7.6 demonstrates the differences in C-statistics of each model related to MACE before 
and after the addition of the biomarkers. The category-free net reclassification index (NRI 
>0) and integrated discrimination index (IDI) for each model related to MACE after the 
addition of the biomarkers are also shown. 

The addition of all four biomarkers to a model for MACE which adjusted for traditional 
cardiovascular risk factors significantly increased its C-statistic (Model 2: C-statistic change 
+0.023; P = 0.047). Similar results were demonstrated for a model comprised of factors from 
CRCRTR. The IDI and category-free NRI for all models related to MACE were statistically 
significant after the addition of CRP, TnT, NT-proBNP and sST2. 

The addition of TnT alone to a model for MACE which adjusted for traditional 
cardiovascular risk factors failed to significantly increase its C-statistic (Model 2: C-statistic 
change +0.018; P = 0.100). Similar results were obtained following further adjustment for 
eGFR and proteinuria (Model 3: C-statistic change +0.012; P = 0.244). The IDI and 
category-free NRI for all MACE-related models were significant after the addition of TnT 
alone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7.6. Metrics for improvement in risk prediction of MACE with addition of all four 
biomarkers versus only biomarkers demonstrating independent association with MACE. 

 

MACE 
 

 + all 4 biomarkers + TnT only 
 
Model 2 
 

  
 

C-statistic   
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   Original model 
   New model 
Difference 
P value 

0.768 
0.791 
0.023 
0.047 

0.768 
0.786 
0.018 
0.100 

 
IDI (95% CI) 
P value 

 
0.061 (0.023, 0.108) 
0.004 

 
0.054 (0.018, 0.094) 
0.002 

 
NRI (>0) (95% CI) 
P value 

 
0.374 (0.154, 0.744) 
0.005 

 
0.608 (0.248, 0.802) 
0.003 

 
Model 3 
 

  

C-statistic 
   Original model 
   New model 
Difference 
P value 

 
0.773 
0.790 
0.017 
0.121 

 
0.773 
0.785 
0.012 
0.244 

 
IDI (95% CI) 
P value 

 
0.049 (0.016, 0.097) 
0.005 

 
0.043 (0.010, 0.083) 
0.008 

 
NRI (>0) (95% CI) 
P value 

 
0.440 (0.126, 0.752) 
0.011 

 
0.410 (0.172, 0.762) 
0.008 

 
Model 4 
 

 
 

 

C-statistic 
   Original model 
   New model 
Difference 
P value 

 
0.760 
0.790 
0.030 
0.023 

 
0.760 
0.787 
0.027 
0.031 

 
IDI (95% CI) 
P value 

 
0.082 (0.040, 0.136) 
<0.001 

 
0.076 (0.032, 0.127) 
<0.001 
 

NRI (>0) (95% CI) 
P value 

0.620 (0.370, 0.880) 
<0.001 

0.728 (0.408, 0.918) 
<0.001 

 

Abbreviations: CI = confidence interval; IDI = Integrated Discrimination Index; MACE = 
major adverse cardiovascular events; NRI (>0) = category-free Net Reclassification Index; 
TnT = troponin T 

 

 

7.4  Discussion 

Studies which investigate a single biomarker for the purpose of improving cardiovascular 
risk prediction have been criticised for focusing on a solitary pathophysiological process 
related to the disease (470). The benefits of a multimarker approach to cardiovascular risk 
prediction have been discussed in the literature for over a decade (465). Importantly, a recent 
study in the general population reported that the combination of biomarkers useful for 
predicting cardiovascular risk varied according to whether the outcome of interest was all-
cause mortality, atherosclerosis-related events or incident heart failure (471). The authors, 
Ho and colleagues, recommended that additional validation studies should be carried out 
before a multimarker approach to cardiovascular risk prediction is adopted into clinical 
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practice. New laboratory techniques, including the Biochip Array Technology (Randox, 
Crumlin, Northern Ireland), which allow up to 23 biomarkers to be simultaneously detected 
in a single serum sample, may facilitate the performance of such studies (470). 

The current study is the first to investigate the possibility of improving the accuracy of 
cardiovascular risk prediction in renal transplant recipients by combining multiple 
cardiovascular biomarkers. Interestingly, the findings of this study in renal transplant 
recipients mirror those reported by Ho and co-workers in the general population; namely that 
different combinations of biomarkers may be required for predicting different adverse 
outcomes (471). 

For all-cause mortality in the current study, only NT-proBNP and CRP retained independent 
associations with the outcome in fully adjusted models. This is in keeping with the findings 
of a post hoc analysis of the Folic Acid for Vascular Outcome Reduction in Transplantation 
(FAVORIT) trial (326). In this analysis, B-type natriuretic peptide (BNP) and troponin I 
(TnI), but not CRP, were measured in a large cohort of renal transplant recipients. The 
results demonstrated that when BNP and TnI were added to fully adjusted models, only BNP 
remained independently associated with all-cause mortality (326). Together, these studies 
suggest that natriuretic peptides are the biomarkers which have the strongest relationship 
with all-cause mortality in renal transplant recipients.  

It is striking in this study that CRP was independently associated with all-cause mortality (as 
it is in the general population), but its relationship with cardiovascular mortality did not 
attain statistical significance (287). This suggests that CRP may be associated with other 
causes of death in this cohort, of which malignancy and infection are the most common after 
cardiovascular disease. The relationship between CRP and other causes of mortality will be 
further investigated in Chapter 8 of this thesis. 

In the present study, the addition of all four biomarkers to survival models for all-cause 
mortality led to improvements in their C-statistics and produced statistically significant IDI 
and category-free NRI. However, it is notable that sST2 and TnT appeared to contribute 
little additional predictive value to the models over and above that provided by CRP and 
NT-proBNP. For example, in all-cause mortality Model 3, there was only a minimal 
improvement in the C-statistic when all four biomarkers were added, versus when only CRP 
and NT-proBNP were added (C-statistic change +0.029 versus +0.028). Additionally, the 
category-free NRI was higher when only CRP and NT-proBNP were added to the model 
compared to all four biomarkers.  

Overall, the results from this study suggest that CRP and NT-proBNP are the most powerful 
biomarkers for predicting all-cause mortality in renal transplant recipients. This is in keeping 
with the findings of the Diabetes Cardiovascular Risk Evaluation Targets and Essential Data 
for Commitment of Treatment (DETECT) study, which described improved risk prediction 
of all-cause mortality (as measured by discrimination and reclassification metrics) using 
CRP and NT-proBNP in a large cohort of primary care patients (370). In clinical practice, 
measurement of sST2 and TnT for this outcome may provide little supplementary value, 
which is an important consideration given the financial cost associated with additional 
biomarker testing.  

For cardiovascular mortality in the present study, only TnT and NT-proBNP demonstrated 
independent associations with the outcome in all adjusted models. TnT was the biomarker 
most strongly associated with cardiovascular mortality. Similar findings have been reported 
in the general population. For example, in the Atherosclerosis Risk in Communities (ARIC) 
study, the strength of association with cardiovascular disease was highest for TnT, then NT-
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proBNP, and lowest for CRP (287). Conversely, results in the present study differ somewhat 
from the post hoc analysis of the FAVORIT trial (326). In the trial, BNP showed a stronger 
association with cardiovascular events and mortality than TnI. Indeed, adjusting for BNP 
caused the association between TnI and cardiovascular mortality to lose statistical 
significance (326). 

In this study, the addition of all four biomarkers to survival models for cardiovascular 
mortality produced statistically significant IDI and category-free NRI. However, like the 
pattern observed for all-cause mortality, the results suggest the measurement of all four 
biomarkers may be unnecessary. In cardiovascular mortality Model 1, the C-statistic change 
was only marginally higher when all four biomarkers were added compared to when only 
TnT and NT-proBNP were added (C statistic change +0.044 versus 0.043). Both C-statistic 
improvements were statistically significant. Additionally, the category-free NRI was higher 
when only TnT and NT-proBNP were added to the model compared to all four biomarkers. 
Therefore, the additional financial cost required to measure CRP and sST2 may be 
unwarranted for predicting cardiovascular mortality in renal transplant recipients. 

In this cohort of renal transplant recipients, TnT was the only biomarker independently 
associated with MACE after adjustment for other biomarkers, conventional cardiovascular 
risk factors, eGFR and proteinuria. The relationship between TnT and MACE has been fully 
discussed in Chapter 4 (section 4.4). 

In several MACE-related models, the continuous NRI was substantially higher when TnT 
alone was added, compared to when all four biomarkers were added (Model 2: NRI (>0) 
0.608 versus 0.374; Model 4 NRI (>0) 0.728 versus 0.620). However, for all models, the 
addition of four biomarkers led to higher C-statistic improvements and IDI compared to 
when TnT alone was added. It is challenging to interpret the potential clinical impact of such 
conflicting results. For MACE, further studies which investigate varying combinations of 
cardiovascular biomarkers in renal transplant recipients are required to provide clarification. 

By combining four biomarkers of cardiovascular disease, this study has explored the clinical 
utility of each individual biomarker in renal transplant recipients. Firstly, sST2 does not 
appear to be independently associated with adverse outcomes in renal transplant recipients. 
Its role for predicting mortality and cardiovascular events in this population may be 
extremely limited. Secondly, CRP may be useful for predicting all-cause mortality, but it is 
not specific to cardiovascular disease. This suggests CRP may be associated with other 
causes of death in this population. NT-proBNP is associated with both all-cause and 
cardiovascular mortality in transplant recipients and may be a useful adjunct to existing 
cardiovascular risk prediction tools. Similarly, TnT appears to be relatively specific to 
cardiovascular outcomes and its addition to the cardiovascular risk calculator for renal 
transplant recipients may also be warranted. Prior to being adopted into clinical practice,  
validation studies and cost-benefit analyses for multiple biomarker measurements should be 
considered.      
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8.1  Introduction 

There is a striking discrepancy between the life expectancy of an individual from the general 
population and that of a person with end-stage renal disease (ESRD) (87). The modality of 
renal replacement therapy (RRT) offered to ESRD patients has a significant impact on their 
predicted survival. It is accepted that renal transplantation offers a substantial survival 
benefit compared to dialysis (2). However, recent European registry data have demonstrated 
that transplantation does not increase the life expectancy of patients with ESRD to a level 
comparable with their age-matched peers in the general population (7, 87). This is 
demonstrated in Figure 8.1.           

 

 

 

 

 

Figure 8.1. Expected remaining life years the general population compared to prevalent 
dialysis and transplant patients (reproduced from (87) with permission from Oxford 
University Press).  

The premature mortality observed in renal transplant recipients is often attributed to the 
increased prevalence of cardiovascular disease in this patient cohort (472). However, the 
most recent report from the UK Renal Registry challenges this perception (88). In 2017, 
cardiac disease and cerebrovascular disease together accounted for 24.4% of deaths in 
prevalent renal transplant recipients (88). Notably, malignancy was the commonest cause of 
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death, accounting for 25.7% of recipient mortality. Infection was also common and 
accounted for 19.3% of deaths (88). 

Whilst the absolute percentage mortality attributed to cardiovascular disease, infection or 
malignancy vary annually, there has been a consistent downward trend in the rate of 
cardiovascular deaths in the renal transplant recipients of the UK over the last decade (473). 
This has coincided with a relative increase in deaths due to other causes, particularly 
malignancy and infection.  It has been suggested that the increased age of transplant 
recipients, together with prolonged exposure to more intense immunosuppressive regimens, 
may account for this change (473). 

The overall incidence of malignancy is at least two-fold higher in renal transplant recipients 
compared to non-transplanted individuals (474). However, the risk is not uniformly 
increased for all types of cancer (475). For example, the risk of breast, ovarian and prostate 
cancer is no higher in transplant recipients compared to individuals in the general population 
(474). In contrast, the risk of numerous other malignancies such as non-Hodgkin lymphoma, 
lung cancer, colorectal cancer and non-melanoma skin cancer is significantly elevated (474-
476).  

Various risk factors for post-transplant malignancy have been identified (475). In renal 
transplant recipients, the duration of pre-transplant dialysis has a linear relationship with the 
development of malignancy (477). In a large registry study involving over 500,000 solid 
organ transplant recipients (the majority of which were recipients of a kidney), older age, 
male sex, white race, and a history of malignancy were identified as significant predictors in 
multivariable analyses (478). In this study, immunosuppression was identified as a key 
modifiable risk factor for post-transplant malignancy. The use of two or more 
immunosuppressant agents significantly increased the risk of various cancers, while the use 
of rapamycin reduced the incidence of non-melanoma skin cancers (478). These findings 
support those of a previous meta-analysis which demonstrated that transplant recipients and 
patients with HIV/AIDS were at increased risk of many of the same cancers (479). The 
authors of the meta-analysis concluded that it is immune deficiency and loss of immune 
surveillance that leads to increased cancer risk in these patient cohorts (479).      

The incidence of cancer in renal transplant recipients increases with time following 
transplantation. In the USA, the incidence of malignancy in renal transplant recipients at 20 
years post-transplant is approximately four times higher than the incidence at 5 years post-
transplant (478). This has been attributed to the increasing cumulative immunosuppressant 
load to which recipients are exposed (475). Interestingly, the use of immunosuppression for 
glomerular diseases prior to transplantation significantly increases total immunosuppression 
exposure and consequently increases the risk of cancer in the post-transplant period (480). 
For infection-related malignancy, such as post-transplant lymphoproliferative disorder 
(PTLD), reduction or cessation of immunosuppression is recommended as first-line 
treatment (481).    

The use of immunosuppressive medication in renal transplant recipients is also associated 
with a relatively high incidence of infection-related mortality (473). In a study of 3,249 renal 
transplant recipients in Finland, it was demonstrated that the incidence of infection-related 
mortality had halved between the periods 1990-1999 and 2000-2012. However, in the UK, 
infection is consistently reported in the top three causes of death for renal transplant 
recipients (88, 473). Indeed in 2015, infection was the commonest cause of death, surpassing 
both cardiovascular disease and malignancy (473). 
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The increased risk of infection associated with renal transplantation is evident from the time 
of the transplant procedure when immunosuppressive medications are introduced (482). 
Although exceptions can occur, infections in renal transplant recipients follow a predictable 
pattern. In the first month, infections are generally due to hospital-acquired microorganisms 
and may be related to surgical issues (482). In the following five months, the rate of viral 
infections such as cytomegalovirus (CMV) and BK virus peaks, alongside the risk of 
opportunistic infections. Thereafter, recipients typically develop community-acquired 
infections such as bacterial pneumonia (482). 

In the recent study from Finland, only 11% of all infectious deaths occurred in the first year 
post-transplant (483). Infection-related mortality was demonstrated to be a delayed 
phenomenon, with over 80% of cases being attributed to common bacterial infections such 
as community-acquired pneumonia. Of note, identified risk factors for infection-related 
mortality included older age, higher serum creatinine concentration, duration of pre-
transplant dialysis and diabetes (483). 

Several studies have demonstrated that recipient age at the time of transplantation is a 
significant contributory factor to the risk of infection-related mortality (484, 485). One study 
demonstrated that this was due to the increased vulnerability of elderly recipients to the 
effects of immunosuppressive medication (486). This has particular relevance given that 
patients >65 years old are the fastest growing demographic among patients with ESRD, and 
increasing numbers of older patients are wait-listed for kidney transplantation (487). 

The traditional risk factors for cardiovascular disease, such as hypertension and diabetes, 
were identified in the Framingham Heart Study five decades ago (20). These risk factors are 
the cornerstone of cardiovascular risk prediction and risk reduction strategies in the general 
population and in renal transplant recipients (151, 488). Similar methods for predicting 
malignancy- and infection-related mortality in renal transplant recipients do not exist. 

The previous chapters of this thesis demonstrate the significant associations between 
biomarkers of cardiovascular disease (C-reactive protein [CRP], Troponin T [TnT], N-
terminal pro B-type natriuretic peptide [NT-proBNP] and soluble ST2 [sST2]), and 
numerous adverse outcomes in renal transplant recipients, including all-cause and 
cardiovascular mortality. The study described in this chapter is an exploratory analysis to 
assess whether these biomarkers are associated with mortality due to infection or 
malignancy, the other leading causes of death in renal transplant recipients.  

 

8.2  Patients and methods 

8.2.1  Study population and outcomes 

The study participants have been fully described in Chapter 2, Patients and Methods. The 
clinical outcomes for this study are infection- and malignancy-related mortality. Follow-up 
data on these outcomes were obtained from the Northern Ireland Kidney Transplant 
Database. 

 

8.2.2  Biomarker measurement 

The sample handling and laboratory methods used to determine CRP (Chapter 3), TnT 
(Chapter 4), NT-proBNP (Chapter 5), and sST2 (Chapter 6) have been described previously. 
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8.2.3  Statistical methods 

The methods used to perform the statistical analyses in this study have been described in 
Section 2.8. 

Median values were used to categorise biomarker concentrations in Kaplan-Meier analyses 
in preference to established cut-points as the established cut-points were originally derived 
for use in cardiovascular disease.  

According to statistical conventional, a limited number of covariates were selected for 
inclusion in survival models due to the small number of events for infection- and 
malignancy-related mortality (489). These were selected a priori from the existing literature 
(475, 483). Total RRT time was included as a surrogate for pre-transplant dialysis duration 
plus the length of time exposed to immunosuppression after transplantation. 

 

8.3  Results 

8.3.1  Correlation of biomarkers of cardiovascular disease 

The correlation of the biomarkers is demonstrated in Table 8.1. There was no statistically 
significant correlation between sST2 and CRP. The biomarkers were otherwise significantly 
correlated with each other. The strongest relationship was between NT-proBNP and TnT 
(Spearman’s rho = 0.575, p <0.001). 

 

Table 8.1. Correlation matrix for the measured biomarkers. 

 

 CRP TnT NT-proBNP sST2 
CRP —    
TnT 0.244** —   
NT-proBNP 0.209** 0.575** —  
sST2     0.065   0.226** 0.116* — 

 

 

** Correlation is significant at the 0.01 level (2-tailed) 

* Correlation is significant at the 0.05 level (2-tailed) 

 

8.3.2  Incidence of mortality 

Participants were followed-up for a median of 16.2 years. During this time, 171 (46.6%) of 
the 367 recipients died. Of these deaths, cardiovascular disease accounted for 62 (36%), 
infection accounted for 37 (21.6%) and malignancy accounted for 47 (27.5%). 

For most cases of malignancy-related mortality, the type of cancer was not specified in the 
Northern Ireland Kidney Transplant Database. Similarly, for the majority of cases of 
infection-related mortality, the specific infection was not recorded. 
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8.3.3  CRP and infection-related mortality 

The Kaplan-Meier plot (Figure 8.2) demonstrated that the probability of infection-related 
mortality was higher in the high CRP (≥median, 1.74 mg/L) group compared to the low CRP 
(<median, 1.74 mg/L) group (Log-rank Test P value <0.001).   

 

 
 
 
Figure 8.2. Kaplan-Meier curve of infection-related mortality according to low (<median, 
1.74 mg/L) or high (≥median, 1.74 mg/L) CRP concentration. 
 
Abbreviations: CRP = C-reactive protein 
 

 

The association between serum CRP concentration and infection-related mortality is 
displayed in Table 8.2. 

In a univariable Cox regression model, a twofold increase in CRP was associated with a 
42% increase in the risk of infection-related mortality (unadjusted HR 1.42; 95% CI 1.17, 
1.71; P <0.001). Adjustment for age, sex, eGFR and additionally for diabetes and total time 
on RRT did not attenuate this association. 

After adjustment for age, sex and eGFR, a CRP concentration greater the median was 
associated with a three-fold increased risk of infection-related mortality (adjusted HR 3.19; 
95% CI 1.53, 6.62; P = 0.002). Risk of infection-related mortality increased across quartiles 
of CRP concentration, with the highest risk demonstrated in Quartile 4. 
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Table 8.2. Association of CRP with infection-related mortality on multivariable Cox proportional hazard regression models. 

 

 

   Model 1  Model 2  
 Unadjusted HR 

(95% CI) 
P value Adjusted HR 

(95% CI) 
P value Adjusted HR  

(95% CI) 
P value 

CRP (per 2-fold increase)  1.42 (1.17, 1.71) <0.001 1.41 (1.15, 1.72) 0.001 1.46 (1.18, 1.81) <0.001 
CRP ≥2 mg/L 3.19 (1.60, 6.36) 0.001 2.77 (1.38, 5.56) 0.004 2.86 (1.42, 5.75) 0.003 
CRP ≥median (1.74 mg/L) 3.48 (1.69, 7.20) 0.001 3.19 (1.53, 6.62) 0.002 3.27 (1.57, 6.80) 0.002 
CRP quartiles 

Q1  (≤0.66 mg/L) 
Q2  (0.67 – 1.73 mg/L)  
Q3  (1.74 – 4.70 mg/L) 

   Q4  (≥4.71 mg/L) 

 
Reference 
4.39 (0.93, 20.67) 
6.81 (1.51, 30.75) 
11.91 (2.73, 51.85) 

 
 
0.061 
0.013 
0.001 

 
Reference 
3.23 (0.684, 15.28) 
5.76 (1.27, 26.04) 
8.72 (1.98, 38.42) 

 
 
0.139 
0.023 
0.004 

 
Reference 
3.14 (0.66, 14.85) 
5.53 (1.22, 25.10) 
9.40 (2.12, 41.67) 

 
 
0.150 
0.027 
0.003 

 

 
Model 1: (354 participants); adjusted for age, sex, eGFR, CRP 
Model 2: (354 participants); Model 1 + diabetes, total RRT time 
 
Abbreviations: CI = confidence interval; CRP = C-reactive protein; eGFR = estimated glomerular filtration rate; HR = hazard ratio; RRT = renal replacement 
therapy 
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8.3.4  CRP and malignancy-related mortality 

The Kaplan-Meier plot (Figure 8.3) showed that when CRP concentration was categorised 
according to the median value (1.74 mg/L), the probability of malignancy-related mortality 
was not significantly different between the high and low CRP groups (Log-rank Test P = 
0.321). 

 

 

 

Figure 8.3. Kaplan-Meier curve of malignancy-related mortality according to low 
(<median, 1.74 mg/L) or high (≥median, 1.74 mg/L) CRP concentration. 
 
Abbreviations: CRP = C-reactive protein 
 

The relationship between CRP concentration and malignancy-related mortality is displayed 
in Table 8.3. 

In a univariable Cox regression model, a two-fold increase in CRP concentration was 
associated with a 24% increase in the risk of infection-related mortality (unadjusted HR 
1.24; 95% CI 1.04, 1.47; P = 0.015). This association was somewhat lessened after 
adjustment for age, sex, eGFR, smoking status and total RRT time (adjusted HR 1.20; 95% 
CI 1.00, 1.44; P = 0.046). 

When categorised according to a cut-point of 2 mg/L, its median value or by quartiles, CRP 
concentration was not associated with malignancy-related mortality in univariable or 
multivariable models. 
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Table 8.3. Association of CRP with malignancy-related mortality on multivariable Cox proportional hazard regression models. 

 

   Model 1  Model 2  
 Unadjusted HR 

(95% CI) 
P value Adjusted HR 

(95% CI) 
P value Adjusted HR  

(95% CI) 
P value 

CRP (per 2-fold increase)  1.24 (1.04, 1.47) 0.015 1.21 (1.01, 1.45) 0.041 1.20 (1.00, 1.44) 0.046 
CRP ≥2 mg/L 1.46 (0.81, 2.62) 0.206 1.29 (0.71, 2.33) 0.406 1.29 (0.71, 2.34) 0.400 
CRP ≥median (1.74 mg/L) 1.34 (0.75, 2.41) 0.323 1.23 (0.68, 2.23) 0.490 1.20 (0.66, 2.18) 0.546 
CRP quartiles 

Q1  (≤0.66 mg/L) 
Q2  (0.67 – 1.73 mg/L)  
Q3  (1.74 – 4.70 mg/L) 

   Q4  (≥4.71 mg/L) 

 
Reference 
1.10 (0.48, 2.53) 
1.13 (0.48, 2.66) 
1.74 (0.78, 3.89) 

 
 
0.830 
0.783 
0.180 

 
Reference 
0.80 (0.34, 1.85) 
0.96 (0.40, 2.26) 
1.23 (0.54, 2.82) 

 
 
0.598 
0.918 
0.618 

 
Reference 
0.81 (0.35, 1.86) 
0.92 (0.39, 2.18) 
1.23 (0.54, 2.82) 

 
 
0.612 
0.854 
0.622 

 

Model 1: (366 participants); adjusted for age, sex, eGFR, CRP 
Model 2: (365 participants); Model 1 + smoking status, total RRT time 
 

Abbreviations: CI = confidence interval; CRP = C-reactive protein; eGFR = estimated glomerular filtration rate; HR = hazard ratio; RRT = renal replacement 
therapy 
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8.3.5  TnT and infection-related mortality 

The Kaplan-Meier plot (Figure 8.4) demonstrated that the probability of infection-related 
mortality was higher in the high TnT (≥median, 9.44 ng/L) group compared to the low TnT 
(<median 9.44 ng/L) group (Log-rank Test P = 0.002). 

 

 
 
 
 
Figure 8.4. Kaplan-Meier curve of infection-related mortality according to low (<median, 
9.44 ng/L) or high (≥median, 9.44 ng/L) TnT concentration. 
 
Abbreviations: TnT = troponin T 

 

The association between serum TnT concentration and infection-related mortality is shown 
in Table 8.4. 

In an unadjusted model, a doubling of serum TnT concentration was associated with a 64% 
increase in the risk of infection-related mortality (unadjusted HR 1.64; 95% CI 1.30, 2.07). 
This relationship remained significant after adjustment for age, sex and eGFR. 

The risk of infection-related mortality increased across quartiles of TnT concentration in an 
unadjusted model and after adjustment for age, sex, eGFR, diabetes and total RRT time. The 
risk was over threefold higher in Quartile 4 (≥16.79 ng/L) versus Quartile 1 (<4.65ng/L) 
(adjusted HR 3.54; 95% CI 1.00, 12.48; P = 0.049) in the fully adjusted model. 
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Table 8.4. Association of TnT with infection-related mortality on multivariable Cox proportional hazard regression models. 

 

 

   Model 1  Model 2  
 Unadjusted HR 

(95% CI) 
P value Adjusted HR 

(95% CI) 
P value Adjusted HR  

(95% CI) 
P value 

TnT (per 2-fold increase)  1.64 (1.30, 2.07) <0.001 1.52 (1.14, 2.02) 0.004 1.56 (1.17, 2.07) 0.002 
TnT ≥14 ng/L 2.61 (1.35, 5.02) 0.004 1.74 (0.86, 3.49) 0.122 1.83 (0.90, 3.72) 0.098 
TnT ≥median (9.44 ng/L) 2.82 (1.43, 5.55) 0.003 1.85 (0.89, 3.84) 0.098 1.89 (0.91, 3.95) 0.090 
TnT quartiles 

Q1  (≤4.65  ng/L) 
Q2  (4.66 – 9.43 ng/L)  
Q3  (9.44 – 16.78 ng/L) 

   Q4  (≥16.79 ng/L) 

 
Reference 
2.39 (0.74, 7.76) 
3.67 (1.28, 12.29) 
5.84 (1.88, 18.17) 

 
 
0.147 
0.017 
0.002 

 
Reference 
1.46 (0.43, 5.01) 
2.02 (0.59, 6.87) 
3.13 (0.90, 10.86) 

 
 
0.548 
0.262 
0.073 

 
Reference 
1.52 (0.44, 5.26) 
2.05 (0.59, 7.07) 
3.54 (1.00, 12.48) 

 
 
0.506 
0.258 
0.049 

 
 
Model 1: (354 participants); adjusted for age, sex, eGFR, TnT  
Model 2: (354 participants); Model 1 + diabetes, total RRT 
 

Abbreviations: CI = confidence interval; eGFR = estimated glomerular filtration rate; HR = hazard ratio; RRT = renal replacement therapy; TnT = troponin T 
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8.3.6  TnT and malignancy-related mortality 

The Kaplan-Meier plot (Figure 8.5) showed that the probability of malignancy-related 
survival was not significantly different between high and low TnT groups (Log-rank Test P 
= 0.072). 

 

 

 

Figure 8.5. Kaplan-Meier curve of malignancy-related mortality according to low 
(<median, 9.44 ng/L) or high (≥median, 9.44 ng/L) TnT concentration. 
 
Abbreviations: TnT = troponin T 
 

The relationship between TnT concentration and malignancy-related mortality is displayed 
in Table 8.5. 

When treated as a continuous variable, there was no significant association between serum 
TnT concentration and malignancy-related mortality in univariable or multivariable models. 

There was no relationship between malignancy-related mortality and TnT concentration 
(categorised by the median value or by quartiles) in any of the models. 
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Table 8.5. Association of TnT with malignancy-related mortality on multivariable Cox proportional hazard regression models. 

 

 

   Model 1  Model 2  
 Unadjusted HR 

(95% CI) 
P value Adjusted HR 

(95% CI) 
P value Adjusted HR  

(95% CI) 
P value 

TnT (per 2-fold increase)  1.18 (0.92, 1.50) 0.191 1.00 (0.73, 1.35) 0.981 1.02 (0.64, 1.64) 0.924 
TnT ≥14 ng/L 1.83 (0.99, 3.39) 0.055 1.33 (0.69, 2.57) 0.389 0.93 (0.50, 1.72) 0.804 
TnT ≥median (9.44 ng/L) 1.71 (0.95, 3.08) 0.075 1.22 (0.64, 2.32) 0.549 1.18 (0.65, 2.16) 0.592 
TnT quartiles 

Q1  (≤4.65  ng/L) 
Q2  (4.66 – 9.43 ng/L)  
Q3  (9.44 – 16.78 ng/L) 

   Q4  (≥16.79 ng/L) 

 
Reference 
0.66 (0.27, 1.58) 
1.32 (0.61, 2.85) 
1.58 (0.70, 3.54) 

 
 
0.347 
0.485 
0.270 

 
Reference 
0.38 (0.15, 0.98) 
0.64 (0.27, 1.53) 
0.80 (0.32, 2.02) 

 
 
0.046 
0.311 
0.631 

 
Reference 
0.77 (0.34, 1.76) 
1.23 (0.56, 2.67) 
0.85 (0.35, 2.07) 

 
 
0.540 
0.608 
0.725 

 
 
Model 1: (participants); adjusted for age, sex, eGFR, TnT 
Model 2: (participants); Model 1 + smoking status, total RRT time 
 

Abbreviations: CI = confidence interval; eGFR = estimated glomerular filtration rate; HR = hazard ratio; RRT = renal replacement therapy; TnT = troponin T 
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8.3.7  NT-proBNP and infection-related mortality 

The Kaplan-Meier plot (Figure 8.6) showed that when NT-proBNP concentration was 
categorised according its median value of 226 pg/ml, the probability of infection-related 
mortality was significantly higher in the high NT-proBNP group compared to the low NT-
proBNP group (Log-rank Test P <0.001). 

 

 
 
 
 
Figure 8.6. Kaplan-Meier curve of infection-related mortality according to low (<median. 
226 pg/ml) or high (≥median, 226 pg/ml) NT-proBNP concentration. 
 
Abbreviations: NT-proBNP = N-terminal pro B-type natriuretic peptide 

 

The relationship between serum NT-proBNP concentration and infection-related mortality is 
displayed in Table 8.6. 

In a univariable Cox regression model, a two-fold increase in NT-proBNP concentration was 
associated with a 65% increase in the risk of infection-related mortality (unadjusted HR 
1.65; 95% CI 1.38, 1.98; P <0.001). Adjustment for age, sex, eGFR, diabetes and total RRT 
time had little effect on this association. 

The risk of infection-related mortality increased across quartiles of NT-proBNP 
concentration in univariable and multivariable models. 
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Table 8.6. Association of NT-proBNP with infection-related mortality on multivariable Cox proportional hazard regression models. 

 

 

   Model 1  Model 2  
 Unadjusted HR 

(95% CI) 
P value Adjusted HR 

(95% CI) 
P value Adjusted HR  

(95% CI) 
P value 

NT-proBNP (per 2-fold increase)  1.65 (1.38, 1.98) <0.001 1.58 (1.28, 1.95) <0.001 1.63 (1.32, 2.00) <0.001 
NT-proBNP  ≥125 pg/ml 4.69 (1.66, 13.25) 0.004 3.19 (1.09, 9.35) 0.034 3.39 (1.15, 9.99) 0.026 
NT-proBNP  ≥median (226 pg/ml) 4.59 (2.16, 9.74) <0.001 3.36 (1.51, 7.49) 0.003 3.51 (1.57, 7.85) 0.002 
NT-proBNP quartiles 

Q1  (≤105.7 pg/ml) 
Q2  (105.71 – 226.30 pg/ml)  
Q3  (226.31 – 553.9 pg/ml) 

   Q4  (≥553.91 pg/ml) 

 
Reference 
2.12 (0.53, 8.50) 
5.36 (1.53, 18.81) 
9.98 (2.87, 34.63) 

 
 
0.287 
0.009 
<0.001 

 
Reference 
1.91 (0.47, 7.68) 
3.74 (1.03, 13.53) 
8.15 (2.18, 30.45) 

 
 
0.364 
0.045 
0.002 

 
Reference 
2.02 (0.50, 8.18) 
3.98 (1.10, 14.47) 
8.94 (2.39, 33.38) 

 
 
0.322 
0.036 
0.001 

 

Model 1: (354 participants); adjusted for age, sex, eGFR, NT-proBNP 
Model 2: (354 participants); Model 1 + diabetes, total RRT time 
 
Abbreviations: CI = confidence interval; eGFR = estimated glomerular filtration rate; HR = hazard ratio; NT-proBNP = N-terminal pro B-type natriuretic 
peptide; RRT = renal replacement therapy 
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8.3.8  NT-proBNP and malignancy-related mortality 

The Kaplan-Meier plot (Figure 8.7) showed that the probability of malignancy-related 
mortality was somewhat lower in the low NT-proBNP (<median, 226 pg/ml) group 
compared to the high NT-proBNP (≥median, 226 pg/ml) group (Log-rank Test P = 0.046). 

 

 
 
 
Figure 8.7. Kaplan-Meier curve of malignancy-related mortality according to low 
(<median, 226 pg/ml) or high (≥median, 226 pg/ml) NT-proBNP concentration. 
 
Abbreviations: NT-proBNP = N-terminal pro B-type natriuretic peptide 
 

The association between NT-proBNP concentration and malignancy-related mortality is 
displayed in Table 8.7. 

In an unadjusted Cox regression model, a doubling of serum NT-proBNP concentration was 
associated with a 25% increase in the risk of malignancy-related mortality. However, this 
association was no longer apparent after adjustment for age, sex and eGFR (adjusted HR 
1.15; 95% CI 0.95, 1.40; P = 0.164). 

The risk of malignancy-related mortality was not clearly associated with NT-proBNP 
concentration when it was categorised by quartiles. In a model adjusted for age, sex and 
eGFR the risk of malignancy-related mortality was higher in Quartile 3 (226.31 – 553.9 
pg/ml) than in Quartile 4 (≥553.91 pg/ml). 
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Table 8.7. Association of NT-proBNP with malignancy-related mortality on multivariable Cox proportional hazard regression models. 

 

 

   Model 1  Model 2  
 Unadjusted HR 

(95% CI) 
P value Adjusted HR 

(95% CI) 
P value Adjusted HR  

(95% CI) 
P value 

NT-proBNP (per 2-fold increase)  1.25 (1.05, 1.47) 0.010 1.15 (0.95, 1.40) 0.164 1.12 (0.92, 1.36) 0.244 
NT-proBNP  ≥125 pg/ml 1.75 (0.89, 3.46) 0.108 1.23 (0.59, 2.55) 0.579 1.18 (0.57, 2.48) 0.657 
NT-proBNP  ≥median (226 pg/ml) 1.81 (1.00, 3.27) 0.049 1.29 (0.67, 2.48) 0.444 1.31 (0.68, 2.53) 0.419 
NT-proBNP quartiles 

Q1  (≤105.7 pg/ml) 
Q2  (105.71 – 226.30 pg/ml)  
Q3  (226.31 – 553.9 pg/ml) 

   Q4  (≥553.91 pg/ml) 

 
Reference 
1.07 (0.44, 2.56) 
1.86 (0.83, 4.13) 
1.89 (0.78, 4.58) 

 
 
0.889 
0.130 
0.158 

 
Reference 
0.90 (0.37, 2.19) 
1.77 (0.50, 2.76) 
1.32 (0.48, 3.57) 

 
 
0.820 
0.711 
0.591 

 
Reference 
0.90 (0.37, 2.19) 
1.22 (0.52, 2.90) 
1.25 (0.46, 3.43) 

 
 
0.810 
0.648 
0.664 

 
 
Model 1: (366 participants); adjusted for age, sex, eGFR, NT-proBNP 
Model 2: (365 participants); Model 1 + smoking status, total RRT time 
 

Abbreviations: CI = confidence interval; eGFR = estimated glomerular filtration rate; HR = hazard ratio; NT-proBNP = N-terminal pro B-type natriuretic 
peptide; RRT = renal replacement therapy 
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8.3.9  sST2 and infection-related mortality 

The Kaplan-Meier plot (Figure 8.8) demonstrated that when sST2 was categorised according 
to its median value of 33.1 ng/ml, the probability of infection-related mortality was higher in 
the high sST2 group compared to the low sST2 group (Log-rank Test P = 0.038) 

 

 
 
 
Figure 8.8. Kaplan-Meier curves of all-cause mortality according to low (<median, 33.1 
ng/ml) or high (≥median, 33.1 ng/ml) sST2 concentration. 
 
Abbreviations: sST2 = soluble ST2 

 

The relationship between plasma sST2 concentration and infection-related malignancy is 
displayed in Table 8.8. 

In a univariable Cox regression model, a doubling of plasma sST2 concentration was 
associated with a 48% increase in the risk of infection-related mortality, though this was not 
statistically significant (unadjusted HR 1.48; 95% CI 0.94, 2.35; P = 0.093). This 
relationship was strengthened after adjustment for age, sex and eGFR (adjusted HR 1.62; 
95% CI 1.02, 2.57; P = 0.039). 

In a fully adjusted model, the risk of infection-related mortality was over five times higher in 
Quartile 4 (sST2 concentration ≥45.61 ng/ml) compared to Quartile 1 (sST2 concentration 
≤25.40 ng/ml) (adjusted HR 5.13; 95% CI 1.62, 16.25; P = 0.006). 
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Table 8.8. Association of sST2 with infection-related mortality on multivariable Cox proportional hazard regression models. 

 

 

   Model 1  Model 2  
 Unadjusted HR 

(95% CI) 
P value Adjusted HR 

(95% CI) 
P value Adjusted HR  

(95% CI) 
P value 

ST2 (per 2-fold increase)  1.48 (0.94, 2.35) 0.093 1.62 (1.02, 2.57) 0.039 1.61 (1.02, 2.54) 0.040 
ST2 ≥35 ng/ml 1.99 (1.03, 3.84) 0.040 2.42 (1.21, 4.82) 0.012 2.41 (1.21, 4.81) 0.013 
ST2 ≥median (33.1 ng/ml) 1.98 (1.03, 3.88) 0.042 2.41 (1.20, 4.83) 0.013 2.41 (1.20, 4.83) 0.014 
ST2 quartiles 

Q1  (≤25.40 ng/ml) 
Q2  (25.41 – 33.10 ng/ml)  
Q3  (33.11 – 45.60 ng/ml) 

   Q4  (≥45.61 ng/ml) 

 
Reference 
2.62 (0.82, 8.35) 
3.27 (1.04, 10.29) 
3.90 (1.26, 12.10) 

 
 
0.104 
0.042 
0.018 

 
Reference 
2.65 (0.83, 8.52) 
3.82 (1.20, 12.16) 
4.95 (1.57, 15.63) 

 
 
0.101 
0.024 
0.006 

 
Reference 
2.65 (0.83, 8.52) 
3.68 (1.15, 11.77) 
5.13 (1.62, 16.25) 

 
 
0.101 
0.028 
0.006 

 
 
Model 1: (354 participants); adjusted for age, sex, eGFR, sST2 
Model 2: (354 participants); Model 1 + diabetes, total RRT time 
 
Abbreviations: CI = confidence interval; eGFR = estimated glomerular filtration rate; HR = hazard ratio; RRT = renal replacement therapy; sST2 = soluble 
ST2 
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8.3.10  sST2 and malignancy-related mortality 

The Kaplan-Meier plot (Figure 8.9) showed that there was no difference in the probability of 
malignancy-related survival between the low sST2 (33.1 ng/ml) group and the high sST2 
(≥33.1 ng/ml) group (Log-rank Test P = 0.897). 

 

 

 

Figure 8.9. Kaplan-Meier curves of all-cause mortality according to low (<median, 33.1 
ng/ml) or high (≥median, 33.1 ng/ml) sST2 concentration. 
 
Abbreviations: sST2 = soluble ST2 

 

The relationship between plasma sST2 concentration and malignancy-related mortality is 
shown in Table 8.9. 

When treated as a continuous or as a categorical variable, there was no associated 
demonstrable between sST2 concentration and malignancy-related mortality. This was true 
for all unadjusted and adjusted Cox regression models.  
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Table 8.9. Association of sST2 with malignancy-related mortality on multivariable Cox proportional hazard regression models. 

 

   Model 1  Model 2  
 Unadjusted HR 

(95% CI) 
P value Adjusted HR 

(95% CI) 
P value Adjusted HR  

(95% CI) 
P value 

ST2 (per 2-fold increase)  0.91 (0.58, 1.45) 0.701 0.99 (0.62, 1.57) 0.953 1.02 (0.64, 1.64) 0.924 
ST2 ≥35 ng/ml 0.81 (0.44, 1.48) 0.485 0.91 (0.49, 1.70) 0.766 0.93 (0.50, 1.72) 0.804 
ST2 ≥median (33.1 ng/ml) 1.04 (0.58, 1.87) 0.897 1.19 (0.65, 2.18) 0.574 1.18 (0.65, 2.16) 0.592 
ST2 quartiles 

Q1  (≤25.40 ng/ml) 
Q2  (25.41 – 33.10 ng/ml)  
Q3  (33.11 – 45.60 ng/ml) 

   Q4  (≥45.61 ng/ml) 

 
Reference 
0.75 (0.33, 1.69) 
1.09 (0.51, 2.31) 
0.73 (0.30, 1.73) 

 
 
0.489 
0.828 
0.468 

 
Reference 
0.74 (0.33, 1.68) 
1.21 (0.56, 2.61) 
0.85 (0.35, 2.05) 

 
 
0.474 
0.631 
0.711 

 
Reference 
0.77 (0.34, 1.76) 
1.23 (0.56, 2.67) 
0.85 (0.35, 2.07) 

 
 
0.540 
0.608 
0.725 

 

Model 1: (366 participants); adjusted for age, sex, eGFR, sST2  
Model 2: (365 participants); Model 1 + smoking status, total RRT time 
 

Abbreviations: CI = confidence interval; eGFR = estimated glomerular filtration rate; HR = hazard ratio; RRT = renal replacement therapy; sST2 = soluble 
ST2 
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8.4  Discussion 

In the preceding chapters of this thesis, an association between biomarkers of cardiovascular 
disease (CRP, TnT, NT-proBNP and sST2) and both all-cause and cardiovascular mortality 
was demonstrated in a cohort of renal transplant recipients. From the previous studies, it was 
unclear whether the association with all-cause mortality was solely due to the strength of the 
underlying relationship between the biomarkers and cardiovascular mortality. The current 
study therefore aimed to investigate whether a relationship existed between these biomarkers 
and the other leading causes of death in this cohort; infection and malignancy.  

As this was an exploratory analysis, there are very few similar studies in the existing 
literature. One such example is the Atherosclerosis Risk in Communities (ARIC) Study, in 
which CRP, TnT and NT-proBNP were measured in 15,792 community-dwelling 
individuals and investigated for their association with cause-specific mortality (287). Data 
were available on all-cause mortality, cardiovascular mortality, cancer-related mortality and 
death due to respiratory diseases (287). 

In the current study of renal transplant recipients, CRP was associated with malignancy-
related mortality when analysed as a continuous variable, but not when categorised 
according to its median concentration or by quartiles. The ARIC study analysed CRP by 
quartiles and demonstrated a significant association with cancer-related deaths after 
adjustment for age, sex and race (287). Despite there being over 500 events in the ARIC 
study, further adjustment for additional risk factors such as body mass index (BMI), 
smoking and eGFR caused this association to lose statistical significance (287). 

It is likely that the relationship between CRP and malignancy-related mortality in renal 
transplant recipients differs from that in the community-based individuals of the ARIC 
study. However, in the present study, the small number of events limited the number of 
covariates that could be included in the final model. It is probable that additional, 
unaccounted for, confounders exist in this cohort of transplant recipients. The problem with 
confounding when investigating the relationship between CRP and cancer has been 
highlighted by a large systematic review, which found numerous studies with opposing 
results (490). 

Multiple studies have reported that elevated serum CRP concentration in individuals from 
the general population is associated with future cancer risk (491-496). The major difference 
from the current study is that these studies focused on the development of cancer (rather than 
cancer-related mortality) as their primary outcome measure. These studies reported that CRP 
has strong associations with incident lung and colorectal cancer, though not with prostate 
cancer (491-495). Inflammation and cancer share common pathways and it is plausible that 
chronic, low-grade inflammation is a risk factor for the development of malignancy. This is 
supported by the fact that other markers of inflammation such as interleukin-6 (IL-6) and 
tumour necrosis factor-alpha (TNF-α) have also been associated with future cancer risk 
(495). Of note, the immunosuppressive medications used in transplant recipients may affect 
inflammation and risk of malignancy but were not adjusted for in this study.       

In keeping with the present study, the ARIC study found a weak association between NT-
proBNP and cancer deaths, which was no longer significant after adjustments in 
multivariable models (287). Similarly, in both studies, there was no association between TnT 
and malignancy-related mortality. This is not unexpected given that TnT, when measured 
using modern assays, is highly specific to cardiac tissue (262). A causal pathway involving 
TnT and malignancy would be difficult to envisage. However, in a recent retrospective study 
from Korea, troponin I (TnI) was measured in 1,692 participants at the time of their 
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admission to hospital with acute stroke (497). TnI was predictive of mortality, primarily due 
to associations with stroke- and cancer-related deaths. Malignancy-related death rates were 
six times higher in patients with an elevated TnI concentration (497). The authors were 
unable to provide an explanation for this. 

To date, the relationship between sST2 concentration and cancer-related death has not been 
investigated in renal transplant recipients or in the general population. In the current study, 
there was no association between the biomarker and malignancy-related mortality. This is 
perhaps to be expected given that the primary clinical role for sST2 has been in risk-
stratifying patients with heart failure for hospitalisation and mortality (424-429). Of note, it 
has been demonstrated in animal and clinical studies that the IL-33/ST2 pathway has a role 
in the progression of several cancers including breast cancer and colorectal cancer (498). 
However, these studies differed from the current one in that sST2 was measured in patients 
with an existing malignancy and was associated with a poorer prognosis.   

Overall, results from the present study suggest that it is unlikely that three of the four 
measured biomarkers of cardiovascular disease (TnT, NT-proBNP and sST2) are associated 
with malignancy-related mortality in renal transplant recipients. As is the case in the general 
population, the relationship between CRP and malignancy in renal transplant recipients 
remains unclear. Much larger studies with an increased number of events would be required 
to investigate this relationship fully. Ideally, these studies would have the ability to adjust 
for cumulative exposure to immunosuppressive medication and differentiate between the 
various agents used. 

All of the biomarkers measured in the present study were associated with infection-related 
mortality in renal transplant recipients. This is perhaps an expected finding for CRP. As an 
acute-phase reactant, the concentration of CRP rises in the presence of infection (188, 190). 
It could be argued that the renal transplant recipients with an elevated CRP concentration in 
this study had unrecognised infection that directly contributed to their death. However, CRP 
has a short half-life and concentrations fluctuate rapidly in the setting of infection (190, 
499). Therefore, it would be expected that occult infection leading to death would occur 
relatively soon after detection of an elevated CRP concentration.  

The Kaplan-Meier plot (Figure 7.2) suggests that this is not the underlying mechanism in the 
current study. The probability of infection-related mortality was similar in participants with 
CRP concentrations above and below the median value for the first five years of follow-up. 
Thereafter, the probability of infection-related mortality was significantly higher in 
transplant recipients with CRP concentrations above the median value of 1.74 mg/L. 

In general, CRP is considered predictive of short-term mortality in infectious conditions 
such as community-acquired pneumonia (500). The association between CRP concentration 
and long-term infection-related mortality demonstrated in the current study has not 
previously been described. One possible explanation for this finding is that elevated CRP 
concentrations in this study identified transplant recipients who had mild infection due to the 
effects of over-immunosuppression, and that these recipients were at ongoing risk of further 
infections during follow-up. Alternatively, elevated CRP concentrations may represent 
underlying inflammation due to other co-morbid conditions, such as chronic obstructive 
pulmonary disease (COPD), which predisposed to fatal infections. 

In the current study, sST2 was also significantly associated with infection-related mortality 
in multivariable survival models. This has not previously been reported in renal transplant 
recipients because studies of sST2 in this patient cohort have been limited to date. However, 
it is plausible that sST2 has a role in immunity and susceptibility to infection. ST2L is 
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constitutively expressed on Type 2 helper T (Th2) cells and is involved in Th2-mediated 
immune responses (408-410). In vitro, sST2 concentrations are increased in response to pro-
inflammatory cytokines (411). Furthermore, several studies have demonstrated that elevated 
sST2 concentrations are associated with higher morbidity and mortality in sepsis and in 
other infections such as leptospirosis (501). As research continues on the role of sST2 in the 
human immune system, its relevance to infection-related mortality in immunosuppressed 
renal transplant recipients may become clearer. 

TnT and NT-proBNP were both associated with infection-related mortality in this cohort of 
renal transplant recipients. It should be noted, however, that the relationship between TnT 
and infectious deaths was not significant in all models. On the other hand, the association 
between NT-proBNP and infection-related mortality was highly significant in all models and 
was as strong as that for CRP. 

Studies investigating the relationship between these cardiac-specific biomarkers and 
infectious deaths are lacking because causal pathways are not readily apparent. Nevertheless, 
the ARIC study reported on respiratory disease mortality as an outcome measure (287). This 
outcome incorporated chronic conditions such as COPD, but also included acute infectious 
diseases such as pharyngitis, bronchitis and pneumonia. Contrary to results from the current 
study, NT-proBNP showed no association with respiratory disease mortality, whereas TnT 
was strongly associated in fully adjusted survival models (287). It is possible that elevations 
of TnT and NT-proBNP concentrations in the transplant recipients of this study represent 
underlying respiratory conditions such as COPD, which increase the risk of pneumonia. 
Unfortunately, data on respiratory co-morbidities were not collected during recruitment. 
Additionally, it is unclear whether the infectious deaths in this study were due to respiratory 
infections or other common conditions such as urinary tract infection. 

In order to be clinically useful, biomarkers associated with infection-related mortality or 
malignancy-related mortality in transplant recipients should be able to guide treatment 
choices. Elderly patients are at increased risk of infection and malignancy but have lower 
rates of allograft rejection (502). Quantifying the risks of these adverse outcomes using 
biomarkers would allow personalised immunosuppressive regimens to be introduced. 
However, it is unlikely that biomarkers of cardiovascular disease such as TnT and NT-
proBNP are specific enough to prove useful for this purpose.   

In summary, NT-proBNP, TnT and sST2 concentrations in this cohort of renal transplant 
recipients were not associated with malignancy-related mortality. CRP concentration was 
associated with an increased risk of a cancer-related death, but additional studies that adjust 
for immunosuppressive medications are warranted to investigate this further. All of the 
biomarkers measured in this study showed an association with infection-related mortality. 
The exact biological pathways underlying these relationships, and the clinical utility of these 
findings, are unclear.  
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Chapter 9 
 
Conclusions and Future 
Directions 
 

 

 

 

 

 

 

 

 

 

9.1  Introduction 

The first successful kidney transplant was performed between monozygotic twins in 1954 
(503, 504). Rejection of the allograft was unlikely because the donor and recipient shared 
identical human leucocyte antigens (HLA). However, immunological barriers continued to 
restrict the widespread uptake of kidney transplantation until azathioprine was introduced in 
1962 (505). In subsequent decades, the range of available immunosuppressive agents 
expanded to include calcineurin inhibitors, antiproliferative agents, lymphocyte depleting 
agents, mTOR inhibitors, IL-2 receptor antagonists and T-cell co-stimulation blockers (506). 

The adoption of increasingly potent immunosuppressive medications has successfully 
reduced acute rejection rates and improved short-term graft survival following kidney 
transplantation (507). However, simultaneous improvements in long-term graft outcomes 
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have not been realised (508). Moreover, renal transplant recipients continue to experience 
premature mortality compared to individuals in the general population (7, 87).   

Many of the adverse outcomes observed in renal transplant recipients have been directly 
linked to the immunosuppressive regimens currently used (507). Calcineurin inhibitors are 
nephrotoxic and can contribute to accelerated graft failure (509). The increased incidence of 
cardiovascular morbidity and associated premature mortality demonstrated in renal 
transplant recipients is at least partly due to the negative metabolic consequences of 
calcineurin inhibitors, corticosteroids and mTOR inhibitors (488). Malignancy and infection 
are the other leading causes of death in this patient population (10). Both of these outcomes 
are related to the cumulative burden of immunosuppression to which transplant recipients 
are exposed (507).  

One of the major difficulties facing transplant physicians in the modern era is achieving a 
balance between the risk of immunological injury to allograft versus the adverse outcomes 
associated with immunosuppressive therapy. 

Predicting the risk of any adverse outcome in renal transplant recipients can be challenging. 
For example, cardiovascular risk prediction tools which are used in the general population 
can underestimate risk in patients following kidney transplantation (154-157). Models 
specifically for use in renal transplant recipients have been developed to improve the 
accuracy with which adverse outcomes such as cardiovascular events and mortality can be 
predicted (144, 159, 160). However, the performance of these risk prediction models 
remains imperfect, and there is scope to further improve their accuracy (161). 

In community-based studies, the accuracy of cardiovascular risk prediction models has been 
improved by the addition of biomarker concentrations (165). Such studies have 
demonstrated that biomarkers of cardiovascular disease are also associated with non-
cardiovascular outcomes in the general population, including the progression of chronic 
kidney disease (CKD), the development of end-stage renal disease (ESRD), and other causes 
of mortality (287, 332, 333).  

The research described in this thesis primarily aimed to investigate whether established 
biomarkers of cardiovascular disease were associated with the development of 
cardiovascular morbidity and mortality in a cohort of immunosuppressed renal transplant 
recipients. Discrimination metrics were employed to compare the accuracy of existing risk 
prediction models before and after addition of the biomarkers. Additionally, the relationships 
between these biomarkers and other commonly-encountered adverse outcomes in renal 
transplant recipients, such as graft failure, malignancy-related mortality, and infection-
related mortality were investigated.  

 

9.2  Thesis Summary  

The overarching objective of this work was to assess the potential for re-purposing clinically 
established cardiovascular biomarkers to aid with the prediction of adverse (cardiovascular 
and non-cardiovascular) outcomes following kidney transplantation. To achieve this, 
biomarkers were measured in the stored serum/plasma samples of clinically stable renal 
transplant recipients who had been recruited from routine outpatient follow-up appointments 
for a previous study. 

The measured biomarkers included: 
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1. C-reactive protein (CRP); a non-specific inflammatory marker which is produced in 

the liver. CRP is associated with the development of atherosclerotic cardiovascular 

events and has been used as an adjunct to cardiovascular risk equations in the 

general population (212). 

 
2. Troponin T (TnT); a protein which forms part of the contractile apparatus of 

myocardial cells and is released in response to myocardial injury. TnT is primarily 

measured in patients with chest pain and is now central to a diagnosis of acute 

coronary syndrome (ACS) (269). 

 
3. N-terminal pro-B type natriuretic peptide (NT-proBNP); a peptide released 

primarily from ventricular cardiomyocytes in response to stretch. NT-proBNP is 

typically measured, in conjunction with echocardiography, to establish a diagnosis 

of heart failure (361, 368).   

 
4. Soluble ST2 (sST2); a circulating decoy receptor for IL-33 which is released from 

cardiomyocytes under conditions of mechanical strain. sST2 has recently been 

recommended as a means of risk-stratifying patients with an established diagnosis 

of heart failure for outcomes such as hospitalisation and mortality (430). 

 

A brief overview of the chapters included in this thesis are outlined: 

Chapter 1 presented a review of the existing literature on cardiovascular disease in renal 
transplant recipients. The interplay of traditional and non-traditional cardiovascular risk 
factors was discussed, with a focus on the role played by the various immunosuppressive 
medications used. The shortcomings of existing cardiovascular risk prediction models were 
reviewed and statistical methods to assess the incremental value of added biomarkers were 
defined. 

Chapter 2 was a summary of the clinical and laboratory parameters of the local renal 
transplant recipients who comprised the study population in the subsequent chapters of this 
thesis. The acquisition of patient follow-up data and handling procedures for the serum and 
plasma samples were discussed. Also outlined were the statistical methods employed 
throughout.  

Chapter 3 investigated the relationship between serum CRP concentration and adverse 
outcomes in the study population. A strong association was demonstrated between CRP and 
all-cause mortality, while a slightly weaker association was demonstrated with 
cardiovascular mortality.  There was no relationship between CRP and major adverse 
cardiovascular events (MACE). CRP did not significantly improve the C-statistic for any 
outcomes. Additionally, the integrated discrimination index (IDI) and category-free net 
reclassification (NRI>0) demonstrated that CRP only modestly improved the predictive 
accuracy of models for all-cause and cardiovascular mortality. No association was found 
between CRP and death-censored graft loss. 
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Chapter 4 sought to delineate the potential role of serum TnT concentration in predicting 
adverse outcomes in renal transplant recipients. Highly significant associations were 
demonstrated between TnT and all-cause mortality, cardiovascular mortality and MACE. 
The strongest association was with cardiovascular mortality. For all-cause and 
cardiovascular mortality, the addition of TnT increased the C-statistic of the models. For all-
cause mortality, cardiovascular mortality and MACE, the IDI and NRI(>0) showed moderate 
to strong improvement in risk prediction. Interestingly, an association between TnT and 
death-censored graft loss was also evident in both unadjusted and adjusted models.              

Chapter 5 investigated the relationship between NT-proBNP and unfavourable outcomes in 
the study population. Overall, strong associations were demonstrated between NT-proBNP, 
all-cause mortality and cardiovascular mortality. Discrimination metrics showed that the 
addition of NT-proBNP significantly improved the accuracy of risk prediction models for 
both of these outcomes. A weaker association was demonstrated with MACE, and NT-
proBNP did not add incremental value to risk prediction for this outcome. In univariable and 
multivariable models, an association was demonstrated between death-censored graft loss 
and NT-proBNP. 

Chapter 6 was the first study of its kind to investigate the relationship between sST2 and 
mortality in renal transplant recipients. Only a modest association was found between sST2 
and all-cause mortality. For cardiovascular mortality and MACE, the associations with sST2 
concentration were weak and not evident in all models, even when the optimal cut-off values 
were used. Discrimination metrics demonstrated that the addition of sST2 did not improve 
risk prediction for any of the outcomes. In fact, the C-statistics for models relating to 
cardiovascular mortality were lower after the addition of sST2. There was no relationship 
evident between sST2 and death-censored graft loss.      

Chapter 7 analysed the four biomarkers (CRP, TnT, NT-proBNP and sST2) together to 
investigate whether their associations with adverse outcomes and their ability to improve 
risk prediction in renal transplant recipients were altered by a multimarker approach. sST2 
was not associated with any of the outcomes, while CRP was only independently associated 
with all-cause mortality. NT-proBNP was associated with all-cause and cardiovascular 
mortality. TnT was independently associated with cardiovascular mortality and MACE. The 
addition of CRP and NT-proBNP to models for all-cause mortality significantly improved 
their predictive accuracy. Similarly, adding NT-proBNP and TnT to models for 
cardiovascular mortality also improved their performance.    

Chapter 8 was an exploratory analysis undertaken to investigate whether the association 
between each of the biomarkers and all-cause mortality was being driven by their underlying 
relationships with cardiovascular mortality. Therefore, the relationships between each 
biomarker and infection-related mortality or malignancy-related mortality were considered. 
Only CRP showed an association with malignancy-related mortality, and this was relatively 
weak. Not surprisingly, CRP concentration was very strongly associated with infection-
related mortality. Of interest, the Kaplan-Meier plot revealed that this association was with 
late infectious deaths, which occurred more than five years after biomarker measurement. 
NT-proBNP, TnT and sST2 were each associated with infection-related mortality with NT-
proBNP demonstrating the strongest association with death from infection. 

9.3  Strengths and limitations 

The same cohort of renal transplant recipients were included in each of the studies described 
in this thesis. There was also uniformity in the statistical methods employed in each chapter. 



203 
 

Therefore, a broad appraisal of the strengths and weaknesses of this research applies equally 
to each individual study. 

The first limitation of this work is its potential lack of generalisability. This shortcoming 
primarily arises from the fact that the renal transplant recipients were recruited between 
2000 and 2002 and had been transplanted at various time-points prior to this. It could 
therefore be argued the study population are not reflective of transplant recipients in the 
modern era.  

Prior to 2000 in Northern Ireland, there was no formalised protocol in place for pre-
transplant evaluation of cardiovascular disease. Thus, investigations such as stress imaging 
and coronary angiograms were not universally requested. Strategies to reduce cardiovascular 
risk at the time of study recruitment (such as aspirin for primary prevention) also varied 
somewhat from current practice. Without further validation studies, these discrepancies may 
make it difficult to apply the findings of this research to the renal transplant recipients of 
today. Furthermore, all of the participants were white, which is representative of the wider 
population in Northern Ireland. However, this may limit the utility of the findings in areas 
with a racially diverse population.  

Secondly, the range of immunosuppressive regimens prescribed for the participants of these 
studies (as shown in Table 2.3, Chapter 2) made it impossible to adjust for individual 
immunosuppressive agents in survival analyses. The majority of patients were prescribed a 
regimen of azathioprine and prednisolone. A significant number of recipients were also 
prescribed ciclosporin-based regimens. These combinations of immunosuppressive 
medications have different cardiovascular risk profiles, and neither are representative of 
current treatment regimens used in Belfast and recommended by UK Renal Association 
Guidelines (84). 

An additional limitation of this work is that participants did not have an echocardiogram 
performed at recruitment. While such additional investigations may have been costly and 
time-consuming, echocardiographic parameters are known to be related to sST2, TnT and 
NT-proBNP concentrations. It would therefore have been useful to have the ability to adjust 
for these parameters during survival analyses.  

It could be argued that participants from this research with a history of pre-existing 
cardiovascular disease should have been excluded. In clinical practice, these patients may be 
considered by most physicians to be at high risk of future cardiovascular events, regardless 
of risk scores or biomarker concentrations. Notably, however, the presence of pre-existing 
cardiovascular disease was adjusted for in all multivariable models and associations between 
the biomarkers and various adverse outcomes were still evident. 

A further limitation of these studies is that serum and plasma samples were only available 
for each participant from one time point (i.e. the day of recruitment). It would have been 
useful to have at least two, if not serial, samples in order to assess the overall trends in 
biomarker concentrations. As an example, in the general population, it is recognised that a 
CRP concentration >10 mg/L may be attributable to infection and should therefore not be 
used in isolation when attempting to predict cardiovascular risk. Guidelines recommend 
repeating CRP measurement on at least one further occasion for this reason (212).  

One of the key stimuli for performing this research was the fact that the existing literature 
suggested cardiovascular risk prediction was sub-optimal in renal transplant recipients. 
Indeed, numerous studies have reported that use of the Framingham risk score in this patient 
population led to under-estimation of cardiovascular risk for recipients (154-157). It was for 
this reason that the Cardiovascular Risk Calculator for Renal Transplant Recipients 
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(CRCRTR) was developed (159). However, it is noticeable from the research presented in 
this thesis that models consisting of traditional cardiovascular risk factors performed well 
when predicting all-cause mortality, cardiovascular mortality and MACE. As an example, 
the C-statistics for models relating to cardiovascular mortality were approximately 0.79 – 
0.80. This is comparable to the performance of numerous Framingham-based risk equations 
when applied to the general population (510).  

This issue does not negate the usefulness of the current research. However, the high values 
for the C-statistics of baseline models had a bearing on the results of the analyses. It has 
previously been demonstrated that the higher the C-statistic of the original model, the greater 
the improvement in C-statistic required to attain statistical significance (175). Therefore, the 
ability of TnT to significantly increase the C-statistic in several models relating to 
cardiovascular mortality means it may be a particularly promising biomarker. Additionally, 
this issue is one of the reasons why NRI and IDI were also measured. 

The research presented in this thesis possesses several strengths. While the shortcomings of 
the study population have been discussed, the number of renal transplant recipients included 
(n = 379, of whom 367 had serum and plasma for analysis) is a major strength of the current 
work. This study population represented 72% of the entire renal transplant population in 
Northern Ireland when recruitment was completed in 2002. 

Secondly, the baseline data available for each participant was extensive and included all of 
the major traditional cardiovascular risk factors. This allowed the baseline models in the 
current research to adjust for the same risk factors as the studies investigating these 
biomarkers in the general population. It was also possible to construct models which 
incorporated all of the covariates of the CRCRTR for mortality and MACE. Furthermore, 
there was the ability to adjust for eGFR and proteinuria, meaning that graft dysfunction, a 
common issue and a major risk factor for cardiovascular disease in renal transplant 
recipients, was taken into account. 

A further strength of this study is the comprehensive follow-up data that was available from 
the Northern Ireland Kidney Transplant Database. This allowed a variety of adverse 
outcomes to be studied in-depth, including cardiovascular events, death-censored graft loss 
and mortality categorised according to the leading causes of death in renal transplant 
recipients. Remarkably, no participants were lost to follow-up, which maximised the number 
of events and increased the power of the studies. 

The laboratory methods employed to determine the concentrations of the biomarkers are also 
important when considering the strengths of this research. All of the samples had been stored 
and treated in an identical fashion, and none had undergone previous freeze-thaw cycles. 

sST2 was measured in a laboratory within Queen’s University. Much of the measurement 
process was automated through use of the Triturus analyser. This reduced risk of 
measurement error, as did analysing each sample in duplicate and repeating the process if 
the coefficient of variation (CV) was >10%. Use of the analyser meant that the within-assay 
and between assay CVs were much lower than acceptable limits. The assay selected is the 
only one to have obtained Food and Drug Administration (FDA) approval for clinical use. 
While numerous, less expensive assays for sST2 measurement exist, use of the Presage 
assay meant that results from the current research are directly comparable to many of the 
larger studies reported in the existing literature. 

The remaining biomarkers were measured in an NHS Clinical Chemistry laboratory by 
senior biomedical scientists, following standard operating procedures. This ensured the 
measurement process was of high quality. Additionally, the assays and analysers which were 
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used are those which are employed on a daily basis in clinical practice within the Belfast 
Health and Social Care Trust (BHSCT). Therefore, if found to be useful in validation 
studies, introducing these biomarkers into clinical practice for the purposes of predicting 
adverse outcomes in renal transplant recipients would be relatively unproblematic. 

 

 

 

 

9.4  Challenges 

Several challenges arose during the planning and undertaking of the studies described in this 
thesis. These have served to demonstrate the uncertainty and potential barriers which can 
dictate the course of academic research. 

The major challenges arose around issue of research governance. Ethical approval for the 
use of the serum and plasma samples was required, in addition to approval for the processing 
of patient data.  Such approval was sought from an NHS Research Ethics Committee. 
However, this involved co-sponsorship between Queen’s University (where the serum and 
plasma samples resided), and BHSCT (where the patient data was stored). Co-ordinating a 
joint application between these organisations incurred a delay of almost 12 months. 

Furthermore, although the BHSCT Clinical Chemistry laboratory was located only several 
miles from the Queen’s University freezer store, a material transfer agreement had to be 
negotiated before analysis could occur. Further negotiations were also required in order for 
laboratory staff and resources to be allocated.  

Finally, there was a degree of uncertainty regarding the stability of the biomarkers in plasma 
and serum whilst maintained in frozen storage. This was especially relevant given the 
prolonged period between the samples being collected and being thawed for analysis. A sub-
study of the Framingham Offspring cohort measured sST2 in serum samples which had been 
frozen for approximately 10 years (432). This study demonstrated that the analyte was still 
measurable and significantly associated with mortality after a decade. However, studies of 
biomarker measurement beyond this time period are uncommon. Additionally, formal 
studies of biomarker stability undertaken by the assay manufacturers only verified stability 
for a maximum of two years in frozen storage. 

The serum and plasma samples in the current studies were 16-18 years old. This raised the 
possibility that, after the arduous process of obtaining governance approval, and outlaying 
considerable financial expenditure, that the biomarkers would no longer be detectable. 
Fortunately, this was not the case, and the current studies highlight the potential to use stored 
samples for biomarker research.    

 

 

 

 

 

9.5  Future directions 
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The primary focus of this research has been the improvement of cardiovascular risk 
prediction in renal transplant recipients through the measurement of biomarker 
concentrations. Each of the measured biomarkers already has a well-established role in 
cardiovascular conditions. However, studies in other patient populations have suggested that 
their use could be extended to non-acute settings for the prediction of future cardiovascular 
morbidity and mortality.  

Results from the studies on CRP and sST2 presented in this thesis demonstrate that their use 
for cardiovascular risk prediction in renal transplant recipients may be limited. However, a 
further study with a larger number of events and increased statistical power would be 
required to confirm this. 

Of the biomarkers measured for the studies in this thesis, TnT and NT-proBNP showed the 
strongest associations with all-cause mortality, cardiovascular mortality and MACE. These 
results are in keeping with a post hoc analysis of the Folic Acid for Vascular Outcome 
Reduction in Transplantation (FAVORIT) trial, in which the related biomarkers, troponin I 
(TnI) and BNP showed similar associations with these outcomes (511). Taken together, 
these results have highlighted the need for several additional investigations to be undertaken. 

Firstly, a major shortcoming of the post hoc analysis of the FAVORIT trial is that there was 
no attempt to investigate whether TnI and BNP improved the accuracy of cardiovascular risk 
prediction over and above traditional cardiovascular risk factors (511). In order to justify the 
additional laboratory resources and financial expense required to measure these biomarkers, 
it must be demonstrated that they add incremental value to existing risk prediction models. It 
would be possible to calculate discrimination metrics such as the C-statistic change, IDI and 
NRI if a request to the FAVORIT investigators for data access was successful. 

Secondly, the post hoc analysis of the FAVORIT trial demonstrated associations of TnI and 
BNP with adverse outcomes (511). While closely related, these biomarkers are not identical 
to TnT and NT-proBNP, which were measured in the current studies. A useful additional 
study would involve measurement of TnI and BNP in the cohort of local renal transplant 
recipients described in this thesis. Such a study would allow a direct comparison of the 
performance of these biomarkers (TnT versus TnI; and NT-proBNP versus BNP) for 
predicting adverse outcomes. Should differences in performance become evident, validation 
of results by collaboration with the FAVORIT investigators would be useful. This is 
particularly timely given that a very recent study in the general population concluded that 
TnI and TnT provide independent, complementary information for predicting cardiovascular 
risk (512).         

Should future studies confirm the utility of biomarker measurement for the purposes of 
cardiovascular risk prediction, further research in the form of cost-benefit analyses would be 
required prior to their adoption into routine clinical practice. Moreover, the potential 
interventions that could be offered to renal transplant recipients with elevated concentrations 
of these biomarkers should be investigated.  

Initially, it would be useful to investigate the impact of general cardiovascular risk reduction 
strategies such as weight loss or smoking cessation on biomarker concentrations, and 
whether any changes corresponded with clinically relevant benefits. Furthermore, the impact 
of specific therapies could be investigated in randomised trials performed in renal transplant 
recipients, rather than depending on extrapolation from other populations. For example, in 
the community-based population of the West of Scotland Coronary Prevention Study 
(WOSCOPS), TnI was predictive of future coronary events (337). This study demonstrated 
that statin therapy reduced TnI concentration independent of its cholesterol-lowering effects, 
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resulting in lower risk of coronary events. Whether this is true in renal transplant recipients 
remains unclear.  

Secondary analyses performed during this research investigated the association of 
cardiovascular biomarkers with death-censored graft loss. While CRP and sST2 did not 
appear to have a relationship with this outcome, both TnT and NT-proBNP were associated 
with graft loss after adjustment for confounders such as estimated glomerular filtration rate 
(eGFR) and proteinuria. Such findings are similar to those demonstrated with TnI and BNP 
in the FAVORIT trial (511). Both of these biomarkers are released directly from 
myocardium so the mechanisms underlying their association with graft failure in renal 
transplants is unclear (262, 351). It is possible that subclinical cardio-renal syndrome plays a 
role in the failure of renal allografts and further studies would be useful to confirm this 
hypothesis.  

In the final study of this thesis, an exploratory analysis was undertaken to assess whether 
any of the cardiovascular biomarkers were associated with two of the leading causes of 
death in renal transplant recipients, malignancy and infection. CRP was weakly associated 
with malignancy, while all of the biomarkers were associated with infection-related 
mortality. These findings are novel and bear further consideration. Firstly, larger studies 
with the ability to adjust for additional risk factors, would be required to validate the results 
of the current study. Secondly, it would be interesting to investigate whether reducing the 
doses of immunosuppressive medications in these patients leads to a reduction in biomarker 
concentration and consequently lowers their risk of infection-related death. Ultimately this 
would go some way towards allowing a more personalised approach to the prescription of 
immunosuppression. 

9.6  Concluding remarks 

In the absence of the knowledge and technology required to produce artificial kidneys for 
transplantation, there is an onus on the transplant community to maximise the longevity of 
the limited number of organs available. One of the most efficient ways of doing so would be 
to overcome the issue of premature mortality faced by renal transplant recipients, 
particularly focusing on cases of death with a functioning graft.  

For the foreseeable future, it is likely that cardiovascular disease, infection and malignancy, 
all of which are exacerbated by immunosuppressive therapy, will remain the predominant 
barriers to improving patient and allograft survival following kidney transplantation. 
Accurate methods for predicting the risk of these outcomes would allow a tailored approach 
to patient care, perhaps prompting a reduction in immunosuppressive therapy or a switch to 
alternative agents. However, such methods do not exist currently. 

In recent years, attention has turned to increasingly complex methods to improve risk 
prediction. Examples include proteomics, genomics, machine learning and artificial 
intelligence (471, 513-516). While these technologies may prove useful in the future, their 
cost and inaccessibility prevent their current use in routine clinical care. The most promising 
biomarkers described in this thesis, TnT and NT-proBNP, have been measured in clinical 
practice for several decades. Adapting their clinical use offers a relatively cheap and 
convenient means of improving risk prediction for adverse outcomes in renal transplant 
recipients. As such, this may be a prime example of “the old ones are the best.” 

Since the first successful procedure in 1961, kidney transplantation has transformed the lives 
of so many individuals. Whichever direction future research takes, its ultimate goal must 
always be in keeping with the original spirit of the procedure: to improve the survival and 
quality of life for persons with end-stage renal disease.  
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Abstract 

Background 

Cardiovascular disease is a leading cause of premature mortality in renal transplant 

recipients. Predicting the risk of future cardiovascular events in this patient cohort is 

challenging due to the prevalence of non-traditional risk factors. Biomarkers of 

cardiovascular disease have been demonstrated to improve the accuracy of cardiovascular 
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prediction models in the general population, but their potential utility in renal transplant 

recipients is unclear. 

Aims and Objectives 

This thesis aims to assess whether established biomarkers of cardiovascular disease are 

predictive of adverse outcomes in stable renal transplant recipients.  

Patients and Methods 

A cohort of 379 renal transplant recipients were studied. Prospective follow-up data 

(median of 16.2 years) were available for adverse outcomes including mortality, major 

adverse cardiovascular events (MACE) and graft loss. C-reactive protein (CRP), troponin T 

(TnT), N-terminal pro-B-type natriuretic peptide (NT-proBNP) and soluble ST2 (sST2) were 

measured from stored plasma/serum samples and investigated for an association with 

these outcomes. Discrimination metrics were derived to quantify the incremental value of 

adding biomarker concentrations to existing cardiovascular risk prediction models.     

Results 

Cardiovascular disease was the leading cause of mortality in the cohort and accounted for 

47% of deaths. Malignancy (28%) and infection (22%) were also common causes of 

mortality. All of the biomarkers associated with all-cause and cardiovascular mortality, 

though the strength of association varied considerably. CRP, TnT and NT-proBNP were also 

associated with MACE. Overall, TnT and NT-proBNP moderately improved the accuracy of 

risk prediction models. Several biomarkers were associated with secondary outcomes 

including death-censored graft loss and infection-related mortality, highlighting a potential 

role for these biomarkers outside of cardiovascular risk prediction.         

Conclusions 

Data from these studies suggest that established biomarkers of cardiovascular disease may 

have a role in predicting adverse outcomes in renal transplant recipients, including several 

which are unrelated to cardiovascular disease. 
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