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Abstract 
 

Background 

The diagnosis of acute myocardial injury requires a rise and/or fall of cardiac troponin 

(cTn) on serial testing, with at least one concentration above the 99th percentile. 

However, the magnitude of change in cTn that constitutes a significant rise and/or fall 

remains poorly defined. Furthermore, the 99th percentile value differs according to each 

assay and the reference population used to define it. The 99th percentile may be higher 

in older adults, and elevations in cTn above the 99th percentile may be commonly seen 

in disease states such as chronic renal or cardiac failure.  

 

High-sensitivity cardiac troponin (hs-cTn) assays can measure ten-fold lower 

concentrations of cTn with more precision than older assays and can accurately quantify 

cTn in more than 50% of healthy individuals with a coefficient of variation of less than 

10% at the 99th percentile. These assays are able to detect normal variations in cTn 

concentration that are due to biological variability. Understanding and quantifying 

normal variations in cTn is important, as this allows significant or pathological changes 

in the short- or long-term to be better defined. Biological variability studies are usually 

conducted in healthy individuals, although few studies have examined individuals with 

chronic renal or cardiac failure. 

 

Further studies on the biological variability of cTn and the 99th percentile in specific 

population groups are needed to improve the clinical interpretation of serial cTn results, 

assist in the development of clinical algorithms, and help refine and strengthen 

recommendations for the diagnosis of acute myocardial infarction. In addition, hs-cTn 

concentrations in the general population are associated with cardiovascular morbidity 

and mortality, even at values below the 99th percentile. However, few studies have 

evaluated hs-cTn as a prognostic indicator for older adults. 

 

Aims 

The primary aim of this thesis is to determine the short- (hourly) and long-term 

(weekly) biological variability of cardiac troponin I (cTnI) using a new hs-cTnI assay in 

healthy individuals, patients with stable end-stage renal failure requiring dialysis and 

patients with stable cardiomyopathy.  
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The secondary aim is to determine the 99th percentile for hs-cTnI concentration and to 

evaluate the incremental benefit of adding hs-cTnI to the Framingham Risk Score (FRS) 

for 10-year cardiovascular risk stratification in community-dwelling older men. 

 

Results 

Study one - Plasma samples were collected hourly for four hours and weekly for seven 

further weeks from 20 healthy individuals, 9 renal failure patients and 20 

cardiomyopathy patients. Methods were employed to minimise pre-analytical and 

analytical variation. All samples were analysed using a new hs-cTnI assay (Abbott 

Alinity ci-series), with quality control performed. Within-subject biological variation 

(CVI), analytical variation (CVA) and between-subject biological variation (CVG) was 

used to calculate reference change values (RCVs) and index of individuality (II). For 

healthy individuals, CVI, CVA, CVG, RCV and II values were 8.8%, 14.0%, 43.1% 

45.8% and 0.38 respectively for short-term, and 41.4%, 14.0%, 25.8%, 121.0% and 

1.69 for long-term. For renal failure patients, these were 2.6%, 5.8%, 50.5%, 17.6% and 

0.30 respectively for short-term, and 19.1%, 5.8%, 11.2%, 55.2% and 1.78 for long-

term. For cardiomyopathy patients, these were 4.2%, 10.0%, 65.9%, 30.0% and 0.16 

respectively for short-term, and 17.5%, 10.0%, 63.1%, 55.8% and 0.32 for long-term.  

 

Study two - The HIMS (Health in Men Study) is a cohort study of community-dwelling 

Australian men aged 70 to 89 years. Participants were identified from the electoral roll, 

with a subset undergoing plasma analysis. Hs-cTnI (Abbott Architect i2000SR) was 

measured in 1151 men without prior cardiovascular disease and the 99th percentile for 

this cohort was 30.0 ng/L (95% CI, 24.1–50.3 ng/L). The Western Australia Data 

Linkage System was used to identify incident cardiovascular events. After 10 years of 

follow-up, 252 men (22%) had a cardiovascular event (CVE+) and 899 did not (CVE–). 

The FRS placed 148 (59%) CVE+ and 415 (46%) CVE– in the high-risk category. In 

CVE– men, adding hs-cTnI affected the risk categories of 244 (27.2%) men, with 

64.8% appropriately reclassified to a lower and 35.2% to a higher category, which 

decreased the number of high-risk men in the CVE– to 39%. In CVE+ men, adding hs-

cTnI affected the risk categories of 61 (24.2%), with 50.8% appropriately reclassified to 

a higher and 49.2% to a lower category and 82.5% remaining above the 15% risk 

treatment threshold. The net reclassification index was 0.305 (p<0.001) and the C-

statistic increased from 0.588 (95% CI, 0.552–0.624) to 0.624 (95% CI, 0.589–0.659) 

with improved model fit (likelihood ratio test, p<0.001). 
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Conclusions 

The biological variability of cTnI is similar between patients with end-stage renal 

failure and patients with cardiomyopathy, with a corresponding RCV of 20 to 30% in 

the short-term and 50 to 60% in the long-term, at cTnI concentrations below the 99th 

percentile. However, the biological variability of cTnI was found to be proportionately 

greater in well-selected healthy individuals likely due to very low baseline cTnI 

concentrations (median 2.2 ng/L for short-term and 1.6 ng/L for long-term), where the 

short-term RCV was 46% and long-term RCV was 121%. In community-dwelling older 

men, the 99th percentile of hs-cTnI was 30.0 ng/L, which is comparable to that of 

younger healthy men which have previously been reported. In addition, adding hs-cTnI 

to the FRS provided incremental prognostic benefit in these older men. Further studies 

should examine how the results of these biological variability and 99th percentile studies 

can best be used in routine clinical practice to further optimise the diagnosis of acute or 

chronic myocardial injury in health and disease states. 
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1.1 Introduction 

1.1.1 Definition of myocardial infarction 

Cardiac troponin I (cTnI) and cardiac troponin T (cTnT) are present almost exclusively 

within myocardial cells and are highly specific biomarkers of myocardial injury.1 

According to the recently published Fourth Universal Definition of Myocardial 

Infarction, the diagnosis of acute myocardial injury requires a rise and/or fall of cardiac 

troponin (cTn) on serial testing, with at least one concentration above the 99th 

percentile value of a normal reference population as shown in Figure 1.1.1 For the 

diagnosis of acute myocardial infarction however, clinical evidence, including typical 

symptoms, new electrocardiogram changes or new cardiac imaging changes that are 

consistent with acute myocardial ischaemia, is also required.1  

 

The importance of serial changes in cardiac-specific biomarkers for the diagnosis of 

myocardial infarction was recognised in reports as early as the 1970s by the World 

Health Organisation (WHO).2 Around that time, the preferred biomarker was creatinine 

kinase and its MB isozyme (CK-MB), as assays for cTnI and cTnT were not developed 

until the late 1980s.3,4 Due to the higher specificity and sensitivity of cTn, the European 

Society of Cardiology (ESC) and American College of Cardiology (ACC) redefined 

cTn as the preferred biomarker for the diagnosis of myocardial infarction in a joint 

guideline published in 2000.5 The Global Task Force further reinforced the increasing 

dominance of cTn as the gold-standard biomarker in the Universal Definition of 

Myocardial Infarction in 2007.6 Major diagnostic and management advances, such as 

the advent of more sensitive cTn assays, have led to further revisions of the definition in 

2012 and more recently 2018, where the term ‘myocardial injury’ was officially 

introduced.1,7  

 

1.1.2 Magnitude of change in cardiac troponin 

The majority of cTnI and cTnT forms part of the contractile apparatus within the 

myocardial cell with lower concentrations found in the cytoplasm.8 Myocardial 

ischaemia can result in myocardial cell necrosis and the initial release of cTn from the 

cytosolic pool into the bloodstream within a few hours of the injury.8 This is typically 

followed by a more prolonged and sustained elevation of cTn due to degradation of the 

contractile apparatus, and which may also be a reflection of the infarct size.8 However, 

the release kinetics of cTn after myocardial injury can differ between individuals and is 
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also dependent on myocardial blood flow.1 It can also differ between cTnI and cTnT 

which are thought to have monophasic and biphasic concentration-time profiles 

respectively, and with the increase in cTnT tending to last for longer than that of cTnI.1,8  

 

Modern understanding of what constitutes a significant rise and/or fall of cTn has also 

evolved over time.1 However, the magnitude of change that constitutes a significant rise 

and/or fall in cTn was again not specified in detail in the Fourth Universal Definition of 

Myocardial Infarction.1 This reflects both a lack of evidence and also the inability of 

previous assays to accurately measure biological variability in order to inform the 

consensus of this important part of the definition. As such the current definition uses 

arbitrary thresholds for cTn concentrations, which is a continuous variable. It is 

suggested that a relative change of 50–60% over 3–6 hours may be indicative of an 

acute myocardial injury when the initial cTn concentration is at, or below the 99th 

percentile value.1,9 This 50 to 60% change is said to have been based on the combined 

biological and analytical variability of cTn.1 On the other hand, if the initial cTn 

concentration is above the 99th percentile value, a 20% change may be indicative 

instead, as the analytical variation of the assay will be less at higher concentrations.1,9,10 

However, this suggested 20% change is essentially arbitrary, as it is based on a 

calculation of three times the analytical variability of previous generation assays.10,11 
 

Figure 1.1 – Early cTn kinetics after an acute myocardial injury, adapted from the 

Fourth Universal Definition of Myocardial Infarction 
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1.2 High-sensitivity cardiac troponin assays 

High-sensitivity cardiac troponin (hs-cTn) assays are now becoming more widely used 

in clinical practice and are able to accurately quantify small fluctuations in cTn 

concentration in apparently healthy individuals.12 Such variations may occur due to 

reasons including biological variability, which is the random fluctuation of an analyte 

around an individual’s inherent “homeostatic set point”.12,13 Understanding the normal 

variations in cTn results is therefore important, as this would then allow a pathological 

rise and/or fall to be better defined, so that clinicians are better able to recognise 

myocardial injury.  

 

1.2.1 Definition of high-sensitivity assay 

Hs-cTn assays can measure ten-fold lower concentrations of cTn with more precision 

than previous generation assays and are able to accurately quantitate cTn in more than 

50% of healthy individuals with a coefficient of variation of less than 10% at the 99th 

percentile.14 The joint consensus statement for the diagnosis of myocardial infarction 

published in 2000 played a major role in the advent of hs-cTn assays, as no assay met 

the coefficient of variation criteria at the time.5  

 

The term “high-sensitivity” reflects the analytical characteristics of the assay itself and 

not the analyte that is measured.14 The analytical sensitivity refers to the ability of an 

assay to detect a low concentration of a given analyte, where the lower the detectable 

concentration, the greater the sensitivity.15 This is distinct to that of diagnostic 

sensitivity, which refers to the ability of a test to correctly identify individuals with a 

given condition, and is calculated by dividing the number of true positive tests by the 

number of individuals with the condition in a given population.15 

 

The detection limit of cTn has become significantly lower with hs-cTn assays such that 

concentrations are now reported as whole numbers in nanograms per litre (ng/L).14 The 

introduction of these assays has resulted in a paradigm shift, as they can now support an 

earlier rule-in or rule-out of myocardial infarction following the onset of symptoms, and 

may therefore allow for earlier treatment or discharge.16,17 Consequently, there has been 

increasing research in emergency department protocols for early or single 

measurements of hs-cTn to facilitate the rapid diagnosis or exclusion of myocardial 

infarction for individuals presenting with chest pain.18-22  
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1.2.2 Difficulties in diagnosing myocardial infarction 

Numerous high-sensitivity assays are currently available to measure cardiac troponin I 

(hs-cTnI) and cardiac troponin T (hs-cTnT).12,14 However, there are significant 

differences between these assays with regards to their characteristics, such as the limit 

of detection (lowest amount of analyte that can be detected in a sample with a given 

probability), analytical variability, and the antibodies that are used to detect various cTn 

epitopes.14 A lack of assay standardisation and harmonisation makes it difficult to 

compare cTn results between assays, and, therefore between laboratories or 

hospitals.12,14,23   

 

The Universal Definition of Myocardial Infarction requires at least one cTn 

concentration above the 99th percentile value of a normal reference population for the 

diagnosis of myocardial injury.1 However, there have been some concerns regarding the 

use of a 99th percentile threshold value for hs-cTn in this setting, as it is a very labile 

entity.24 Firstly, the 99th percentile differs according to each assay.14 Secondly, the 99th 

percentile differs according to reference population selection (age, gender, ethnicity and 

definition of healthy status), reference population size and the statistical method used to 

calculate it.25-32 Some studies have found that elevations of hs-cTn are commonly seen 

in older adults, which may be independent of comorbidities.26,28,30,33 As such, there is 

debate over whether older adults should have age-adjusted diagnostic thresholds for the 

diagnosis of acute myocardial injury.31 Thirdly, detectable chronic elevations in cTn 

above the 99th percentile are commonly seen in conditions such as chronic renal or 

cardiac failure.34-37 In addition, the improved analytical sensitivity of these assays has 

resulted in the detection of elevated cTn in numerous cardiac and non-cardiac 

conditions that cause myocardial cell necrosis, such as myocarditis, arrhythmia, cardiac 

procedures, cardio-toxic drugs, pulmonary embolism and sepsis.1,12 Due to these 

challenges, international guidelines have sought to promote consistency by proposing 

recommendations for determining 99th percentiles.38 It would therefore seem that the 

99th percentile should not be the only metric for diagnosing acute myocardial injury. 

 

The increasing use of hs-cTn assays has required that, to aid in the diagnosis of acute 

myocardial infarction, clinically and statistically significant changes in cTn results on 

serial testing be established. In order to do this, an understanding of the normal changes 

in cTn concentration over time is necessary. The four main reasons why cTn results 

may change are sample integrity (e.g. pre-analytical variation), assay variation (e.g. 
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analytical variation), biological variation and pathology.39,40 It is only by understanding 

and quantifying the first three of these sources of variation that reliable data on the 

important pathological changes can be formulated. 

 

1.3 Sources of variability 

1.3.1 Pre-analytical variation 

Pre-analytical variability refers to factors that can influence test results prior to 

analysis.41 For example, differences in how samples are collected, transported, handled 

and stored, can contribute to pre-analytical variability.13,41 Individual factors such as 

fasting status, recent exercise and posture may also contribute to variations in test 

results.13  

 

For cTn, pre-analytical factors such as differences in specimen collection tube, 

lipaemia, icterus, haemolysis, specimen storage duration and temperature, and 

microclots or debris, can be contributing factors.40 However, the variation in hs-cTn 

results caused by these factors are likely to be relatively small in magnitude.40,42,43 

Patient factors including physiological stress to the myocardium, due to various forms 

of exercise or pharmacological stress testing, can result in the release of cTn into the 

circulation, even in normal hearts.44-46 For example, one of the largest studies to date 

examining cTn post-exercise, in 482 marathon runners, found that 68% had an 

increased cTn concentration after the race.47 Release of cTn post-exercise is currently 

thought to be physiologic rather than from myocardial necrosis, and may be influenced 

by factors such as exercise intensity, age, training experience, time of blood sampling 

and the assay used.46 Additionally, physiological stress can occur in the surgical setting, 

with some studies showing post-operative increases in hs-cTn, even in young adults 

without cardiovascular disease undergoing non-cardiac surgery.48,49 Changes in posture 

however, do not appear to cause significant variation in cTn results.50 

 

1.3.2 Analytical variation 

Analytical variability (CVA), also known as coefficient of variance, or imprecision, 

refers to the inherent variation of the assay.13 The analytical variability can be 

determined by assaying test samples in duplicate to evaluate for variation in results.13 

Although every assay has intrinsic sources of variability and bias, these can be 

minimised by high quality laboratory practice and methodology.13 Hs-cTn assays 
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should have an analytical variability that is less than 10% at the 99th percentile of a 

normal reference population.14 Such a low analytical variability means that random 

variation of cTn results due to analytical influences is low (i.e. there is less “analytical 

noise”).13 Less common but important sources of analytical variability for cTn include 

instrument malfunction, calibration drift and the presence of interfering 

antibodies.40,51,52 

 

Heterophilic antibodies and human anti-species antibodies can occasionally interfere 

with cTn immunoassay measurements and typically cause false positive results.51,52 The 

presence of interfering antibodies to cTn assays is unpredictable, with an estimated 

prevalence of up to 3.1% of individuals.51 One should suspect such interference when 

test results do not fit the clinical context, thus highlighting the importance of 

communication between clinicians and the laboratory.51 The presence of interfering 

antibodies can be further investigated by initially repeating the sample analysis on an 

alternative manufacturer’s cTn assay, or by testing for non-linearity of cTn test results 

on serial dilutions, or testing for other biomarkers of cardiac injury.40,51 Methods to 

remove or inactivate interfering antibodies include the use of heterophilic antibody 

blocking reagents, immunoglobulin-blocking reagents, immobilised protein A column 

or polyethylene glycol precipitation.51,52 

 

In addition, anti-cTn antibodies may be directed towards cTnI or cTnT and can also 

interfere with cTn immunoassay measurements.40 The presence of these antibodies is 

not as easily recognised as they usually cause false negative results by inhibiting the 

binding of assay antibodies to certain cTn epitopes, most commonly the stable mid-

fragment of cTnI.40,53 The estimated prevalence of anti-cTn antibodies was previously 

found to be 12.7% in 467 healthy blood donors and 9.2% in 510 individuals with 

suspected myocardial infarction.54,55 Detection of these antibodies can be achieved by 

using immunoassays developed for this purpose.53,55 However, the presence of anti-cTn 

antibodies does not always result in cTn assay interference, as the specific epitope-

binding sites targeted by assay antibodies vary widely between manufacturers.40 It is 

possible that anti-cTn antibodies can increase the release of cTn and slow the clearance 

of cTn from the circulation after a myocardial infarction.56 However, the significance of 

anti-cTn antibodies and the correlation with long-term outcomes currently remains 

poorly understood.55,56  
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Macrotroponin occurs when cTnI is bound to a circulating antibody, resulting in a high 

molecular weight complex that is cleared more slowly from the circulation than free 

cTn.40,57 It has recently garnered increased attention from the scientific community as 

this complex may be measured by some hs-cTn assays, particularly the Abbott Architect 

hs-cTnI assay.40,57 Whilst anti-cTn antibodies typically cause false negative cTn results, 

macrotroponin can cause false positive results, largely manifesting as persistent low-

level elevations in cTn concentration, which may not demonstrate a rise and/or fall 

pattern when acute myocardial injury is suspected.40,57 The estimated prevalence of 

macrotroponin in one laboratory was found to be 4.7% of 1074 elevated cTn results.57 

Interference by a high molecular weight complex may be investigated further by re-

analysis using an alternative assay, precipitation with an immunoglobulin-binding 

protein such as protein A or G, polyethylene glycol precipitation or gel filtration 

chromatography.57 False positive cTn result may lead to further investigations that may 

be invasive in nature, thus further emphasising the need to be aware of analytical 

interference and the importance of interpreting laboratory results according to the 

clinical context. 

 

1.3.3 Biological variation 

Biological variability (CVI), also known as intra-individual variability or within-subject 

variability, is the random fluctuation of an analyte around an individual’s inherent 

“homeostatic set point”, and is thought to be relatively constant in apparently healthy 

individuals or in individuals with chronic but stable disease.58 It may occur secondary to 

circadian rhythm, monthly changes or seasonal changes.12 The release of cTn into the 

bloodstream is not always thought to be pathological, as it is postulated that cTn may be 

released due to normal myocardial cell turnover, apoptosis, cellular release of products, 

increased cell wall permeability with stress, and the production and release of 

membranous blebs containing cTn.59,60 The biological variability of cTn can be 

accurately quantified under controlled conditions by serial testing of cTn in healthy 

individuals at regular intervals using hs-cTn assays.14 These assays are able to 

accurately quantify cTn in healthy individuals and the normal fluctuations that occur, 

even at very low concentrations.14  

 

The difference between the “homeostatic set point” of individuals is termed the inter-

individual biological variability (CVG) or between-subject biological variability.13 The 

ratio of the intra-individual biological variability to the inter-individual biological 
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variability is termed the index of individuality (II).58 The II is used to assess the utility 

of population-based reference intervals and can be calculated by the formula:58 

 

II = (CVA2 + CVI2)1/2 / CVG 

 

Where CVA is analytical variation, CVI is biological variation and CVG is inter-

individual biological variability.   

 

If the II is more than 1.4, then it may be more clinically useful to interpret a test result 

using population-based reference values.58 On the other hand, an II less than 0.6 

indicates strong individuality.58 As such, conventional population-based reference 

values are of less value and the test may be better interpreted based on a change in serial 

results instead.58 This is because a test result may lie within the normal population-

based range, yet be highly unusual for a given individual due to the degree of change 

from a previous measurement. 

 

1.4 Significant change criteria 

1.4.1 Reference change values 

Reference change values (RCV) are percentage changes which can be calculated by 

combining analytical and biological variation using the formula that was developed by 

Fraser and Harris:58,61 

 

RCV = 21/2 x Z x (CVA2 + CVI2)1/2 

 

Where Z = 1.96 for a 95% probability or Z = 2.58 for a 99% probability, CVA is 

analytical variation and CVI is biological variation.  

 

If the distribution of an analyte is non-parametric, the RCV may be expressed in terms 

of increasing or decreasing results after logarithmic transformation as described by 

Fokkema et al.62 Although RCVs were initially described as percentage changes, they 

have recently been described using absolute numerical values also.63,64  

 

A change in serial test results that exceeds the RCV, suggests that the change is 

significantly different than that from intrinsic or normal sources of variation. Therefore, 
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determining RCVs would be useful for defining the rise and/or fall in cTn concentration 

that is required for the diagnosis of myocardial injury. However, it must be noted that 

the formula by Fraser and Harris assumes that pre-analytical variation is minimised by 

strict sample collection and laboratory practice.58 Furthermore, if a p-value of 0.05 is 

used to define statistical significance for the calculation of a RCV, then there is a 5% 

chance that a “healthy” person may have fluctuations in cTn concentration that exceed 

this RCV.65  

 

1.4.2 Z-scores 

A variation of the RCV approach, where the Z-score is calculated instead, has been 

proposed.66 Z-scores can be calculated using the following formula, which is a 

rearrangement of the RCV formula:66 

 

Z = Δ / (2CVA2 + 2CVI2)1/2  

 

Where Δ is the difference in cTn concentration, CVA is analytical variation and CVI is 

biological variation. 

 

Using a p-value of 0.05 to define statistical significance, a Z-score greater than 1.96 

would mean that an observed difference in cTn concentration is unlikely to have 

occurred by chance.66 The use of Z-scores has been shown to be comparable with 

absolute RCVs but superior to percentage change RCVs in terms of diagnostic 

performance.66 In addition, using a Z-score of 1.96 has comparable diagnostic 

performance across different cTnI and cTnT assays with a range of analytical 

sensitivities.66 In contrast to the RCV, which is assay-specific, the Z–score may provide 

a single cut-off value that can be used as a universal decision level for all cTn assays.66 

 

1.5 Biological variation results from previous studies 

1.5.1 Healthy individuals 

Previous studies have sought to determine the biological variability of cTn in order to 

calculate RCVs, which can then be used to define significant changes in cTn 

concentration. Whilst this is a very important factor, it is only by comparing this 

statistically significant change to outcome data that pathological significance will be 

determined. 
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The biological variability of cTn has been evaluated in healthy individuals using a 

variety of hs-cTnI and hs-cTnT assays over the last 10 years. These studies generally 

recruit a modest number of between 10 to 20 participants whereby blood samples are 

collected at specific time intervals and designed such that pre-analytical variation is 

minimised by following strict specimen collection and handling protocols. However, 

RCVs for a significant change in serial results have been found to differ widely between 

studies. This may be due to disparities in study methodology, particularly participant 

selection and the definition of healthy status, time interval between serial samples, 

statistical methods and the use of different assays.14,67 Furthermore, RCVs have, in 

general, been found to be higher for cTnT than cTnI, as summarised in Table 

1.1.11,32,65,68-76  

 

Although there are gender-specific 99th percentile cut-off values for cTn, where cut-

offs for women are generally lower, the biological variation may be similar between 

men and women according to some studies.64,77 However, the majority of studies do not 

report biological variability data stratified for gender, thus future studies are required to 

determine whether gender differences exist. 

 

The weekly and monthly biological variability of cTn has also been studied, as this 

variability may have future utility in cardiovascular disease risk stratification, chronic 

disease monitoring and in the detection of myocardial damage from long-term cardio-

toxic drug use.11,12 It can also be seen that RCVs for serial measurements of cTn over 

the long-term (weeks to months, depending on the study definition) can vary 

considerably, and are usually higher than those for short-term (hours to weeks, 

depending on the study definition) measurements.  

 

In healthy children aged 8, 10 and 12 years, the long-term biological variability of cTn 

using a hs-cTnI assay has also been studied (see Table 1.1).32 A large range of results 

for biological variability were seen, ranging from 0 to 136% (median 33%).32 

Interestingly, this study found that cTn was detectable in nearly all children, where 

concentrations increased with increasing age and left ventricular mass, thus supporting 

the notion that cTn release is not always pathological.32 
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Table 1.1 – Biological variation studies in healthy individuals 

Author Assay Time  n CVA  CVI  RCV Log RCV CVG II 

hs-cTnI 

Wu et al.11  

 

Singulex  

 

4 hours  12 8.3 9.7 - +46/-32 57 0.21 

8 weeks  17 15 14 - +81/-45 63 0.39 

Apple et al.68  Abbott  

Architect 

Short*  * 13.8 15.2 50.1 +69.3/-40.9 70.5 0.22 

- - - - - - - - 

Beckman 

Coulter 

Short* * 14.5 6.1 44.5 +63.8/-38.9 34.8 0.46 

- - - - - - - - 

Siemens 

Dimension 

Short* * 13.0 12.9 47 +57.5/-36.5 12.3 0.11 

- - - - - - - - 

Goldberg et 

al.69 

Abbott  

Architect 

Short*  * 16.9 37.1 113 - 179.2 0.23 

Long*  * 16.9 117 328 - 179.2 0.66 

Vasile et al.70 Beckman 

Coulter  

4 hours 20 3.5 3.4 - +45.2/-15.8 45.3 0.1 

8 weeks 20 2.7 2.6 - +14/-10.6 41.6 0.1 

Wu et al.71 Singulex 9 months 17 15 28 - +98/-49 71 0.45 

Aakre et al.72 Abott 

Architect 

6 hours 17 17.3 5.0 - +64/-39 37.7 0.48 

10 weeks 15 13.8 15.6 - +77/-44 25.9 0.80 

Schindler et 

al.73 

Abbott 

Architect 

3 weeks 20 4.8 14.5 37 +53/-34 44.0 0.3 

3 months 20 4.8 14.7 36 +53/-35 56.7 0.3 

van der 

Linden et al.74 

Abott 

Architect 

24 hours 18 10.0 8.6 36.7 +44.0/-30.6 49.4 0.27 

Koerbin et 

al.32† 

Abbott 

Architect 

4 years 453 * 33 - +147/-59 106 0.36 

hs-cTnT 

Vasile et al.75 Roche 

E170 

4 hours 20 53.5 48.2 - +84.6 85.9 0.84 

8 weeks 20 98 94 - +315 94 1.4 

Frankenstein 

et al.65 

Roche 

Elecsys 

4 hours 20 9.7 21 62 +90/-47 - - 

4 weeks 17 9.7 30 86 +135/-58 - - 

Roche 

E170  

4 hours 20 7.8 15 47 +64/-39 - - 

4 weeks 17 7.8 31 87 +138/-58 - - 

Aakre et al.72 Roche  

Modular E  

6 hours 15 9.9 1.2 - +22/-34 32.6 0.31 

10 weeks 14 9.7 8.3 - +42/-30 26.8 0.48 

Corte et al.37 Roche 

E411 

5 weeks  11 5.1 5.9 21.6 +35.5/-26.2 30.4 0.20 

Meijers et 

al.76 

Roche 

Modular 

4 months 28 1.5 16.0 44.9 +83.4/-27.0 51.2 0.3 

CVA, CVI, RCV and CVG are expressed in percentages and n is number of participants. 

* Specific details not available. †Conducted in children aged 8, 10 and 12 years. 
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1.5.2 Disease states 

Although biological variability studies are normally conducted in healthy individuals, 

determining RCVs for cTn in older individuals or in individuals with chronic but stable 

renal or cardiac disease is also important. Furthermore, there have also been studies 

examining RCVs in patients presenting to the emergency department for assessment of 

acute coronary syndrome.63,77 This is because healthy individuals may not be entirely 

representative of those in whom cTn is measured for the diagnosis of myocardial injury 

in clinical practice. In addition, elevations in cTn above the 99th percentile value are 

commonly seen in chronic renal or cardiac disease, due to reduced clearance of cTn 

from the circulation and chronic myocardial injury, amongst other reasons.34-37 

However, elevated but stable cTn concentrations on serial testing are more likely to be 

due to a chronic rather than an acute cause of myocardial injury. As few studies have 

been performed, current understanding of cTn variability in individuals with renal or 

cardiac disease is insufficient, as summarised in Table 1.2 and Table 1.3.36,37,72-74,76,78-82  

 

Interestingly, the biological variability of cTn has been found to be similar between 

healthy individuals and individuals requiring dialysis.36,72,74 Furthermore, the biological 

variability of cTn in individuals with stable coronary artery disease or cardiac failure 

has also been found to be comparable to healthy individuals.76,79,80 However, RCVs are 

generally higher in healthy individuals due to a higher analytical variability at lower 

cTn concentrations.36,72,74 Very few studies have assessed the biological variability of 

cTn in individuals with renal or cardiac failure over 3 to 6 hours.72,79 One study in 

individuals on haemodialysis has shown that RCVs for hs-cTn are usually less than 

20% over 6 hours.72 As the diagnosis of acute myocardial injury typically relies on 

serial measurements over 3–6 hours, further studies are required. 

 

1.5.3 Circadian pattern 

It has recently been demonstrated that cTn may exhibit diurnal variations.72,83,84 One 

study noted that cTnT concentrations exhibited a decreasing trend between 0830 hours 

and 1430 hours for healthy individuals and individuals requiring haemodialysis.72 For 

cTnI concentrations, a decreasing trend during these hours was also noted in individuals 

requiring haemodialysis, however, the pattern was not apparent in healthy individuals.72 

Furthermore another study in men with type 2 diabetes found that cTnT decreased 

during the day and then increased during the night, with peak concentrations in the 

morning at 0830 hours.83 This was further confirmed in another study of healthy 
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individuals, where cTnT exhibited diurnal variation but cTnI did not.84 These findings 

may have implications for the diagnosis of myocardial infarction and also the 

determination of biological variability because of differences in blood sampling 

times.84,85 Although there may be associations between circadian rhythm and acute 

myocardial infarction, the significance of diurnal variation in cTn concentration is yet to 

be established and further larger studies are needed.83,86 
 

Table 1.2 – Biological variation studies in patients with renal disease 

Author Assay Time 

Frame 

n CVA  CVI RCV Log-

normal 

RCV 

CVG II 

hs-cTnI 

Aakre et al.72  Abott 

Architect 

6 hours 15 6.2 3.3 - +17/-22 148.1 0.05 

10 weeks 14 5.8 14.3 - +53/-35 126.7 0.12 

Skadberg et 

al.82 

Abbott 

Architect 

2-3 days 16 5.3 13.2 - +48.2/-32.5 142.4 0.10 

van der 

Linden et al.74  

Abott 

Architect 

24 hours 18 5.6 7.7 26.4 +30.2/-23.2 62.4 0.15 

hs-cTnT 

Aakre et al.72 Roche  

Modular E 

6 hours 18 1.4 1.9 - +1/-12 110.0 0.02 

10 weeks 15 1.7 8.3 - +26/-21 101.5 0.08 

Corte et al.37 Roche 

E411 

5 weeks 18 6.0 14.7 44.1 +76.7/-43.4 77.8 0.20 

Fahim et al.78 Roche 

E170 

5 weeks 42 3.1 7.9 - +33/-25 83 0.10 

4 months 39 2.4 12.6 - +58/-37 79 0.16 

Mbagaya et 

al.36 

Roche 

E411 

10 weeks 16 2.1 10.5 28.1 +34.4/-25.6 64.2 0.17 

Skadberg et 

al.82 

Roche 

Modular E 

2-3 days 17 1.6 7.3 - +23.0/-18.7 94.4 0.08 

CVA, CVI, RCV and CVG are expressed in percentages and n is number of participants. 
 

1.5.4 Index of individuality 

Overall, the majority of studies have found substantial inter-individual biological 

variation for cTn, thus resulting in a low II (less than 0.6). Therefore, for interpreting 

hs-cTn results, observing for a change in serial tests in an individual is more useful than 

comparing single values against population-based reference intervals. This further 

highlights the need to understand biological variability and for determining RCVs for 

myocardial injury. 
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Table 1.3 – Biological variation studies in patients with cardiac disease 

Author Assay Time 

Frame 

n CVA CVI RCV  Log-

normal 

RCV 

CVG 

 

II 

hs-cTnI 

Nordenskjöld 

et al.79  

Abott 

Architect 

24 hours 24 8 13.5 49 +54/-35 187 0.08 

4-58 

days 

24 8 23.6 69 +97/-49 163 0.15 

Schindler et 

al.73  

Abbott 

Architect 

3 weeks 39 4.8 8.5 33 +31/-24 99.3 0.1 

3 months 39 4.8 9.6 50 +34/-26 100.1 0.1 

Peeters et al.81 Abbott 

Architect 

1 year 16 14.9 9.2 - +73.1/-42.2 35.0 0.5 

hs-cTnT 

Frankenstein 

et al.80  

Roche  

Elecsys  

2 weeks 41 1.5 7.2 20.1 +8.8 - 0.07 

3 months 38 1.5 15.7 43.3 +9.7 - 0.19 

Nordenskjöld 

et al.79  

Roche  

Elecsys 

24 hours 24 4 7.3 23 +26/-21 70 0.12 

58 days 24 4 11 32 +37/-27 65 0.18 

Meijers et 

al.76  

Roche 

Modular 

6 weeks 83 1.5 11.1 31.4 +42.6/-22.1 96.6 0.1 

Peeters et al.81 Roche 

Cobas 

6000 

1 year 16 3.7 11.2 - +43.1/-30.1 57.2 0.2 

CVA, CVI, RCV and CVG are expressed in percentages and n is number of participants. 

 

1.6 Difficulties in defining significant change criteria 

1.6.1 The wide variety of reference change values 

Studies that have sought to determine the biological variability of cTn have yielded 

varying results for RCVs. It is widely recognised that cTnI and cTnT are released and/or 

cleared via different mechanisms, which is further supported by the differences seen in 

biological variability data. As such, there is no universal RCV for the diagnosis of acute 

myocardial injury. Previous studies have found that using a relative change of 20% after 

2 hours for hs-cTnT or 30% after 3–6 hours for hs-cTnI after emergency department 

presentation for chest pain can significantly improve the diagnostic specificity, but 

reduce diagnostic sensitivity.87-89 Another study using hs-cTnT found that large relative 

changes of greater than 117% over 3 hours or 243% over 6 hours yielded a specificity 

of 100% but a sensitivity of 69% and 76% respectively in individuals with acute 

coronary syndrome and an initial negative cTn concentration.90 However, the short-term 
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RCVs for hs-cTnI in healthy individuals are generally in the order of 50–60%. RCVs 

for hs-cTnT have been found to be greater than 50–60%, with one study advocating 

RCVs of 85% over a 6-hour period.75 Therefore, it is possible that false positive 

diagnoses of acute myocardial injury may occur if a 50% change is defined as 

significant, particularly for hs-cTnT. 

 

The wide variety of RCVs that have been previously reported by investigators makes 

defining an appropriate diagnostic cut-off percentage for a significant rise and/or fall in 

cTn concentration extremely challenging. In order to rule-out acute myocardial injury, 

the change in cTn concentration would need to be smaller than the RCV. However, no 

RCV will be perfect for every situation. The improved analytical sensitivity of hs-cTn 

assays means that elevated cTn concentrations can be seen in numerous conditions that 

cause myocardial cell necrosis.1 In other words, cTn is organ specific but not disease 

specific. If one were to select a smaller RCV for the diagnosis of acute myocardial 

injury, this would result in an increased diagnostic sensitivity but decreased 

specificity.38 On the other hand, the use of a greater RCV would result in a decreased 

diagnostic sensitivity but increased specificity.38 Therefore, optimal RCVs are likely to 

be different for rule-in or rule-out strategies.91 As RCVs are dependent on a multitude of 

factors such as the assay used, serial sampling time interval and reference population, it 

may be that further larger studies should aim to determine assay-specific RCVs using 

strict criteria for laboratory methods, sampling intervals, participant selection and 

statistical analyses.38 

 

1.6.2 Absolute change criteria 

Defining absolute change rather than relative change criteria may also prove to be 

valuable in the early rule-in or rule-out of acute myocardial injury. One study found that 

at 2 hours after presentation with symptoms suggestive of acute myocardial infarction, 

early absolute changes in cTn concentration showed superior diagnostic accuracy 

compared to relative changes.64 The superiority of absolute changes was further 

demonstrated in another study, which compared absolute changes to a 20% relative 

change within 3–6 hours of presentation.63 The finding was that an absolute change of 

9.2 ng/L in hs-cTnT yielded a very high negative predictive value, but absolute changes 

were superior only in individuals with low (less than 14 ng/L) or high (more than 100 

ng/L) baseline hs-cTn concentrations.63 A more recent study using hs-cTnI 

demonstrated that an absolute change less than 10 ng/L identified nearly all patients 
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who did not have an acute coronary syndrome when the initial cTn concentrations were 

less than 40 ng/L.77 The superiority of absolute changes may be because of several 

potential reasons in which the utility of percentage RCVs may be reduced. For example, 

large relative changes in cTn concentration of 50% or more can be seen in some 

individuals with low baseline cTn concentrations (i.e. a change from 4 ng/L to 6 ng/L) 

despite the absence of acute myocardial injury. In addition, large changes in cTn 

concentration may not be observed in individuals who present several hours after the 

onset of symptoms as cTn concentration may have plateaued.63,64 However, it remains 

debatable whether absolute or relative change should be used for the diagnosis of acute 

myocardial injury and current recommendations are that both should be calculated.91,92 

 

1.6.3 International protocols 

Protocols to assist clinicians in interpreting serial changes in cTn for the rapid rule-in 

and rule-out of acute myocardial infarction have been proposed. The European Society 

of Cardiology (ESC) currently recommends the use of a 0 and 3 hour serial testing 

algorithm, which requires the use of assay-specific 99th percentile values.93 An 

alternative is the 0 and 1 hour algorithm, which uses assay-specific cut-offs for absolute 

changes in cTn.93 Algorithms for 0 and 2 hours have also been proposed.94 Ruling-out 

acute myocardial infarction is accomplished using these algorithms based on initial low 

concentrations of cTn or small changes in early serial measurements. However, these 

algorithms use small absolute changes, which raises concerns that analytical variation 

may exceed the suggested delta change at low cTn concentrations.92 Numerous studies 

have developed and validated algorithms using either a relative change approach or an 

absolute change approach, with different time intervals between tests.94-97 

 

Further prospective studies are required to incorporate diagnostic protocols into routine 

clinical practice to facilitate optimal use of hs-cTn assays.98 Such studies may also help 

to confirm diagnostic thresholds for significant change according to other factors such 

as gender, age group, time of symptom onset and comorbidities such as chronic cardiac 

or renal failure.99 For example, a recent study in individuals with chronic kidney disease 

proposed algorithms where the relative change cut-off for hs-cTnI was 280% and for hs-

cTnT was 250%, which are vastly different from the 20% cut-off defined by 

international recommendations.100 
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1.6.4 Considering the clinical context 

It is therefore also important to consider the time since onset of symptoms when 

interpreting a change in cTn concentration.1,38 As seen in Figure 1, there may be very 

little change in cTn concentration near peak cTn concentration or late after an acute 

myocardial injury.1 In addition, the increase in cTn concentration may be more rapid 

than the decline in cTn concentration.1 Clinical judgement remains of paramount 

importance and RCVs must therefore also be interpreted according to the clinical 

context, where information is incorporated from the history, physical examination, 

electrocardiogram and other investigation results. Furthermore, there may be a potential 

role for the clinical laboratory to provide interpretative comments or reports to improve 

clinician interpretation of serial results. 

 

1.7 Cardiac troponin and risk-prognostication 

Serial measurements of cTn over the long term may also be useful in providing 

prognostic information.101 Measurable concentrations of cTn using hs-cTn assays in the 

general population have been associated with structural cardiac disease, cardiac failure, 

and an increased risk of both cardiovascular and all-cause mortality, even at 

concentrations well below the 99th percentile value.102-106 For individuals who have 

coronary artery disease, hs-cTn may be useful in predicting the risk of future 

myocardial infarction and cardiovascular mortality.107,108 Studies have also 

demonstrated that temporal changes in cTn over several years are independently 

associated with risk of coronary artery disease, cardiac failure and cardiovascular 

mortality, concordant with the trajectory of change in cTn.101,109-111 Therefore, serial 

measurements of cTn using hs-cTn assays over the long term may play an adjunctive 

role in prognostication, with higher-risk individuals identified by rising concentrations 

of cTn over time. However, further long-term cTn biological variation studies to 

improve understanding are needed in this area to better define the potential role of 

monitoring long-term measurements for clinical decision-making. 

 

 

 

 

 

 



 19 

2  

 

Chapter 2: 

Significance, hypotheses and aim of the thesis 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 20 

2.1 Significance of Project 

Hs-cTn assays have revolutionised the diagnosis of acute myocardial injury. The 

introduction and literature review revisited the short- and long-term biological 

variability of cTn and highlighted some of the challenges in defining what constitutes a 

significant rise and/or fall of cTn concentration in health and disease states. Current 

guidelines for the diagnosis of acute myocardial infarction have suggested significant 

change values for serial testing as a guide for clinicians, but these remain poorly defined 

due to insufficient evidence. Therefore, further studies on the biological variability are 

needed to improve clinical interpretation of serial cTn results, assist in the development 

of clinical algorithms, and help refine and strengthen current recommendations for the 

diagnosis of acute myocardial infarction. 

 

There have not been any studies to date that have directly compared the biological 

variability of cTn in healthy individuals to patients with end-stage renal failure and 

patients with cardiomyopathy in one laboratory. Indeed, few studies have evaluated the 

short- and long-term biological variability of cTnI in patients with chronic renal or 

cardiac failure alone, as previously mentioned. The weekly and monthly biological 

variability of cTn has also been studied in various patient cohorts, as this may have 

future utility in cardiovascular disease risk stratification, chronic disease monitoring and 

in the detection of myocardial damage from long-term cardio-toxic drug use. 

Furthermore, there are numerous hs-cTn assays available around the world, with each 

having differing analytical characteristics. Each assay requires research in the 

populations for which they are being used, as RCVs are assay dependent. This is 

important in Western Australia, where similar research has not been published.  

 

The literature review has also highlighted many of the disadvantages of using the 99th 

percentile threshold value for hs-cTn in the diagnosis of acute myocardial injury. In 

particular, the 99th percentile may differ according to age, as elevations of hs-cTn may 

be seen in older adults independent of comorbidities. The cut-off value for the 99th 

percentile in older adults has therefore been an area of great debate, as it has been 

suggested that it should be higher than healthy younger adults. Although, increased hs-

cTn concentrations are associated with cardiovascular morbidity and mortality in the 

general population, and may provide additional prognostic value, the value of hs-cTn in 

risk-prediction for older adults has been evaluated in few studies. Whether hs-cTn can 

add to current cardiovascular risk prediction scores in older adults remains unclear. 
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2.2 Hypotheses 

• The biological variability of cTnI, quantified using a new hs-cTnI assay, will be 

greater in patients with end stage renal failure or cardiomyopathy, compared to 

healthy individuals with normal cardiac structure and function. 

• The 99th percentile value of cTnI, quantified using a hs-cTnI assay, in adults 

aged 70 years or more without cardiovascular disease, is similar to that of 

healthy younger adults. 

• There is incremental prognostic benefit of adding hs-cTnI concentration to 

current cardiovascular risk prediction models in adults aged 70 years or more. 

 

2.3 Aims 

2.3.1 Primary 

Determine the short- (hourly) and long-term (weekly) biological variability of cTn using 

a new hs-cTnI assay in healthy individuals, patients with stable end-stage renal failure 

requiring dialysis and patients with stable cardiomyopathy.  

 

2.3.2 Secondary 

Determine the 99th percentile for hs-cTnI concentration and evaluate the incremental 

benefit of adding hs-cTnI to the Framingham Risk Score (FRS) for 10-year 

cardiovascular risk stratification in older adults. 
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3  

Chapter 3: 

Biological variability in healthy individuals 

and patients with renal failure or 

cardiomyopathy 

 
Aspects of this chapter have been accepted for publication in a peer-reviewed journal: 

 

Lan NSR, Nguyen LT, Vasikaran SD, Wilson C, Jonsson J, Rankin JM, Bell DA. Short- 

and long-term biological variation of cardiac troponin I in healthy individuals, and 

patients with end-stage renal failure requiring haemodialysis or cardiomyopathy. Clin 

Chem Lab Med. 2020 Jun; doi: 10.1515/cclm-2020-0046. 
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3.1 Introduction 

3.1.1 Diagnosing myocardial infarction 

cTnI and cTnT are highly specific biomarkers of myocardial injury.1 According to the 

Fourth Universal Definition of Myocardial Infarction (2018), the diagnosis of acute 

myocardial injury requires a rise and/or fall of cTn on serial testing, with at least one 

concentration above the 99th percentile value.1 The importance of monitoring serial 

changes in cardiac enzymes has long been recognised, and the current consensus 

statement provides significant change criteria as a guide for clinicians.1,2 If the initial 

cTn concentration is at, or below, the 99th percentile, then a 50 to 60% relative change 

may be suggestive of an acute myocardial injury.1 On the other hand, if the initial cTn 

concentration is above the 99th percentile, then a 20% change (based on three times the 

analytical variability of previous generation assays), may be suggestive instead.1,10 

However, the magnitude of change constituting a significant rise and/or fall in cTn 

concentration continues to be a matter of debate due to limited evidence and conflicting 

data.112,113 

 

3.1.2 Defining a significant change 

In order to better define what constitutes a significant change, the normal variations in 

cTn results need to be quantified.113  Such variations may occur due to pre-analytical, 

analytical and biological variability.13,40 hs-cTn assays can be used to assess the 

biological variability of cTn, when serial testing at regular time intervals is performed 

under strictly controlled conditions.14 These assays are able to accurately quantitate cTn 

in more than 50% of healthy individuals, with a coefficient of variation of less than 10% 

at the 99th percentile.14 In addition, the low analytical variability of these assays means 

that random variation of cTn results due to analytical influences is low.13 The 

assessment of analytical variability and biological variability has enabled the calculation 

of reference change values, which are assay-specific, and can be used to define a 

significant change.61 Individuals with a change in cTn concentration that are within the 

limits of normal variation are unlikely to have experienced an acute myocardial injury. 

 

3.1.3 Biological variability 

Biological variability, defined as the random fluctuation of an analyte around an 

individual’s inherent “homeostatic set point”, is usually studied in healthy individuals.58  

Determining significant change criteria for individuals with chronic, but stable, renal or 
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cardiac disease is also important, as healthy individuals may not be representative of 

those in whom cTn is measured in clinical practice and because underlying pathology 

may alter biological variability. In addition, chronic elevations in cTn concentration 

above the 99th percentile may be commonly seen in those with renal or cardiac 

disease.34,35 An elevated, but stable, cTn concentration on serial testing is more likely 

due to a chronic, rather than an acute, cause of myocardial injury. However, current 

knowledge of hourly biological variability remains insufficient in these disease states, 

as few studies have been performed.72,79,113 The advent of hs-cTn assays has also led to 

the development of protocols for early measurements of cTn, even within 1 hour, to 

facilitate rapid rule-in or rule-out of myocardial infarction for individuals presenting 

with chest pain.93 This highlights the importance of examining normal hourly changes. 

The assessment of weekly or monthly biological variability may have further 

implications with regards to cardiovascular risk stratification and chronic disease 

monitoring.11,12 

 

3.1.4 Haemodialysis and cardiac troponin 

Haemodialysis may have differential effects on the concentration of cTnI and cTnT.114-

117 The concentration of cTn may increase due to haemoconcentration following 

haemodialysis, or decrease due to clearance of cTn from the circulation or adherence of 

cTn to haemodialysis membranes.114-117 This also highlights the need to interpret serial 

cTn results with respect to the time of haemodialysis. However, the effect of 

haemodialysis on cTn concentration currently remains unclear. 

 

3.2 Aims 

The primary aim of this study was to determine the short-term (hourly) and long-term 

(weekly) biological variability of cTnI using a hs-cTnI assay in healthy individuals, 

patients with stable end-stage renal failure requiring haemodialysis and patients with 

stable cardiomyopathy. A secondary aim was to explore whether cTnI concentrations 

changed from pre- to post-haemodialysis. 
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3.3 Methods 

3.3.1 Participant recruitment 

Participants were prospectively recruited at Fiona Stanley Hospital, a tertiary hospital in 

Western Australia, during a two-year period. Ethical approval was obtained from the 

Human Research Ethics Committee (number: EMHS-2016-110). All participants 

provided written informed consent and the study was conducted according to the 

principles of the Declaration of Helsinki. Baseline clinical characteristics were obtained 

from the participant and review of the medical records. 

 

Healthy individuals were recruiting using advertisements attached to noticeboards in 

hospital staff rooms and were eligible if there were no self-reported symptoms or 

history of cardiovascular disease. All healthy individuals underwent an 

electrocardiogram, transthoracic echocardiogram, and baseline blood tests for brain 

natriuretic peptide, creatine kinase, creatinine and high-sensitivity C-reactive protein to 

confirm normal cardiac structure and function. The echocardiogram was performed by a 

certified cardiac sonographer and reported by a cardiologist. Patients with stable end-

stage renal failure were recruited in the outpatient dialysis unit. Renal failure patients 

were eligible if they had been managed with haemodialysis for at least three consecutive 

months and were on individually optimised doses of medication. The method of dialysis 

used for patients enrolled in this study, who were well-established on dialysis, was 

haemodiafiltration. Patients with stable cardiomyopathy were recruited from the 

cardiology advanced heart failure outpatient clinic. Cardiomyopathy patients were 

eligible if they had a left ventricular ejection fraction of less than 45% for at least one 

year, were on individually optimised doses of medications and had New York Heart 

Association class I to III symptoms.  

 

Exclusion criteria for the study included the inability to provide consent, age less than 

20 years, pregnancy, excessive alcohol consumption of more than 1 unit per day, non-

adherence to medication, fluid restriction or haemodialysis, a history of acute 

myocardial infarction, pulmonary embolism, tachyarrhythmia/bradyarrhythmia, 

exacerbation of congestive heart failure, sepsis, pericarditis, myocarditis, endocarditis, 

aortic dissection or cardiac intervention within the last 6 months or during the study 

period,  planned cardiac intervention such as percutaneous coronary intervention or 

coronary artery bypass grafting in the 6 months from time of recruitment, or awaiting 

renal or cardiac transplantation.  
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3.3.2 Plasma sample collection 

Plasma samples for cTn analysis were collected from each participant by the hospital 

outpatient phlebotomy service into 3 mL BD Vacutainer® PST™ Lithium Heparin 

tubes using standard phlebotomy techniques. Participants were asked not to perform 

strenuous exercise prior to sample collection, on the day of sample collection.  

 

To assess short-term biological variability, hourly plasma samples were collected from 

all participants for four consecutive hours, where no strenuous activity was allowed 

during this interval. For patients with end-stage renal failure, this was performed on a 

non-haemodialysis day. To assess long-term biological variability of cTn in the healthy 

individuals and in the patients with cardiomyopathy, weekly plasma samples were 

collected for a further seven consecutive weeks, on approximately the same day and 

time of the week. For patients with renal failure, weekly pre-haemodialysis samples 

were collected in the dialysis unit for a further seven weeks, on the same day of the 

week. Corresponding post-haemodialysis samples were also collected in the dialysis 

unit immediately after, to assess for a change in cTn concentration. 

 

Blood samples were centrifuged to separate the plasma, which was then aliquoted into 

de-identified storage tubes, snap-frozen and stored at -80°C in the hospital biochemistry 

laboratory by one of the study investigators on the day of collection. 

 

3.3.3 Plasma sample analysis 

After closure of the participant recruitment period, plasma samples were mixed whilst 

thawed at room temperature, vortexed and re-spun before analysis with a hs-cTnI assay 

on the Abbott Alinity ci-series. The manufacturer stated 99th percentile for this assay is 

34 ng/L for males and 16 ng/L for females (26 ng/L overall), and the limit of blank and 

limit of detection are 1.0 ng/L and 1.6 ng/L respectively. In order to minimize between-

run variability, the analysis was performed in a single day by the same scientist, with 

one calibration and using two reagent packs from the same lot number. Quality control 

was performed before, during and after analysis (low: actual mean 18.5 ng/L versus 

expected 20.0 ng/L, medium: actual mean 185.6 ng/L versus expected 200.0 ng/L, and 

high: actual mean 14960.1 ng/L versus expected 15000.0 ng/L). 
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To further characterise the cohorts, the initial sample collection for all participants 

included a 3 mL PST lithium heparin tube, and a 4 ml EDTA tube, which were analysed 

routinely for brain natriuretic peptide (Abbott ARCHITECT chemiluminescent 

immunoassay), creatine kinase (Abbott ARCHITECT enzymatic assay), creatinine 

(Abbott ARCHITECT enzymatic assay) and high-sensitivity C-reactive protein (Abbott 

ARCHITECT immunoturbidimetric assay) on the day of collection. 

 

3.3.4 Statistical analysis 

All statistical analyses were carried out using Microsoft Excel and SAS software. There 

was limited data available for accurate sample size calculation prior to the 

commencement of the study. Using data from Aakre et al., which used the previous 

version of the Abbott hs-cTnI assay, 6 people would be needed in each group to detect a 

10% difference between groups over 90 minutes (mean 3.9, SD 0.2) with 99% 

confidence.72 In addition, 10 people would be required in each group to identify a 10% 

difference over weeks (mean 15, SD 0.5) with 99% confidence.72 Due to the limitation 

of data for power calculations, a sample size of 20 was estimated for each group. 

 

Baseline characteristics are described using median or mean with range where specified 

or count with percentage. The Cochran test and Reed’s criterion was used to identify 

outliers in cTnI results, which were then excluded from further analysis.58 Participants 

with cTnI non-quantifiable (zero) results for more than half of their samples were also 

excluded from further analysis. Analytical variability (CVA) was determined from 

internal quality controls (Thermo Fisher Scientific, Bio-Rad Laboratories, and Innov 

Research), or pooled samples at cTnI concentrations corresponding to the mean values 

of our study participants. Biological variability (CVI) and inter-individual variability 

(CVG) was calculated using the methods described by Fraser and Harris.58 Standard 

reference change values (RCV) were calculated using the formula by Fraser and Harris: 

RCV = 21/2 x Z x (CVA2 + CVI2)1/2, where Z = 1.96 for a 95% confidence with a two-

tailed p-value <0.05.58 We also evaluated RCVs after performing a log-normal 

transformation as described by Fokkema et al.62 The index of individuality (II) was 

calculated using the formula: II = (CVA2 + CVI2)1/2 / CVG.58  

 

Subsequently, due to lower than anticipated cTnI concentrations in the healthy 

individuals, the analysis was also performed after exclusion of individuals where mean 

cTnI concentration was less than or equal to the limit of blank, 1.0ng/L.  
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Paired t-test was used to compare the mean cTnI concentration pre- versus post-

haemodialysis. The relative change in cTnI concentration from pre- to post-

haemodialysis was calculated for each session and an average change was calculated for 

each participant, and for all participants.  

 

3.4 Results 

3.4.1 Cohort characteristics 

There were 20 healthy individuals, 9 patients with stable end-stage renal failure 

requiring haemodialysis and 20 patients with stable cardiomyopathy who were eligible 

for participation and provided consent. Baseline characteristics are summarised in 

Table 3.1. All screening echocardiograms for the healthy individuals demonstrated 

normal cardiac structure and function. In the healthy cohort, one individual had a raised 

creatine kinase of 420 U/L and a right bundle branch block morphology on 

electrocardiogram. This individual was not excluded from the analysis. In the renal 

failure cohort, the predominant causes of renal failure were nephropathy (22.2%), 

nephrosclerosis (22.2%) and glomerulonephritis (22.2%). In the cardiomyopathy cohort, 

the median left ventricular ejection fraction was 30.5% (range 23-40%) and the 

predominant causes of heart failure were ischaemic heart disease (30%), valvular heart 

disease (15%), idiopathic cardiomyopathy (15%), left ventricular non-compaction 

cardiomyopathy (10%) and myocarditis (10%).  

 

3.4.2 Plasma sample collection 

For short-term biological variability, there were 99 plasma samples obtained from 

healthy individuals, 45 from patients with renal failure and 100 from patients with 

cardiomyopathy. This represents an overall short-term follow-up of 99.6%, where only 

1 blood draw was missed. In the renal failure cohort, 1 patient (participant 8) was 

hospitalised for sepsis prior to providing samples for long-term biological variability 

and was excluded from further participation. In the cardiomyopathy cohort, 1 patient 

(participant 4) was hospitalised for an exacerbation of congestive cardiac failure after 

providing 1 sample for long-term biological variability and was excluded from further 

participation. For long-term biological variability, there were 133 plasma samples 

obtained from healthy individuals, 51 from patients with renal failure and 126 from 

patients with cardiomyopathy. This represents an overall long-term follow-up of 90.4%.  
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Table 3.1 – Baseline characteristics according to disease state 

Characteristic Healthy 

(n=20) 

Renal failure 

(n=9) 

Cardiomyopathy 

(n=20) 

Age (years) 40 (22-70) 72 (54-90) 57.5 (47-69) 

Male gender 10 (50.0) 3 (33.3) 17 (85.0) 

Body mass index (kg/m2) 26.0 (16.4-31.6) 29.1 (13.7-46.3) 29.4 (18.3-39.0) 

Current smoker 0 1 (11.1) 2 (10.0) 

Diabetes mellitus 0 5 (55.6) 6 (30.0) 

Hypertension 0 8 (88.9) 10 (50.0) 

Known ischaemic heart 

disease 

0 3 (33.3) 7 (35.0) 

ACE-I or ARB use 0 3 (33.3) 17 (8.05) 

Beta-blocker use 0 6 (66.7) 17 (85.0) 

MRA use 0 0 12 (60.0) 

Loop or thiazide diuretic 

use 

0 4 (44.4) 12 (60.0) 

Creatinine (µmol/L) 68 (52-106) 476 (403-735) 100.5 (64-184) 

CK (U/L) 97.5 (41-420) 71 (17-164) 93 (27-506) 

hs-CRP (mg/L) 1.0 (0.1-5.2) 7.1 (0.5-217.9) 1.9 (0.3-15.2) 

BNP (ng/L) 12 (<10-39) 288.5 (85-1070) 192 (18-1330) 

cTnI (ng/L) 0.4 (0.0-2.7) 12.6 (6.2-28.9) 5.0 (1.1-102.6) 

Data are expressed in median (range) or count (percentage). 

Abbreviations – ACE-I = angiotensin converting enzyme inhibitor, ARB = angiotensin receptor blocker, 

MRA = mineralocorticoid receptor antagonist, CK = creatine kinase, hs-CRP = high-sensitivity C-

reactive protein, BNP = brain natriuretic peptide 

 

3.4.3 Distribution of cardiac troponin concentration 

The distribution of all cTnI results for each participant are shown in Figure 3.1. The 

percentage with a baseline cTnI concentration above the manufacturer stated gender-

specific 99th percentile was 0% for healthy individuals, 22.2% for patients with renal 

failure and 10.0% for patients with cardiomyopathy.  

 

3.4.4 Biological variability and reference change values 

The median cTnI concentration, biological and analytical variability data, calculated 

RCV, log-normal RCV and II results are presented in Table 3.2. The analytical 

variability was determined to be 14.0% at a mean cTnI concentration of 3.2ng/L (297 

replicates) and 5.8% at a concentration of 12.8ng/L (43 replicates). using internal 

quality controls and pooled samples. 
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Figure 3.1 – Distribution of cTn concentration according to disease state, where 

data are presented as mean and range. Short-term variability (hourly) is shown for 

(A) healthy individuals, (B) patient with end-stage renal failure and (C) patients 

with cardiomyopathy, and long-term variability (weekly) is shown for (D) healthy 

individuals, (E) patient with end-stage renal failure and (F) patients with 

cardiomyopathy

 

 



 31 

Table 3.2 – Biological variation for cTnI according to disease state 
 

† Analyses performed after exclusion of outliers using the Cochran test and Reed’s criterion, those with 

cTnI of zero in over half of samples (6 healthy participants) and those lost to long-term follow-up (1 renal 

failure patient).  

‡ After further exclusion of individuals where mean cTnI £1.0ng/L.  

§ Concentrations expressed in median (range).  

¶ Refers to log-normal increase or decrease. 

 

3.4.5 Changes with haemodialysis 

Pre- and post-haemodialysis plasma samples were obtained from 8 patients with renal 

failure over 50 haemodialysis sessions. The mean cTnI concentration was lower post-

haemodialysis compared to pre-haemodialysis (15.2 ng/L versus 17.8 ng/L, p<0.0001). 

The relative change results for each patient are presented in Table 3.3. Overall, the 

mean and median bidirectional relative change in cTnI concentration from pre- to post-

dialysis was 16.9% and 17.3% respectively.  

 

 

 

 

 

 

Variable Healthy 

(n=20) 

Renal failure 

(n=9) 

Cardiomyopathy 

(n=20) 

Short† Long† Short‡ Long‡ Short† Long† Short† Long† 

Number of 

individuals  

14 11 4 5 9 4 17 15 

cTnI 

(ng/L)§ 

0.6  

(0.1-2.9) 

0.4  

(0.1-2.6) 

2.2  

(0.8-2.9) 

1.6  

(0.1-4.5) 

12.6 

(5.0-

30.9) 

12.4 

(8.6-

18.9) 

4.6 

(0.6-

13.1) 

3.6  

(0.5-

10.1) 

CVI (%) 23.6 47.9 8.8 41.4 2.6 19.1 4.2 17.5 

CVA (%) 14.0 14.0 14.0 14.0 5.8 5.8 10.0 10.0 

CVG (%)  92.7 96.1 43.1 25.8 50.5 11.2 65.9 63.1 

RCV (%) 76.1 138.5 45.8 121.0 17.6 55.2 30.0 55.8 

RCV+ (%)¶ +111.2 +269.9 +57.6 +218.4 +19.2 +72.8 +34.9 +73.7 

RCV- (%)¶ -52.6 -73.0 -36.6 -68.6 -16.1 -42.1 -25.9 -42.4 

II 0.30 0.52 0.38 1.69 0.13 1.78 0.16 0.32 
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Table 3.3 – Change in cTnI concentration from pre- to post-haemodialysis 

Participant Number of sessions Mean relative change 

(%) 

Median relative change (%) 

with range 

1 5 20.0 19.3 (14.0-26.7) 

2 7 11.7 9.6 (0.0-21.3)  

3 7 13.0 13.3 (2.7-21.1) 

4 5 23.2 23.2 (16.7-28.1) 

5 5 19.6 20.1 (15.6-22.6) 

6 7 21.6 13.3 (0.0-63.6) 

7 7 18.0 19.5 (0.6-25.2) 

8 0 N/A N/A 

9 7 8.4 6.8 (0.9-19.8) 

All patients 50 16.9 17.3 (0.0-63.6) 

 

3.5 Discussion 

3.5.1 Main findings 

The biological variability of cTnI is similar between patients with renal failure requiring 

haemodialysis and patients with cardiomyopathy, with a corresponding RCV of 

approximately 20 to 30% in the short-term and 50 to 60% in the long-term. However, 

the biological variability of cTnI was found to be greater in healthy individuals, with a 

corresponding short-term RCV of 46% and long-term RCV of 121%. The greater 

proportional RCV is likely secondary to the very low cTnI concentrations seen in this 

very healthy cohort of individuals and the greater assay imprecision at lower cTnI 

concentrations. Studies on biological variability in different cohorts advise the clinical 

interpretation of serial cTn results, guiding the magnitude of change required to define 

pathologic myocardial injury. 

 

3.5.2 Comparison with previous studies 

Previous studies have yielded inconsistent biological variability results for cTnI. Using 

the Abbott Architect hs-cTnI assay, Apple et al. and Goldberg et al. found short-term 

biological variability to be 15.2% and 37.1% respectively.68,69 However, Aakre et al. 

and van der Linden et al., who also used the Abbott Architect assay in healthy 

individuals, found considerably lower short-term biological variability at 5.0% (mean 

cTnI concentration 3.9 ng/L) and 8.6% (median cTnI concentration 4.7 ng/L) 

respectively.72,74 Similar values for cTnI were found with the Singulex assay by Wu et 
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al. and the Beckman Coulter assay by Vasile et al.11,70 As a result of these differences, 

calculated RCVs have ranged from 30 to 70%, thus making it difficult to define an 

appropriate diagnostic cut-off percentage for a significant rise and/or fall in cTn 

concentration.11,68-70,72,74 The disparity in results between studies may be due to factors 

such as differences in methodology, participant selection, definition of healthy status, 

time interval between serial sampling and the assay used.113 The distribution of cTn can 

also affect results depending on which statistical method is used to estimate biological 

variability and RCVs.118 For example, log-normal transformations may not necessarily 

be valid in cases where measurements are not log-distributed.118 

 

Few studies have assessed the hourly biological variability of cTnI in patients with end-

stage renal failure and patients with cardiac disease.72,79 Some studies have found that 

the biological variability of cTn may be similar between healthy individuals and 

patients with renal failure requiring haemodialysis.36,72,74 In addition, similar biological 

variability has also been demonstrated in studies in patients with cardiac disease.76,79,80 

The 2.6% short-term and 19.1% long-term cTnI biological variability for renal failure 

patients in our study is comparable to that of Aakre et al., who found values of 3.3% 

(mean cTnI concentration 41.5 ng/L) and 14.3% respectively (mean cTnI concentration 

27.7 ng/L).72 Nordenskjöld et al. evaluated the biological variability of cTnI over 24 

hours using the Abbott Architect assay in a cohort of patients with coronary artery 

disease and found a biological variability of 13.5%, which is higher than our 4.2% 

short-term value.79 Other studies in patients with cardiac disease have assessed 

biological variability over longer time periods, rather than over hours.73,81 However, as 

the diagnosis of acute myocardial injury typically relies on serial testing over hours, 

hourly short-term biological variability findings are particularly relevant. 

 

Consistent with other studies, this study found that the long-term biological variability 

of cTn is greater than that of short-term.11,69,72,79 In addition, the large inter-individual 

biological variability of cTnI resulted in an index of individuality less than 0.6 in the 

majority of the analyses. Therefore, a change in cTnI tests results in an individual is 

more sensitive than a population-based threshold for diagnostic purposes, such as that 

for acute myocardial injury.58  
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3.5.3 Comparison with current guideline recommendations 

According to current guidelines, a 50 to 60% relative change in cTn concentration may 

be suggestive of an acute myocardial injury when the initial cTn concentration is at or 

below the 99th percentile.1 However, these are arbitrary thresholds for cTn 

concentration, which is a continuous variable. Although the majority of patients with 

renal failure and cardiomyopathy in this study had cTnI concentrations below the 99th 

percentile, the short-term RCV was found to be in the order of 20 to 30%, which is 

considerably lower than the suggested 50 to 60% change. Using the 50 to 60% change 

criteria may therefore result in improved diagnostic specificity but reduced diagnostic 

sensitivity.  

 

On the other hand, the short-term RCV for healthy individuals with very low baseline 

cTnI concentrations in our study is within the suggested change. However, these 

findings must be interpreted with caution, as relative changes in cTn concentration of 

50% or more may reflect small absolute changes at very low baseline cTn 

concentrations (i.e. a change from 2 ng/L to 3 ng/L) despite the absence of significant 

myocardial injury. Such a change in cTn concentration may be statistically significant 

based on RCVs, but not necessarily clinically significant.  

 

Accelerated protocols for the diagnosis of non-ST elevation myocardial infarction have 

been validated for the Abbott hs-cTnI assay, where cTn can be measured at 0 hour and 1 

hour after presentation.93 The guideline-recommended cut-off levels for such protocols 

are assay-specific and the protocols need to be used in conjunction with the clinical 

context.93 For the Abbott hs-cTnI assay, myocardial infarction may be ruled-out if the 

initial cTn concentration is less 5 ng/L and the increase within 1 hour is less than 2 

ng/L.93 In the context of this study, hs-cTnI concentrations were less than 5ng/L for all 

healthy individuals and the calculated RCV of 46% would result in an absolute change 

less than 2 ng/L. Alternatively, myocardial infarction may be ruled-in if the initial cTn 

concentration is greater than or equal to 52 ng/L, or if the increase within 1 hour is 

greater than or equal to 6 ng/L.93 The 20% and 30% short-term RCV for the renal 

failure and cardiomyopathy patients respectively would not result in an absolute change 

of more than 6 ng/L in our study. However, at low concentrations of cTn, using absolute 

change criteria rather than relative changes may have greater utility in the diagnosis of 

acute myocardial injury, according to studies in the emergency department.63,64,77 It 

currently remains debatable whether absolute or relative change should be used.  
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3.5.4 Influence of haemodialysis on change criteria 

A secondary aim of this study was to examine the influence of haemodialysis on cTnI 

concentration. Some studies have demonstrated that cTnI decreases after haemodialysis, 

whereas cTnT increases.114,116 However, this was not replicated in other studies.115,117,119 

The mean pre-haemodialysis cTnI concentration was lower than the post-haemodialysis 

concentration in the current study. The mean relative change of 16.9% (median 17.3%) 

that was observed is of a similar magnitude to that of the 17.6% short-term RCV for the 

renal failure cohort. However,  Skadberg et al. demonstrated that cTnI concentrations 

reduced by a lesser extent of 7.6% (median), whereas Tarapan et al. demonstrated that 

cTnI concentrations reduced by a greater extent of 36% (median) after 

haemodialysis.82,120 Both studies measured cTnI concentrations using the Abbott assay. 

Interestingly, a study by Chen et al. demonstrated that cTnT decreases during 

haemodialysis and then rises after haemodialysis, before returning to baseline levels 

approximately 11 hours after haemodialysis was completed.119  

 

3.5.5 Strengths and limitations 

A strength of this study was the recruitment of distinct and well-characterised cohorts, 

with a greater than 90% follow-up for both short- and long-term plasma collection. 

Healthy participants were comprehensively screened via history, electrocardiogram and 

echocardiography, whilst the patients with chronic diseases met strict inclusion and 

exclusion criteria to ensure stable disease at recruitment, and to maximise the likelihood 

of follow-up. The strict screening process for healthy participants ensures that CVI 

estimates are more reliable, as variations in cTn concentration are less likely to be due 

to disease processes. In addition, measures were employed in the laboratory to minimise 

pre-analytical and analytical variation.  

 

However, perhaps because the “healthy” individuals were so healthy and relatively 

young, the cTnI concentrations were significantly lower than anticipated with the 

majority below the limit of detection. This resulted in the analysis being performed after 

the exclusion of a large number of individuals with mean cTnI concentrations less than 

the limit of blank instead, which is an important limitation. A further limitation is the 

lower number of patients with end-stage renal failure, a condition which is associated 

with high morbidity. Due to strict inclusion and exclusion criteria, many haemodialysis 
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patients at the hospital dialysis unit were ineligible for participation. However, such 

strict selection criteria are required in order to conduct a rigorous biological variability 

study, as cTn concentration may vary due to numerous cardiac or non-cardiac 

pathology.1 For these reasons, long-term biological variability data in these cohorts 

were based on calculations on a smaller number of individuals. As the cTnI 

concentrations were similar between the individuals analysed, this led to a lower than 

expected value for inter-individual biological variability and an index of individuality 

that was greater than 1.4.  

 

In addition, samples were not collected by the same phlebotomist, which can result in 

inter-phlebotomist variability. However, it may be argued that this aspect of pre-

analytical variation actually reflects real-world practices. This study had an over-

representation of men in the cardiomyopathy cohort and women in the renal failure 

cohort. Diurnal variation in cTnI concentration, which has been demonstrated mostly 

for cTnT, was not evaluated.72,83,84  

 

3.5.6 Conclusion 

In conclusion, this study reports the biological variability of cTnI using a hs-cTnI assay 

on the recently released Abbott Alinity analyser, thus providing additional information 

to inform clinical decision making and assist in the development of future 

recommendations for the diagnosis of acute myocardial injury. A relative change of 

greater than 20 to 30% may be clinically important in the short-term for patients with 

stable end-stage renal failure or cardiomyopathy with initial cTnI concentrations below 

the 99% percentile.  
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Chapter 4: 

The 99th percentile and cardiovascular risk 

prediction in older men 

 
Aspects of this chapter have been published in a peer-reviewed journal: 

 

Lan NSR, Bell DA, McCaul KA, Vasikaran SD, Yeap BB, Norman PE, Almeida OP, 

Golledge J, Hankey GJ, Flicker L. High-Sensitivity Cardiac Troponin I Improves 

Cardiovascular Risk Prediction in Older Men: HIMS (The Health in Men Study). J Am 

Heart Assoc. 2019 Mar;8(5):e011818. 
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4.1 Introduction 

4.1.1 The Framingham Risk Score 

Cardiovascular disease is a major cause of morbidity and mortality, which imposes a 

substantial burden on healthcare expenditure.121 The FRS is a widely used model to 

estimate 10-year risk of cardiovascular events and aids in deciding on the use of 

primary prevention therapies. However, this was validated in white middle-aged 

populations.122 Studies have demonstrated that the FRS performs poorly in older adults, 

suggesting that conventional risk factors are not as predictive of cardiovascular events 

in older people.123,124  

 

4.1.2 High-sensitivity cardiac troponin assays and cardiovascular risk 

Hs-cTn assays can measure ten-fold lower concentrations with more precision than 

older assays, and are able to accurately quantify cTn in 50% of a reference population 

with a coefficient of variation of less than 10% at the 99th percentile.14 Measurable 

concentrations of cTnI and cTnT in the general population are associated with structural 

cardiac disease, heart failure, and an increase in both all-cause and cardiovascular 

morbidity and mortality.20,102-106,109,110,125,126 Furthermore, in stable outpatients with 

coronary artery disease, hs-cTnI can provide prognostic information regarding risk of 

future myocardial infarction and cardiovascular mortality.107,108 However, few studies 

have evaluated hs-cTnI as a prognostic indicator for older people.109,127  

 

4.2 Aim 

The aim of this study was to determine the 99th percentile for hs-cTnI and evaluate the 

incremental benefit of adding hs-cTnI to the FRS for cardiovascular risk stratification in 

older men. 

 

4.3 Methods 

4.3.1 The Health In Men Study 

This study was conducted as part of the Health In Men Study (HIMS), which is a cohort 

study of community-dwelling men aged 70 to 89 years from Perth, Western 

Australia.128 The HIMS recruitment process and study population have been previously 

described in detail.128 In brief, HIMS has been conducted in 2 waves; 12203 men 

completed a questionnaire and underwent physical examination between 1996-1999, 
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and 4248 of these men were reassessed and had venesection between 2001-2004.128 The 

population for this arm of the study was selected from wave 2, as these participants had 

undergone pathology testing and had stored plasma samples. All participants provided 

written consent, and the University of Western Australia Human Research Ethics 

Committee approved the study.128  

  

Physical assessments were performed by research nurses and included height, weight, 

and blood pressure.128 Participants completed a medical history survey and various 

questionnaires to assess smoking status, activity, memory, and psychosocial factors as 

previously described.128 

 

4.3.2 Definitions 

Hypertension was defined as blood pressure of ≥140/90mmHg, hypertension listed in 

the medical history, or the use of antihypertensive medications.129 Diabetes mellitus was 

defined as fasting blood glucose of ≥7.0mmol/L, non-fasting blood glucose of 

≥11.1mmol/L, a stated history of diabetes or the use of glucose lowering medication.129 

Dyslipidaemia was defined as a fasting high-density lipoprotein of <0.9mmol/L, low-

density lipoprotein of ≥3.4mmol/L, triglycerides of ≥1.8mmol/L, or total cholesterol of 

≥5.5mmol/L or the use of lipid-lowering therapy.129  

 

Pre-existing cardiovascular disease was defined as a self-reported history of angina, 

myocardial infarction, stroke, or abdominal aortic aneurysm.129 The FRS to estimate 10-

year cardiovascular event risk was calculated only for men without prior cardiovascular 

disease. 

 

The Western Australia Data Linkage System was used to determine occurrence of 

cardiovascular events and death over 10 years of follow-up.129,130 This system collates 

information from hospital morbidity and mortality data, emergency departments and the 

death registry at 6-monthly intervals.130 The primary outcome measure, cardiovascular 

events over 10 years, was defined as a composite of coronary heart disease events 

(including coronary death, myocardial infarction, coronary insufficiency, and angina), 

cerebrovascular disease events (including ischemic stroke, hemorrhagic stroke, and 

transient ischemic attack), peripheral artery disease events (including intermittent 

claudication), and heart failure. 



 40 

4.3.3 Cardiac troponin analysis 

Blood samples were collected between 8:00 AM and 10:30 AM. Samples collected into 

lithium heparin plasma separator (gel) tubes were promptly centrifuged at 2000g for 10 

minutes. Cholesterol, triglycerides, high-density lipoprotein cholesterol, and creatinine 

were analyzed on the day of collection in an accredited laboratory. Low-density 

lipoprotein cholesterol was calculated using the Friedewald equation.131 Samples of 

serum were prepared and frozen at -80°C in 3 approximately 0.8 mL aliquots.128 

Measurement of cTnI was done on one of these serum aliquots, which was thawed and 

recentrifuged prior to analysis. Samples were analyzed for cTnI using an Abbott 

Architect i2000SR assay over several days using a single reagent lot. This assay has a 

coefficient of variation of 10% at 6 ng/L in this laboratory.132 

 

4.3.4 Statistical analyses 

Statistical analysis was performed using SAS 9.4 (SAS Institute, Cary, NC) and 

STATA (StataCorp, College Station, TX). Categorical variables are described as 

absolute numbers and percentages. Continuous variables are described as mean and SD, 

while skewed data are also described as median and interquartile range. The 99th 

percentile value for hs-cTnI was calculated as the absolute single upper 99th percentile 

value using hs-cTnI results for men without pre-existing cardiovascular disease at 

baseline. Non-parametric data were compared using the Wilcoxon rank-sum test. A 

P<0.05 was used to defined statistical significance. Logistic regression was used to 

assess the association of hs-cTnI with 10-year mortality. Cox proportional hazards 

regression modeling was used to examine the association between covariates of the FRS 

and cardiovascular events over 10 years. Hs-cTnI was then added as a continuous 

predictor to the Cox regression model to form a new model. The traditional FRS was 

compared with the new model using the C-statistic, which measures discriminatory 

ability by indicating the correct ranking of each individual’s risk, and the likelihood 

ratio test of improved model fit. Predicted 10-year risks were also compared using the 

continuous net reclassification improvement, which quantifies improvement offered by 

a new marker.133 Density plots, receiver operating curves and recalibration plots were 

used to graphically display differences between models.133 Reclassification tables were 

constructed for people who did or did not experience a cardiovascular event during 

follow-up, where comparison is made between quartiles of risk calculated with the FRS 

and the new model.133  
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4.4 Results 

4.4.1 Distribution of cardiac troponin concentration 

A total of 4248 men contributed data to the second wave of HIMS. The majority were 

born in Australia (62.0%), Northern Europe (26.7%) and the Mediterranean (5.2%).128 

During a planned analysis of 4248 patient samples for another study, the last 2111 

samples were accessible for analysis of hs-cTnI, which then formed the cohort of this 

study. There were 1137 men aged 70 to 74 years, 843 aged 75 to 79 years, and 131 aged 

80 years or older. Baseline characteristics are presented in Table 4.1. 

 

The hs-cTnI distribution for the entire cohort (n=2111) was nonparametric, as shown in 

Figure 4.1. Overall, the mean hs-cTnI was 9.4 ng/L, with a median of 5.9 ng/L and an 

interquartile range of 4.6 ng/L. The 25th and 75th percentiles were 4.2 and 8.8 ng/L, 

respectively. There were 42 men with hs-cTnI concentrations ≥40.0 ng/L, with a range 

of 40.7 to 398.5 ng/L. Increased age, current smoking, presence of baseline 

comorbidities, and cardiovascular disease were associated with increased hs-cTnI 

concentration, as presented in Table 4.2. 

 

Figure 4.1 also shows the distribution of hs-cTnI concentrations for men without 

cardiovascular disease (n=1151) at baseline. The mean hs-cTnI for this group was 6.9 

ng/L, with a median of 5.3ng/ L and an interquartile range of 3.5 ng/L. The 25th and 

75th percentiles were 3.9 and 7.4 ng/L, respectively. The 99th percentile for all men 

without cardiovascular disease was 30.0 ng/L (95% CI, 24.1–50.3 ng/L). There were 9 

men with hs-cTnI concentrations ≥40.0 ng/L, with a range of 41.6 to 216.2 ng/L. 
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Table 4.1 – Baseline characteristics according to cardiovascular disease status  

Characteristic† 

 

No cardiovascular 

disease 

 (n=1151) 

 Cardiovascular 

disease 

(n=960) 

Overall  

 

(n=2111) 

Age (years) 

   70-74 

   75-79 

   >80 

 

700 (60.8) 

437 (38.0) 

14 (1.2) 

 

437 (45.5) 

406 (42.3) 

117 (12.2) 

 

1137 (53.9) 

843 (39.9) 

131 (6.2) 

Smoking status 

   Never  

   Former 

   Current  

 

424 (36.8) 

656 (57.0) 

71 (6.2) 

 

280 (29.1) 

620 (64.6) 

60 (6.3) 

 

704 (33.3) 

1276 (60.4) 

131 (6.2) 

Body mass index (kg/m2) 

   <20 

   20-<25 

   25-<30 

   ≥30 

 

21 (1.8) 

374 (32.5) 

599 (52.0) 

157 (13.7) 

 

22 (2.3) 

272 (28.4) 

493 (51.5) 

170 (17.8) 

 

43 (2.0) 

646 (30.6) 

1092 (51.8) 

327 (15.5) 

Comorbidity 

   Diabetes mellitus 

   Hypertension 

   Dyslipidaemia 

   Malignancy 

 

137 (11.9) 

450 (39.1) 

433 (38.9) 

223 (19.4) 

 

187 (19.5) 

579 (60.3) 

674 (72.2) 

191 (19.9) 

 

324 (15.3) 

1029 (48.7) 

1107 (54.1) 

414 (19.6) 

Biochemistry 

   cTn (ng/L) 

   Creatinine (umol/L) 

 

5.3 (3.5) 

90.5 (20.0) 

 

7.0 (6.8) 

101.7 (36.9) 

 

5.9 (4.6) 

95.6 (29.5) 

† cTn is expressed as median (IQR). Creatinine is expressed as mean (SD). All other variables are 

expressed as count (%).  
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Figure 4.1 – The distribution of hs-cTnI for the entire cohort (top) and for men 

without prior cardiovascular disease (CVD) (bottom) 

 

 

99th percentile 
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Table 4.2 – cTn concentration by baseline characteristic 

Characteristic Mean (SD)† 25th Centile Median 75th Centile 

Age* 

   70-74 

   75-79 

   ≥80 

 

8.9 (22.1) 

9.9 (13.3) 

10.6 (7.1) 

 

3.9 

4.8 

5.6 

 

5.2 

6.6 

8.3 

 

7.8 

9.7 

13.9 

Smoking status* 

   Never 

   Former 

   Current 

 

8.4 (12.0) 

9.8 (20.1) 

10.5 (26.7) 

 

4.1 

4.3 

4.9 

 

5.7 

6.0 

6.8 

 

8.3 

9.3 

8.6 

Body mass index (kg/m2)* 

   <20 

   20-<25 

   25-<-30 

   ≥30 

 

6.1 (3.5) 

9.0 (18.8) 

9.3 (16.5) 

11.0 (23.5) 

 

3.6 

4.2 

4.2 

4.4 

 

4.7 

5.8 

5.8 

6.5 

 

7.9 

8.6 

8.8 

10.1 

Diabetes mellitus* 

   No 

   Yes 

 

9.1 (18.2) 

11.0 (19.0) 

 

4.2 

4.7 

 

5.8 

6.5 

 

8.6 

10.5 

Hypertension* 

   No 

   Yes 

 

8.2 (16.4) 

10.7 (20.1) 

 

3.9 

4.7 

 

5.2 

6.6 

 

7.8 

10.4 

Dyslipidaemia* 

   No 

   Yes 

 

8.0 (11.8) 

10.3 (20.3) 

 

4.1 

4.3 

 

5.7 

6.3 

 

8.2 

9.8 

Malignancy 

   No 

   Yes 

 

9.4 (17.5) 

9.3 (21.2) 

 

4.2 

4.3 

 

5.9 

6.0 

 

8.8 

8.8 

Cardiovascular disease* 

   No 

   Yes 

 

6.9 (9.3) 

12.3 (24.9) 

 

3.9 

4.7 

 

5.3 

7.0 

 

7.4 

11.5 

* Significant difference in cTn values between groups (p<0.05). † cTn concentrations in ng/L.  
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4.4.2 Cardiovascular risk prediction 

All-cause mortality after 10 years was 23.2% and cardiovascular mortality was 7.8% in 

the men without prior cardiovascular disease. The FRS to estimate 10-year 

cardiovascular event risk was calculated for men without prior cardiovascular disease 

(n=1151).122 After 10 years of follow-up, 252 (22%) had a cardiovascular event (CVE+) 

and the remaining 899 (78%) did not (CVE-). The score placed 148 (59%) CVE+ men 

and 415 (46%) CVE- men in the high-risk category (10-year risk >20%). The addition 

of log(troponin) increased the C-statistic modestly from 0.588 (95% CI, 0.552–0.624) to 

0.624 (95% CI, 0.589–0.659) but significantly improved model fit (likelihood ratio test 

of improvement in fit, P<0.001). Receiver operating characteristic curves showing 

improvement in the cardiovascular event risk prediction model with addition of hs-cTnI 

(C-statistic 0.624 versus 0.588) is shown in Figure 4.2.  
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 – Receiver operating characteristic curves showing improvement of the 

cardiovascular disease (CVD) model with addition of hs-cTnI. 

 

Comparison of the two models using regression analysis is presented in Table 4.3. The 

addition of hs-cTnI to the FRS only adjusted for the effect of age, with no effect on the 

other covariates. Hs-cTnI was independently associated with risk of cardiovascular 

events, even at concentrations considerably lower than the 99th percentile, with 

increasing hs-cTnI concentrations predicting elevated cardiovascular risk. 
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Table 4.3 – Regression analysis for comparison of models 

Variable  Framingham Model Framingham Model Plus 

log(cTn) 

  b SE b SE 

log(age) 5.134 2.03 3.042 2.05 

log(cholesterol) 0.951 0.42 0.793 0.42 

log(HDL-C) -0.414 0.28 -0.395 0.28 

log(SBP), untreated -0.727 0.60 -1.105 0.59 

log(SBP), treated 2.130 0.89 2.184 0.87 

Hypertension treated No 0.000  0.000  

 Yes 0.322 0.15 0.230 0.15 

Current smoker No 0.000  0.000  

 Yes 0.350 0.25 0.254 0.25 

Prior diabetes No 0.000  0.000  

 Yes 0.182 0.19 0.081 0.19 

log(cTn)   0.619 0.10 

AIC 3483.326 3453.170 

BIC 3523.713 3498.605 

C 0.588 0.624 

Abbreviations – HDL-C = high-density lipoprotein cholesterol, SBP = systolic blood pressure, AIC = 

Akaike Information Criterion, BIC = Bayesian Information Criterion, C = C-statistic. 

 

The predicted risk using the FRS and with addition of hs-cTnI are presented as 

reclassification tables (Table 4.4 and Table 4.5). The net reclassification index was 

0.305 (p<0.001). There was a greater impact on the predicted risk in the CVE- men than 

in CVE+ men. In the 899 CVE- men, addition of hs-cTnI affected the risk categories of 

244 (27.2%). In these men, 64.8% were appropriately reclassified to a lower category 

and 35.2% to a higher category. This decreased the number of men in the high-risk 

category from 46% with the FRS model to 39% with the FRS plus hs-cTnI model. In 

the 252 CVE+ men, addition of hs-cTnI affected the risk categories of 61 (24.2%). In 

these men, 50.8% were appropriately reclassified to a higher risk category and 49.2% to 

a lower risk category, with 82.5% remaining above the treatment threshold of 15% risk. 
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Table 4.4 – Predicted risk in men who did not experience a cardiovascular event 

FRS FRS plus hs-cTnI 

6-10% 11-15% 16-20% >20% Total 

6-10% 0 (0.00) 3 (0.26) 0 (0.00) 0 (0.00) 3 (0.33) 

11-15% 33 (2.87) 62 (5.39) 19 (1.65) 10 (0.87) 124 (13.8) 

16-20% 18 (1.56) 145 (12.6) 132 (11.5) 62 (5.39) 357 (39.7) 

>20% 1 (0.09) 16 (1.39) 124 (10.8) 274 (23.8) 415 (46.2) 

Total 52 (5.78) 226 (25.1) 275 (30.6) 346 (38.5) 899 (100) 

 

Table 4.5 – Predicted risk in men who experienced a cardiovascular event 

FRS FRS plus hs-cTnI 

6-10% 11-15% 16-20% >20% Total 

6-10% 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

11-15% 3 (0.26) 12 (1.04) 5 (0.43) 4 (0.35) 24 (9.52) 

16-20% 2 (0.17) 21 (1.82) 33 (2.87) 24 (2.09) 80 (31.7) 

>20% 0 (0.00) 6 (0.52) 29 (2.52) 113 (9.8) 148 (58.7) 

Total 5 (1.98) 39 (15.5) 67 (26.6) 141 (56.0) 252 (100) 

 

 

Density plots showing improvements in predicted risk for CVE- and for CVE+ men are 

presented in Figure 4.3. Calibration plots showing improvement in the prediction of 10-

year cardiovascular events for those CVE- and CVE+ men are shown in Figure 4.4.  

Figure 4.3 – Density plots showing improvement in predicted risk after addition of 

hs-cTnI for men who did not experience a cardiovascular disease (CVD) event and 

for men who experienced a cardiovascular disease event during follow-up 
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4.5 Discussion 

4.5.1 Main findings 

This study establishes 30.0 ng/L as the 99th percentile of hs-cTnI using the Abbott 

Architect assay in this community-based cohort of men aged over 70 years. This is also 

the first study to demonstrate that the addition of hs-cTnI to the FRS significantly 

improves the prediction of cardiovascular events in this cohort and identifies a cohort of 

elderly men previously misclassified as high cardiovascular risk who had a lower risk of 

cardiovascular events over a 10-year period. There was a greater impact on the 

predicted risks for men who did not experience a cardiovascular event than in men who 

did.  

 

The FRS is unable to identify older adults with relatively low cardiovascular risk, as it 

attributes points based on age. Furthermore, the association between conventional risk 

factors such as hypertension and dyslipidaemia with cardiovascular disease in older 

adults is not the same as it is for younger populations.123,124 The original FRS performs 

relatively poorly in older men, with a C-statistic of 0.588, found in both the current 

study and an American study, compared to a C-statistic of 0.76 in the Framingham 

Figure 4.4 – Calibration plots showing improvement in predicted risk after 

addition of hs-cTnI for men who did not experience a cardiovascular disease 

(CVD) event and for men who experienced a cardiovascular disease event during 

follow-up. 
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cohort.122,123 The addition of hs-cTnI to the model resulted in a C-statistic of 0.624 and 

an improvement in model fit (likelihood ratio test P<0.001).  

 

Recently, another Australian study on hs-cTnI in older women with a mean age of 75 

years and a Swedish study on hs-cTnI in men aged 70 years found that hs-cTnI was 

independently associated with cardiovascular events.109,127 Both studies also found that 

the addition of cTnI to the FRS may improve risk prediction.109,127 Using a cohort twice 

the size and a wider age range, this study supports the concept that hs-cTnI can aid in 

prognostic discrimination and, in addition, can significantly improve reclassification. 

 

4.5.2 Clinical implications 

The ability to identify a group of older adults with a relatively low risk of 

cardiovascular events using hs-cTnI would allow more judicious use of preventative 

medications in this age group, thus avoiding side effects and drug interactions. There is 

currently insufficient evidence for statin use in older adults for primary prevention, with 

some studies showing a possible increase in mortality in this setting.134,135 

 

On the other hand, reclassification into a high-risk category may prompt clinicians to 

consider preventative therapies.103,106 In a randomised controlled trial of patients 

without cardiovascular disease and a normal cholesterol, those with higher 

concentrations of hs-cTnI had a greater reduction in absolute risk of cardiovascular 

events while on Rosuvastatin therapy.125 This was however, conducted in a relatively 

younger cohort.  

 

Additionally, this study found that hs-cTnI increased with age, comorbidities, and the 

presence of cardiovascular disease. Although hs-cTnI was greater in current smokers 

compared with never smokers, as one may expect, this finding is in contrast with that 

from another large cohort study.136 The complex relationship between smoking, hs-cTnI 

and cardiovascular risk therefore requires further elucidation in subsequent studies. 

 

4.5.3 The 99th percentile for older men 

Various studies have published different results for the 99th percentile of hs-cTnI, 

which can be due to differences in reference population selection.27 The 99th percentile 

for older men without a history of self-reported cardiovascular disease in this study was 
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30.0 ng/L, which is similar to that reported in other studies of people from a wide range 

of age groups.88,137 In addition, there have been studies in presumably healthy and 

considerably younger men that have quoted slightly higher concentrations of between 

33 and 36 ng/L using the same assay.24,138-140 However, the 25th percentile, median and 

75th percentile of 3.9 ng/L, 5.3 ng/L and 7.4 ng/L respectively in this study is higher 

than 2.0 ng/L, 3.2 ng/L and 4.6 ng/L or 1.5 ng/L, 2.7 ng/L and 4.6 ng/L respectively in 

other studies in younger adults.106,138  

 

Some studies have found that elevations of hs-cTn are commonly seen in older adults, 

independent of comorbidities.141 As such, there is debate over whether older adults 

should have higher diagnostic thresholds for the diagnosis of acute myocardial 

infarction.142,143 The findings of this study demonstrate that the 99th percentile of cTnI in 

healthy older men is comparable to that in healthy younger men.24,138-140 Taken together, 

these findings suggest that higher cTnI concentrations may reflect concurrent morbidity 

or myocardial impairment rather than a benign process associated with aging.109  

 

4.5.4 Strengths and limitations 

The strengths of this study include the large population and wide age range for an older 

population. This study also includes a long period of follow-up, in excess of 10 years in 

older adults, which has not been previously reported. Moreover, the study had very 

robust data linkage ensuring that mortality and morbidity data are captured. HIMS 

benefited from an extensive initial recruitment process, as participants were invited 

from the electoral role, where enrolment to vote is compulsory in Australia. 

Furthermore, the study involved collection of very extensive baseline data from which 

to draw associations.  

 

Limitations include that this cohort is predominantly white in origin, includes only men, 

and is located in a major metropolitan area. The findings of the study would need to be 

confirmed in other populations. Not all participants in the second wave of the HIMS had 

hs-cTnI measured, and all results are based on blood samples collected at a single point 

in time. It has been shown that dynamic changes in cTn are associated with dynamic 

changes in risk of cardiovascular mortality, and serial measurements may play a future 

role in risk statification.109-111 In addition, variations in hs-cTnI, such as that from 

analytical imprecision, may limit the utility of single hs-cTnI measurements for risk 

prediction and the performance of risk prediction tools that utilise hs-cTnI.  
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This study did not evaluate the 99th percentile of hs-cTnT or the incremental benefit of 

adding hs-cTnT to the FRS. However, increased hs-cTnT levels, like hs-cTnI, have 

been associated with incident heart failure and cardiovascular mortality in older adults, 

and could potentially add to current risk prediction scores in this cohort.110 In addition, 

the incremental benefit of other biomarkers such as N-terminal pro-brain-type 

natriuretic peptide and C-reactive protein was not studied.102,105,125 Furthermore, 

residual confounding due to unmeasured clinical and laboratory prognostic factors, or 

random error are additional limitations of this study. 

 

4.5.5 Conclusion 

In this study of community-dwelling older men in Australia, the 99th percentile of hs-

cTnI was comparable to that of younger healthy men seen in previous studies. Hs-cTnI 

was associated with 10-year cardiovascular events and provided incremental prognostic 

value when added to the FRS. The combined model especially aided in reclassification 

of individuals into a lower risk category and identifies a group of older adults at a 

relatively lower risk of cardiovascular events. 
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5 Chapter 5: 

 Summary and perspectives for future research  

 
Aspects of this chapter have been published in a peer-reviewed journal: 

 

Lan NSR, Bell DA. Revisiting the Biological Variability of Cardiac Troponin: 

Implications for Clinical Practice. Clin Biochem Rev. 2019 Nov;40(4):201-16. 
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5.1 Summary and clinical implications 

In summary, the biological variability of cTnI is similar between patients with stable 

renal failure requiring haemodialysis and patients with stable cardiomyopathy, but 

greater in a very well-selected cohort of healthy individuals with lower than anticipated 

cTn concentrations. This finding rejects our hypothesis and is most likely a result of 

calculations based on higher analytical variability of assays at lower cTn concentrations. 

The results of short-term biological variability studies such as ours can help define 

normal changes in cTn concentration over time, which informs clinical decision making 

and can assist in the development of future recommendations for the diagnosis of acute 

myocardial infarction. Furthermore, data on long-term biological variability can be used 

as a reference when evaluating changes in cTn concentration for cardiovascular risk 

stratification, disease monitoring in chronic disease states such as renal or cardiac 

failure, and in the detection of myocardial injury from long-term cardio-toxic drug use. 

 

Our study illustrates that at very low baseline cTn concentrations, a 50% relative change 

in the short-term reflects small absolute changes (i.e. from 2 ng/L to 3 ng/L) despite the 

absence of significant myocardial injury. However, this needs to be interpreted with 

caution given the very low cTnI concentrations seen in our healthy cohort. Even at 

concentrations below the 99th percentile, we found that relative changes of 30% (i.e. 

from 10ng/L to 13ng/L) may represent normal short-term variation for patients with 

stable end-stage renal failure or cardiomyopathy. Any changes greater than this (i.e. a 

40% change) may be statistically significant based on RCVs, but may not necessarily be 

clinically significant, and would certainly not meet the international definition of acute 

myocardial injury. Using the recommended 50% change criteria may result in improved 

diagnostic specificity but reduced sensitivity. As such, at low cTn concentrations, 

absolute change criteria may be more useful in diagnosing acute myocardial injury. The 

concept of combining absolute and relative change criteria is further discussed later. 

 

In addition, the 99th percentile for hs-cTnI concentration in men aged 70 to 90 years 

without cardiovascular disease is comparable to values previously reported for younger 

adults. This finding supports our hypothesis, suggesting that raised cTn concentrations 

may be due to concurrent comorbidity rather than aging. Therefore, this challenges the 

notion that the 99th percentile threshold value for the diagnosis of acute myocardial 

injury should be greater in older people. Indeed, current guidelines do not include age-

specific 99th percentiles on the rationale that it could disadvantage the healthiest elderly.  
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Furthermore, hs-cTnI was associated with 10-year cardiovascular events and provided 

incremental value when added to the FRS in a cohort of older men. This finding 

supports our hypothesis and suggests hs-cTn measurements over the long term, may 

play an adjunctive role in cardiovascular prognostication, and perhaps the detection of 

myocardial injury, with higher-risk individuals identified by higher cTn concentrations. 

The ability to reclassify risk would allow for more targeted use of preventative therapies 

in older adults where the risks and benefits differ to that of the younger population.  

 

5.2 Strengths of this thesis 

This thesis by publication comprises three manuscripts which have been published in 

peer-reviewed journals. The biological variability study benefited from the recruitment 

of well-characterised cohorts due to strict inclusion and exclusion criteria, the use of 

measures to reduce pre-analytical and analytical variability, a high rate of follow-up, 

and the assessment of biological variation using a new hs-cTnI assay which has not 

previously been reported. In addition, the 99th percentile and cardiovascular risk 

stratification study in older adults benefited from the large sample size and 10-years of 

follow-up, with robust data linkage to ensure outcome data are accurately captured.  

 

5.3 Limitations of this thesis 

The biological variation data for healthy individuals in this thesis was obtained from 

healthy individuals who had very low concentrations of cTnI, with many below the 

limit of detection of the hs-cTn assay, which is an important limitation. In addition, the 

number of patients with renal failure or cardiomyopathy who had cTnI concentrations 

above the 99th percentile value was less than anticipated. This may be due to the strict 

inclusion and exclusion criteria, which is required for biological variation studies, 

resulting in the recruitment of stable patients who were adherent to medical therapy. As 

such, much larger studies are required in healthy individuals and in patients with disease 

states in order to more definitively assess the biological variation of cTn in those who 

have higher cTn concentrations. Furthermore, the 99th percentile and cardiovascular risk 

stratification study was based on a cohort of older men, whom were predominantly 

white in origin, with hs-cTnI measured at only one time point. Further studies should 

examine other patient groups and evaluate changes in hs-cTnI at multiple time points. 
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5.4 Areas of future research 

5.4.1 Combining absolute and relative change criteria  

Algorithms utilising combined absolute and relative change criteria may aid in 

optimising the diagnosis of acute myocardial infarction, as these algorithms utilise 

different criteria depending on the initial cTn concentration. Combining absolute change 

criteria at lower concentrations with relative change criteria at higher concentrations is 

further illustrated in Figure 5.1, using the Abbott Architect hs-cTnI assay as an 

example. This assay has previously been reported to have an analytical variation (blue 

line) of 10% at 6 ng/L.132 Supposing that biological variation is 10%, the total variation 

(CVT) can then be calculated using the formula: CVT = (CVA2 + CVI2)1/2. 

 

Any variation below the CVT (purple line) is likely to be non-significant. As cTn 

concentrations increase, CVT approaches the value of biological variation (10% in this 

case), as analytical variation becomes smaller.  

 

 

 

 

 

 

 

 

 

 

 

 

For this example, by conservatively defining total variation as a 4 ng/L change in cTn 

values below 40 ng/L or a 10% change in values above 40 ng/L, RCVs can then be 

calculated with 95% or 99% probabilities using the formula by Fraser and Harris [RCV 

= 21/2 x Z x CVT where Z = 1.96 for 95% or 2.58 for 99% probabilities and CVT = 

(CVA2 + CVI2)1/2].58 Figure 5.2 illustrates these RCVs (orange line for 95% and light 

blue line for 99%), modified to take into account the proposed absolute variation criteria 

Figure 5.1 – Example graph illustrating the concept of combined absolute and 

relative change criteria using a hs-cTnI assay. 
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of 4 ng/L for values below 40 ng/L (RCV = 21/2 x Z x 4). As such, for a cTn of 5 ng/L, a 

220% proportional increase (i.e. from 5 ng/L to 16 ng/L) would be required to be 95% 

confident that a significant change has occurred. For values above 40 ng/L, a 28% 

increase would be required to be 95% confident that a significant change has occurred.  

 

 

 

 

 

 

 

 

 

 

 

 

These examples are postulated simply to illustrate a concept. Further research would be 

needed to better define the most sensitive and specific cut-off values for the absolute 

and relative change criteria, as well as the threshold between using absolute and relative 

changes in such algorithms. These algorithms would differ for each hs-cTn assay. 

 

5.4.2 Expanding on the studies from this thesis 

The lack of assay standardisation and harmonisation makes it difficult to compare cTn 

results between assays and between laboratories or hospitals. There are numerous hs-

cTn assays available, with each having differing characteristics. Biological variability 

studies need to be conducted for each assay to better define significant change 

protocols, as RCVs are assay specific and differ between cTnI and cTnT. After further 

Ethics approval is obtained, the plasma samples that we collected and biobanked for the 

healthy individuals, patients with renal failure and patients with cardiomyopathy, can be 

re-analysed using other cTn assays, such as a hs-cTnT assay, a different hs-cTnI assay, 

or newer hs-cTn assays. Future assays with even higher sensitivity may be better able to 

quantitate the very low cTn concentrations seen in the healthy participants in this thesis.  

Figure 5.2 – Example graph further illustrating the concept of combined absolute 

and relative change criteria using a hs-cTnI assay. 
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In addition, much larger studies using current assays are required to definitely evaluate 

the biological variability of cTn in very well-selected healthy individuals, whom may 

have very low cTn concentrations. Evaluating gender differences in biological 

variability and circadian variation would also require larger studies and measurement of 

cTn at multiple time points throughout a 24-hour period. However, whilst calculating 

RCVs is important, it is only by comparing statistically significant change criteria to 

outcome data that pathological significance will be determined. For example, 

application of RCVs (relative or absolute) to large databases of patients with confirmed 

acute myocardial infarction, where changes in cTn values are available, will help to 

determine the sensitivity and specificity of suggested cut-offs for significant changes.  

 

Further research to examine the long-term biological variability of cTn over months or 

years using serial measurements in older adults is required. Serial measures over the 

longer-term should also be studied in other subgroups such as younger people, older 

females, people with chronic diseases or patients receiving cardio-toxic medication. 

Such studies would provide additional information to assist in cardiovascular disease 

prognostication, chronic disease monitoring and the detection of myocardial injury over 

longer time periods by defining normal fluctuations in cTn concentration. An increase 

in cTn over months or years beyond that of biological variation may be associated with 

increased cardiovascular risk or myocardial injury, thereby prompting clinicians to 

further evaluate the patient and initiate or intensify cardiovascular therapies.  

 

5.5 Conclusion 

In this thesis, the biological variation of cTn was quantified using the new Abbott 

Alinity hs-cTnI assay. The biological variation of cTnI is similar between renal failure 

(median cTnI ~12 ng/L) and cardiomyopathy (median cTnI ~4 ng/L) patients, with 

RCVs of 20 to 30% in the short-term (hours) and 50 to 60% in the long-term (weeks) at 

concentrations below the 99th percentile. However, biological variability was greater in 

healthy individuals, with a short-term RCV of 46% and long-term RCV of 121% due to 

very low cTnI concentrations (median 2.2 ng/L and 1.6 ng/L respectively). In addition, 

the 99th percentile of hs-cTnI in older men is 30.0 ng/L, which is similar to younger 

adults, and hs-cTnI improved cardiovascular risk stratification. Further research should 

examine how these results can be used in clinical practice and incorporated into 

protocols to optimise the diagnosis of myocardial injury in health and disease states. 
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