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Abstract
Cardiac biomarker measurements are integral to the diagnosis and management of patients presenting with breathlessness and chest pain. Measurement of B type natriuretic peptide either directly or of the N-terminal portion of the prohormone although possible by point of care testing (POCT) has largely become a laboratory test. Measurement of the cardiac troponins cardiac troponin T (cTnT) and cardiac troponin I (cTnI) can easily and accurately be performed by POCT. The situation has been complicated by the development of high sensitivity assays for cTnT and cTnI and the subsequent development of rapid rule out algorithms allowing patient categorisation and discharge on admission and 1 to 2 hours following admission. This article reviews the development of POCT for cardiac biomarkers, the evidence base comparing POCT with central laboratory testing, its strengths and limitations, and how POCT fits into the world of high sensitivity troponin assays. It also discusses what evidence there is that POCT can form part of rapid decision-making strategies and how this applies in an era of algorithms based on and is derived from measurement of high sensitivity troponin in the central laboratory. 


Non-standard abbreviations. 

MACE		Major Adverse Cardiac Events
ACS		Acute Coronary Syndromes
CLT		Central Laboratory Testing
ED 		Emergency Department 

Cardiac biomarker measurement by point of care testing - development, rationale, current state and future developments. 

Introduction.

The role of relatively tissue-specific biochemical testing for myocardial damage began in 1954 with the development of an assay for aspartate transaminase[1]. This was followed by assays for lactate dehydrogenase[2] and its isoenzymes[3], creatine kinase[4;5] and its MB isoenzyme (CK-MB) [6]. The role of laboratory testing was recognised in the original World Health Organisation definition of myocardial infarction[7]. Subsequent evolution was the development of immunoassay, initially for myoglobin[8] and CK-MB[9], then for the novel cardiac structural proteins, cardiac Troponin T (cTnT) [10]and cardiac troponin I (cTnI)[11] and for biomarkers of cardiac function such as B type natriuretic peptide (BNP)[12]. The role and perception of cardiovascular biomarkers has undergone a paradigm shift. Myocardial infarction was redefined with cTnT and cTnI core to the definition[13] and cardiac biomarker measurement became part of management pathways in acute coronary syndromes (ACS)[14] and heart failure[15].

Development of point of care testing (POCT) for cardiac biomarkers.

The rationale for POCT is that delivering a rapid turnaround time would result in more rapid clinical decision-making in the acute setting and hence expedite patient flow. It was therefore logical to developed POCT for cardiac biomarker measurement. Initial technology for POCT was based on conventional dry chemistry systems with measurement of CK and CK-MB[16;17]. The breakthrough development was the use of disposable lateral flow immunoassay systems[18]. The typical technology is illustrated in figure 1 below.

A range of lateral flow immunoassay tests were developed for cTnT, cTnI, CK-MB and myoglobin[19-22]. These assays were originally visually read and hence qualitative. Qualitative measurement was superseded by quantitative measurement by reflectance[23]. A dedicated system that was machine read only, as it was a fluorescence immunoassay based on lateral flow, was also developed[24]. Of these devices, only 2 qualitative lateral flow immunoassays remain in current clinical use. The alternative strategy was to develop small laboratory type instruments that would take a whole blood samples that were suitable for use in a dedicated point of care area in the acute care setting. The earliest example of this type of instrument was the Stratus CS[22]. It is interesting to note that the rapid cTnT test was developed to bridge the gap before a compact stat immunoassay platform was available for cTnT. Immunoassay for cTnI began with such a platform[25]. Since then a number of different instruments have been developed utilising either a conventional approach using reagent wells or cartridges incorporating microfluidic designs[26]. The reported analytical performance of the current POCT system routinely available is summarised on the International Federation of Clinical Chemists website https://www.ifcc.org/ifcc-education-division/emd-committees/committee-on-clinical-applications-of-cardiac-bio-markers-c-cb/.

Independent analytical validation of a number of these instruments has been performed (table 1). Table 1 illustrates the evolution of such systems from qualitative to quantitative and with progressive improvement in analytical performance. It also illustrates the problem with the shift in expectation with improvement in analytical performance of central laboratory testing (CLT) and changes in the clinical diagnostic criteria used. The impact of such changes will be discussed in more detail below.


Table 1 	Analytical evaluation studies of cardiac Troponin
	Technology
	Result
	Reference

	Multicentre evaluation of a Boehringer Mannheim qualitative lateral flow cTnT immunoassay.
	Diagnostic equivalence with central lab ELISA (WHO criteria)  Diagnostic cut off 0.3 µg/L.
	[27]

	Comparative evaluation of Stratus CS cTnI analyser (Dade-Behring).
	Detection limit 0.01 µg/L, CV 4.5% 0.1 µg/L diagnostic threshold 0.15 µg/L (WHO criteria) 
	[28]

	Triage qualitative lateral flow fluorescent sandwich immunoassay (Biosite).
	Detection limit 0.19 µg/L CV 12% (WHO criteria).
	[24]

	Roche cardiac reader quantitative cTnT measurement (Roche diagnostics).
	Diagnostic cut off 0.1 µg/L imprecision 10-12% 0.16-1.24 µg/L. Equivalent analytical and clinical performance to laboratory analyses (WHO criteria).
	[23]

	iSTAT (iSTAT)
	Detection limit 0.02 mcg/L, 10% CV 0.09 µg/L 99th percentile 0.08 µg/L.
	[29]

	RAMP (Response Biomedical)
	Limit of detection 0.03 µg/L, 10% CV 0.21 µg/L, 99th percentile 0.12 µg/L. Equivalent diagnostic efficiency to central lab testing (ESC criteria)
	[30]

	AQT90.(Radiometer)
	99th percentile 19 ng/L, 10% imprecision 22 ng/L for cTnI
	[31]

	Minicare (Phillips)
	LOD 18 ng/L, 20% CV 38 ng/L, 99th percentile 39 ng/L. 
	[32]

	PATHFAST (LSI Medience)
	LOD 2.3 ng/L CV 6.1% at 29 ng/L 99th percentile 28 ng/L
	[33]

	Evaluation of Konica Minolta high sensitivity troponin assay
	LOD 0.60 ng/L 10% CV 3.9 ng/L 99th percentile 12.2 ng/L
	[34]



LOD, limit of detection; CV, coefficient of variation.
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The situation for immunoassays of BNP is slightly more complicated. BNP assays were available only in research laboratories until the launch of the triage BNP assay[35]. The subsequent publication of the landmark Breathing Not Properly study[36] catapulted the role of BNP testing from research into routine clinical practice. However, for a substantial period, BNP measurements were being performed by a POCT instrument but measurements were occurring in the central laboratory. Introduction of BNP measurements into the central laboratory on high throughput immunoassay platforms occurred subsequently. Measurement of BNP by measurement of the N-terminal fragment of the prohormone, NT-proBNP, commenced as a laboratory test[37] and was subsequently developed for point of care[38]. Unlike cTnT and cTnI, the analytical range of BNP and NT-proBNP assays by POCT and CLT were congruent. All assays for BNP (POCT or CLT) have an effective harmonisation at the clinical cut-off of 100 ng/L although there are differences above and below this point between different methods[39]. The decision to license NT-proBNP has meant that NT-proBNP can be measured in the central laboratory or by POCT with equivalent results. The analytical performance of BNP and NT-proBNP assays is available on the website cited above. In addition, there have been a number of external evaluations of assay performance[35;38;40-43].


As well as the questions of reliable analytical performance for POCT there are additional factors that will affect real-life in use performance. Staff training and quality assurance are well understood from experience with other POCT systems. Connectivity supports operator identification, system monitoring and quality assurance as well as overcoming the problem of incorporating results into the electronic patient record. However, there may be other factors to consider such as inter-observer variability for qualitative systems [44]and use of different sample matrices. The use of capillary sampling has variously been reported to have an effect[45] or not have an effect [32;43] on biomarker results by POCT.


Clinical applications of POCT testing for cardiovascular biomarkers and the impact of changes in central laboratory testing methods.

The clinical utility of POCT has to be seen in the context of the comparator CLT method. From the beginning, CK, CK-MB, myoglobin and BNP/NT-proBNP measurements showed comparable results whether by POCT or CLT. BNP began as a POCT test but the majority of BNP testing is now laboratory-based although there is a small residual POCT group within the laboratory rather than as a true POCT test[46]. Currently in the UK of all those participating in external quality assessment for B type natriuretic peptide testing (all methods), only 8/48 (16.7%) of BNP and 6/170 (3.5%) of NT-proBNP measurements are performed by POCT. Hence the majority of B type natriuretic peptide measurements are performed (93.6%) by the central laboratory (Alan Reid, personal communication).

Although superficially measurement of BNP or NT-proBNP could be performed either by POCT or the central laboratory, there is very little published evidence for POCT measurement in clinical practice and no randomised controlled trials. In primary care measurement of BNP or NT-proBNP is typically only one of a number of tests required in assessing the patient with chronic breathlessness. In addition, such cases are not perceived as immediately life-threatening but as management of a suspected chronic condition with referral to a specialist centre. The lack of evidence for serial measurement of BNP/NT-proBNP for monitoring is probably another contributing factor. Although measurement may be useful in situations where access to the central laboratory is geographically constrained [47]there seems to be little evidence of widespread adoption of POCT for BNP/NT-proBNP measurements.
 
The situation with cTnT and cTnI is more complicated. The initial troponin assays were relatively insensitive. However, the diagnostic gold standard at this point was the WHO criteria for myocardial infarction which stipulated biomarkers twice the upper reference limit[7]. Early studies with troponin showed unequivocally that approximately one third patients categorised as unstable angina by WHO criteria had detectable troponin. An elevated troponin in this patient group was associated with an increased incidence of subsequent major adverse cardiac events (MACE) when the patient was followed up, readmission with myocardial infarction, need for emergency revascularisation or death (cardiac death or total death)[48;49]. Troponin elevation in unstable angina predicting an adverse outcome was a consistent research finding and lead initially to a consensus conference[50] and ultimately the redefinition of MI[13] and the universal definition of MI [51]using troponin as gold standard biomarker of cardiac damage. There were two consequences for clinical practice and research. First, the definition of myocardial infarction in studies shifted progressively from one using WHO criteria for MI to the redefinition/universal definition of MI. Use of the redefinition produced an increase in the number of cases of MI detected when troponin was used as biomarker [52]. Second, the redefinition stated that the coefficient of variation (CV) of cTnT and cTnI assays should be 10% or lower at the 99th percentile. This quality specification began a process of progressive improvement in the analytical quality of assays which has ultimately produced high sensitivity troponin assays[53]. It is important to remember that high sensitivity troponin assays are not measuring a different form of troponin and the term “high sensitivity” refers solely to the analytical performance. The routine use of high sensitivity troponin assays has generated two analytical features.

1. The ability to measure very low levels of cTnT and cTnI, towards the lower end, often near the bottom, of the reference interval of a healthy population.

2. The ability to measure very low levels with low imprecision, of the order of 2-5%. This means that repeat sampling across short time intervals is possible, hence use of the patient as their own reference.

These two features have been exploited clinically. The ability to measure very low levels has resulted in a series of studies which have demonstrated that measurement of cTnT[54] or cTnI[55] on a sample taken at first presentation can be used to predict a low risk of subsequent myocardial infarction or MACE over 30 days in patients admitted with chest pain ?ACS. These patients require no further repeat troponin measurement so can be immediately discharged. Single sample measurement on admission for the management of chest pain patients is highly attractive to Emergency Department (ED) physicians. It is referred to as “one and done” and allows immediate discharge of low risk patients. The second is the use of repeat measurements with the first measurement on admission and the second 1-3 hours later. The calculation of a delta value allows earlier identification of patients for rule in suspected myocardial infarction or rule out. The use of a combined admission and early rule out has been endorsed by the European Society of Cardiology (ESC) [56]. Such rapid decision-making algorithms are derived from and predicated on the use of high sensitivity troponin measurements performed by CLT.

Role of POCT in acute cardiac care - assessing the evidence.

The rationale for POCT is that rapid provision of test results would improve patient flows in the ED or on the coronary care unit (CCU). When evaluating published studies involving POCT the following questions need to be asked.

1. What was the reference standard used, diagnosis or outcome. If diagnosis was used with WHO criteria for myocardial infarction, then the applicability to current approaches may be limited. If however outcome measures such as MACE were used there may be some utility although this will be limited when the definition includes readmission with myocardial infarction based on WHO criteria. However, there will definitely be utility if cardiac death or total mortality was used as the outcome measure.

2. What was the predicate CLT cTnI or cTnT method? If it supported diagnosis based on the 99th percentile (even with a CV at the 99th percentile up to 20%[57]) then the comparison is currently valid.

The majority of clinical studies of POCT have been observational. Early studies showed diagnostic equivalence to CLT using less sensitive laboratory methods and WHO criteria for MI[58]. Comparison of a POCT method which does not meet the criteria for high sensitivity with a CLT method that does however illustrates that there is a lack of equivalent diagnostic utility[59]. The situation is more complex if the POCT method meets the criteria of “clinically usable” (imprecision at the 99th percentile in the range 10-20%) and the prior probability of myocardial infarction in the population is a low. Comparison of such a POCT with a conventional sensitive CLT method, but using an optimised cut-off derived from receiver operating characteristic curve analysis for a the POCT method (rather than the 99th percentile) can demonstrate diagnostic equivalence even when universal definition of MI criteria are used[60]. Such a study may not be sufficiently powered to demonstrate true differences between methods. However, for POCT methods which have or approach high sensitivity, diagnostic equivalence with high sensitivity central laboratory testing has been demonstrated[61;62].

3. What is the decision making algorithm undergoing evaluation? Distinction must be made between low-level measurement on admission, use of serial sampling with short time intervals (0-1 or 0-2 hour sampling) and measurement on admission and at 3 or 6 hours (or longer) from admission. It is then important to determine whether diagnostic decision-making was based on diagnostic thresholds, the combination of a diagnostic threshold and a delta change value or utilised the 99th percentile, with or without a delta change value.

The majority of clinical studies which have evaluated POCT, utilised the universal definition of myocardial infarction and used high sensitivity troponin assays as diagnostic comparator, have not evaluated rapid diagnostic algorithms. They have used serial sampling on admission then at least 3 hours later and often for longer periods. They also use the 99th percentile as the diagnostic criterion for comparative evaluation [60-64]. Direct comparison of a range of POCT and CLT methods found only assays meeting high sensitivity criteria supported rule out based on admission measurement, with maximal diagnostic efficiency for 0-3 hour protocols[65]. To date there are only two studies which have looked at a high sensitivity POCT cTnI assay and evaluated rapid diagnostic algorithms[66;67].


Clinical trials of POCT versus CLT.


The rationale for POCT is that rapid provision of test results should translate into clinical benefit. This has been difficult to demonstrate in clinical practice. There have been a small number of trials of POCT versus CLT. These are summarised in table 2. When these trials were performed there was analytical equivalence between POCT and central laboratory testing (CLT). It is therefore worth reviewing the evidence that POCT will deliver improved workflow.




Table 2 	Clinical trials of Point of Care testing
                                                                                                                                                                                                                              
	Type
	Methodology
	Cut off
	Location
	Outcome
	Result
	Author

	Single centre RCT
	Roche cTnT CLT vs POCT
	0.2 µg/L
	ED referrals to CCU
	Length of stay in pre-specified rule out subgroup
	Reduction of length of stay in POCT group
	Collinson et al[68]

	Multicentre RCT
	iSTAT cTnI
	
	ED
	Time to discharge home or transfer 
	Reduction in one site and increase in another
	Ryan et al [69]

	Single centre RCT
	Stratus CS vs Dimension RxL
	0.1 µg/L
	ED
	Time to treatment
Length of stay in the ED
	Reduced time to treatment
No reduction in ED stay
	Renaud et al[70]

	3 centres prospective observational study
	Triage cardiac panel vs Dimension RXL
	0.4 µg/L
	ED
	Retrospective review of diagnostic accuracy
Length of stay
	Improved diagnostic accuracy of multimarker strategy
Increased number of discharges <24 hours compared with historical data
	Straface et al[71]

	2 Centre Cluster randomised controlled trial
	iStat vs Beckman Coulter Accu I
	ns
	ED
	Length of ED stay
	Not significant
	Loten et al[72]

	6 centre RCT
	Stratus CS vs Central Lab
	0.7 µg/L
	ED
	Discharges <4 hour
Length of hospital stay
MACE
	Increased discharge <4 hours with less admissions
MACE was equivalent in POCT and CLT groups
	Goodacre et al[73;74]

	Cluster RCT 
	Roche cardiac reader
	0.1 µg/L
	68 rural primary care centres
	Clinical diagnosis
	Improved diagnostic accuracy
	Tomonaga et al[75]

	Single centre RCT
	AQT Flex vs hs cTnT
	14 ng/L
	ED
	MACE at 3 months
	No significant differences
	Asha et al[76]



Abbreviations: RCT, randomised controlled trial; cTnT, cardiac troponin T; cTnI, cardiac troponin I; ED, emergency department; CCU, Coronary Care Unit; MACE, major adverse cardiac events; ns , not stated.

6 trials examined the impact of rapid provision of laboratory tests on clinical decision-making in the acute care environment as judged by length of stay (LOS). The results are not consistent. 3 studies demonstrated improved throughput while 2 did not. One study showed inconsistency between trial sites with reduction in LOS one site and increase in another. It is likely that this is due to the impact of individual patient pathways within different institutions. In order to achieve clinical impact by POCT, the provision of test results must be the time critical component of the patient pathway. This was also the conclusion of an evidence-based review of POCT[77]. The effect of process is supported by the site specific analysis of the RATPAC (Randomised Assessment of Treatment using Panel Assay of Cardiac markers) trial which showed marked differences in length of stay between sites which could be directly attributed to the patient pathways in use[78].

Current strategies for management of chest pain.

The current recommendations from the European Society of Cardiology for the investigation and management of patients with chest pain?ACS and suspected NSTEMI endorse the use of troponin measurement on admission followed by serial measurement and calculation of a delta change over a short time interval, typically 1 or 2 hours. High sensitivity troponin assays are specifically recommended. The majority of POCT does not meet the specification and sampling at 3 or 6 hours from presentation is required. Even assuming a pessimistic turnaround time of 1 hour for CLT, the ability to categorise the majority of patients within 2-3 hours is superior to waiting 3-6 hours even with a 15 minute analytical turnaround time. Current guidelines do not recommend POCT for cTnT or cTnI measurement. Although there are POCT methods which meet high sensitivity criteria and have been evaluated in rapid diagnostic algorithms [66;67], there are no in use prospective studies that have utilised whole blood and been performed in the ED environment.

Access to high sensitivity CLT troponin testing is confined to urban environments. There are rural environments where there is a choice of POCT troponin testing or none. In this situation POCT can have a significant positive impact [75;79]. However, the use of testing that is less sensitive can mean that there is a delay before results are obtained[80] or misdiagnosis made[81]. Finally the situation can become even more complicated if there is a mixed economy of POCT plus high sensitivity CLT. Under the circumstances there will be diagnostic discordance between POCT and CLT. Although the results can be harmonised by increasing the diagnostic threshold used for the CLT method to a value similar to POCT methods in use, this is achieved at the expense of missed diagnoses[82;83].

New generation POCT.

The technology for POCT and the available technology are undergoing constant evolution. The use of solid state devices ”Lab on a chip” and new technologies promise improved diagnostic sensitivity with lower unit costs[84-86]. In addition, novel sensor technology or immuno-concentration techniques may be combined with lateral flow. A range of potential high sensitivity troponin technologies are summarised in supplementary table 1.

Conclusions

POCT has the potential to significantly improve patient flow through the emergency department when combined with a rapid rule out algorithm and if implemented as part of a decision making protocol. The requirement is for the analytical performance of the POCT system to match CLT. There is encouraging but preliminary evidence that the analytical performance of POCT is approaching central laboratory methods. However, there are as yet no published studies that have independently documented high sensitivity performance using whole blood as the sample matrix and no in-use real life clinical studies. But what we are looking for is randomised controlled clinical trials.
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	[28]
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	[23]
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	LOD 2.3 ng/L CV 6.1% at 29 ng/L 99th percentile 28 ng/L
	[33]

	Evaluation of Konica Minolta high sensitivity troponin assay
	LOD 0.60 ng/L 10% CV 3.9 ng/L 99th percentile 12.2 ng/L
	[34]



LOD, limit of detection; CV, coefficient of variation.
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Figure 1	Lateral flow assay principles. (Illustration from NASA, non-copyright)
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