
Heliyon 10 (2024) e23788

Available online 17 December 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Review article 

Investigating outlier rates of cardiac troponin I and troponin T 
assays: A systematic review 

Litao Zhang a, Jia Zhu b,c,**, Shiqiang Zhang b, Hao Fu d,* 

a Clinical Laboratory, Wuhan Asia General Hospital Affiliated to Wuhan University of Science and Technology, Wuhan, Hubei 430000, China 
b School of Intelligent Manufacturing and Smart Transportation, Suzhou City University, Suzhou, Jiangsu 215000, China 
c School of Advanced Technology, Xi’an Jiaotong-Liverpool University, Suzhou, Jiangsu 215000, China 
d Mindray Medical International Ltd., Shenzhen, Guangdong 518000, China   

A R T I C L E  I N F O   

Keywords: 
Troponin 
Molecular biomarker 
Immunological assay 
Outlier 

A B S T R A C T   

Objectives: This review aimed to harmoniously summarize and compare outlier rates for various 
cardiac troponin (cTn) assays, including high-sensitivity-cTn (hs-cTn) assays and contemporary 
cTn (generation of assays prior to hs-cTn ones) assays, from the published studies. 
Methods: The PRISMA guidelines were utilized to perform this systematic review. Five databases, 
including PubMed, Scopus, Embase, Cochrane Library, and Web of Science, were searched using 
specific keywords up to June 30th, 2023. Studies reporting specifically calculated outlier rates for 
cTn assays when conducting in-vitro diagnosis in human samples were included. Selected studies 
were then further assessed using the GRADE tool. 
Results: Thirteen studies were included. The data from the studies were summarized statistically 
in this review. The results showed substantial evidence of improved analytical robustness or 
reduced respective mean rates of outliers, critical outliers, and analytical outliers for hs-cTn as-
says (0.14 %, 0.18 %, and 0.18 %) compared to contemporary cTn assays (0.63 %, 0.71 %, and 
0.50 %). 
Conclusion: The findings offer promisingly provide a comprehensive reference for laboratory 
scientists and clinical staff in choosing the most suitable cTn assay for patient care regrading 
outlier rates. Besides, this review reveals the advancements of hs-cTn assays with lower outlier 
rates than contemporary cTn assays. The emerging challenges for continuously improving 
analytical robustness of cTn assays are also elaborated.   

1. Introduction 

Over the past two decades, cardiac troponin I (cTnI) and cardiac troponin T (cTnT) have established themselves as the gold 
standard biomarkers for diagnosing acute myocardial infarction (AMI). The diagnosis relies on detecting a concentration change, i.e., 
rise or fall, in cardiac troponin (cTn) with at least one result exceeding the 99th percentile using cTn assays [1,2]. Since the 1990s, 
multiple generations of commercial cTn assays have been introduced and developed for the AMI diagnosis and prognostic assessment 
in patients with or without acute coronary syndrome [3,4]. One of the most critical parameters for evaluating the assays in the 
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marketplace is the total imprecision [coefficient of variation (CV), %] at the 99th percentile of an individual cTn assay [5]. In 2007, the 
first Universal Definition of Myocardial Infarction recommended that the total imprecision for each cTn assay should be less than 10 % 
at the 99th percentile upper reference limit (URL) [6]. Alternatively, assays with an intermediate CV of 10 %–20 % at the 99th URL are 
unlikely to negatively affect clinical decisions during serial cTn monitoring and deemed as clinical useable [7,8]. Another significant 
parameter for a cTn assay is the measurable number of healthy subjects below the 99th percentile [5]. A 2-tier system as a scorecard 
was then proposed in 2009 to categorize various cTn assays using total imprecision (CV, %) at the 99th percentile and measurable 
normal values (%) below the 99th percentile [5]. The 2-tier system showed significance in verifying different cTn assays regardless of 
manufacturer’s claims. The total imprecision of cTn assays at the 99th percentile of ≤10 %, >10 % to ≤20 %, and >20 %, are assigned 
to evaluate the acceptance by guideline acceptable, clinically useable, and not acceptable, respectively. Highly-sensitivity (hs) and 
contemporary (generation of assays pre-hs assays) cTn assays are able to be distinguished on measurable normal values below the 99th 
percentile by <50 % (labeled as level 1), and ≥50 % (labeled as level 2 to level 4), with level 2 to level 4 defined specifically as follows, 
50 % to <75 %, 75 % to <95 %, and >95 % for level 2, level 3, and level 4, respectively [5,9,10]. The total imprecision at the 99th 
percentile of the majority of contemporary cTn assays has been demonstrated to be clinically useable and acceptable [5,8]. Hs-cTn 
assays, by contrast, meet the guideline’s acceptable acceptance [8]. Thanks to the efforts of the manufacturers, the transition from 
contemporary to hs-cTn assays has been accomplished and hs-cTn assays started to enter the marketplace in the past decade [5,8]. 

Outliers, defined as erroneous and irreproducible results, are hardly explained by analytical imprecision [11]. The erroneous 
outcomes of outliers may induce adverse assessments and critical misdiagnosis in clinical management for patients with or without 
AMI from laboratory technicians and clinicians [11,12]. Two cases have been reported for the occurrence of outliers in cTn assays and 
nearly lead to unneeded invasive procedures for the patients [13]. Therefore, the outlier rate of an assay, in addition, becomes a crucial 
parameter to weight the analytical robustness of assays [11]. 

Outliers occur erratically in a much larger magnitude of results and reveal insufficient testing reliability in various cTn assays [11, 
13]. Over the past decade, some peer-reviewed literature has been published and contributed to evaluating outlier rates for leading 
marketshare cTn assays, mainly from the manufacturers of Abbott, Beckman Coulter, Roche, and Siemens. However, in previous, 
endeavors were rarely involved in systematical reviewing and comparing outlier rates for the assays, especially in a perspective of the 
transition from contemporary to hs-cTn assays. In this review, we aim to report a comprehensive investigation of outlier rates of the 
abovementioned manufacturers from published studies in the last decade. Most notably, this work provides promisingly 
evidence-based summaries, particularly in terms of outlier rates. The summaries would be used as references for laboratory technicians 
and clinical staff when choosing appropriate cTn assays to avoid clinical misdiagnosis caused by outliers or even unneeded invasive 
strategies. Moreover, we attempt to discuss emerging challenges of present cTn assays with analytical robustness as well. 

2. Materials and methods 

The systematic review and the abstract in the review were conducted following the PRISMA checklist and the PRISMA abstract 
checklist, respectively [14]. 

2.1. Search strategy 

Investigations on cTn assay outliers before 2010 have limited relevance to the current generations of troponin diagnosis. The 
literature search was conducted during June 2023. To compile a comprehensive dataset, electronic databases including PubMed, 
Scopus, Embase, Cochrane Library, and Web of Science were used to search literature published from January 1st, 2010, up to June 
30th, 2023. Additionally, a separate search was performed in the Google Scholar database to ensure that all relevant studies are 
identified during the search in the three electronic databases. The keywords used for searching were “outlier”, “nonreproducible 
result”, “flier”, or “flyer”, in combination with “troponin assay”. Outlier, nonreproducible result, flier, or flyer shares the same meaning 
for nonreproducible false positive or negative measurements [13,15]. Endnote’s (Endnote 20, Clarivate) duplicate identification 
strategy was manually performed to remove all duplicates. Our search strategy in the review is described below: firstly, we identified 
studies of involving human populations measured with troponin assays that reported outliers during the measurements; next, we 
collect data on outlier rates for various assays; and finally, we systematically evaluated and compared the different outlier rates for all 
the assays under investigated. 

2.2. Eligibility criteria 

The review aims to provide a solid and comprehensive reference for laboratory scientists and clinical staff in choosing appropriate 
cTn assays. The eligibility criteria were established for this purpose. The literature inclusion criteria used in this review included (1) 
studies involved with human clinical diagnosis; (2) human serum or plasma samples measured with cTn assays; (3) in-vitro studies, 
and (4) outlier rates specifically calculated and reported. 

Studies then were excluded by following the exclusion criteria: (1) reviews, opinion articles, and case reports; (2) studies written in 
non-English language; and (3) and studies that did not mention the z values for outlier definitions. 

2.3. Selection of studies 

The study selection process consists of two main stages. In the first stage, the titles and abstracts were analyzed and evaluated 
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separately by L.Z., S.Z. and J.Z. The inclusion criteria were used to select the items. Then H.F. resolved any disagreement among the 
initial two authors. In the second stage, H.F. reviewed the entire text of the studies and excluded studies those failed to meet the 
inclusion criteria. Finally, the remaining items were reviewed by all authors with H.F. conducting the final evaluation. 

2.4. Data collection and extraction 

All the studies identified and included in this review were extracted by L.Z. and H.F. The data were extracted into Microsoft Excel 
2013 from each included article for further statistical analysis. Three authors (J.Z., S.Z., and H.F.) checked the collected data from the 
texts of the original studies. A final discussion was held to resolve any divergence among all authors until a consensus was reached 
among all authors. In this review, data were collected based on different characteristics that are critical for specialists in choosing cTn 
assays, including the type of analyzer, assay, sample type, z value, SD value, cut-off, difference value, and various outlier rates and n 
values (total sample volumes). 

2.5. Risk of bias in individual studies 

The quality of evidence in the selected studies was assessed using the GRADE tool [16]. Since there was no other specific meth-
odology for analysis of quality [17], the GRADE tool was adapted for in-vitro studies. The initial three authors separately evaluated the 
studies as high, moderate, low, and very low based on the overall quality. When any divergence appeared among the three authors, H. 
F. was responsible for resolving them. 

2.6. Definition of an outlier and various outlier rates 

To evaluate the robustness of cTn assays, outliers were determined by defining a critical difference (CD) between duplicate results 
of analyses using the following equation: CD = z × √2 × √SD2

analytical [11,13,18–22], where z is a defined probability and SD is testing 
standard deviation of assays. 

In most cases, a predefined probability of z = 3.48 or 3.5 was used for duplicate analysis, corresponding to a probability of 0.0005 
[11,13,18–22]. Therefore, the CD value was calculated, to indicate an expected difference greater than the CD between two results less 
than five times in ten thousand events. Various z values, such as 1.96 [23] and 3.3 [24] (corresponding to predefined probabilities of 
0.05 and 0.001, respectively), were also employed in outlier evaluations in various studies as well. Meanwhile, a triplicate analysis, 
including the initial and two replicates was also performed with a predefined probability of z of 0.0005, where z = 3.29 [25]. 

The value of SD was obtained by linear interpolation and extrapolation from a plot of overall SD versus concentration from Quality 
Control (QC) data [11,19]. To compare different platforms with identical criteria [19] and overcome dependence upon measured 
precision [25], a fixed 10 % or 20 % CV was likewise assumed to acquire equivalent fixed SD values during the analysis [13,25]. 

Once a CD was determined by acquiring z and SD values separately, outliers could be identified if the difference between the 
duplicated results exceeded the CD. Critical outliers were defined as individual outliers that could result in potential adverse or 
clinically-risk outcomes [13,18,20,23–25]. For instance, if the two duplicate results were on different sides of the clinical cut-offs or 
decision levels, such as 99th percentile URLs [8,23]. Notably, sex-specific differences were taking into account, as men tend to have 
higher concentrations than women at the 99th percentiles, which correlates with men having larger left ventricular mass than women 
[26]. Contemporary cTn assays lack the analytical sensitivity to differentiate the 99th percentile by sex [8]; that is, sex-specific cut-offs 
for the hs-cTn assays were recommended and used [27]. Additionally, the concentration unit of ng/L was adopted to avoid confusion 
and unnecessary zeros for hs-cTn assays [8]. Analytical outliers were also included in the works [28–30]. An analytical outlier was 
identified by evaluating the difference in absolute values or relative percentage between initial and repeat results. Furthermore, singlet 
measurement outliers were determined as outliers occurring exclusively in the initial result of the pair [11,19]. 

Fig. 1. PRISMA flow diagram showing the results of the literature search.  
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Table 1 
Summary of the descriptive characteristics of the included studies (N = 13).  

Author Analyzer Assay Sample 
type 

Z 
value 

SD value Cut-off Difference Outlier type Rate Sample 
volume 

Favresse 
et al. 
[13] 

Roche Cobas e801 hs-cTnT Serum 3.48 Fixed 10 
% CV 

NN NN Outlier 3.22 % 1243 
0 % 1160 

14 ng/L 
U 

Critical 
outlier 

1.37 % 1243 
0 % 1160 

Karon et al. 
[25] 

Abbott 
ARCHITECT 
i2000SR 

STAT cTnI Serum 3.29 Fixed 10 
% CV 

0.028 
μg/L 

Critical 
outlier 

3.66 % 3008 

STAT hs-cTnI 26 ng/L 
U 

0.47 % 3008 

Klose et al. 
[30] 

Abbott STAT cTnI Plasma NN NN NN 20 % Analytical 
outlier 

0.3 % 1000 
Serum 0.2 % 1000 

0.7 % 1000 
STAT hs-cTnI Plasma 0 % 1000 

Serum 0.1 % 1000 
0.1 % 1000 

Lee et al. 
[23] 

Abbott 
ARCHITECT 
i2000SR 

STAT cTnI Plasma 1.96 From QC 
data 

0.03 
μg/L 

NN Critical 
outlier 

0.97 % 1239 

STAT hs-cTnI 25 ng/L 
U 

0.091 
% 

1239 

Morgan et al. 
[24] 

Abbott 
ARCHITECT 

STAT cTnI Plasma 3.3 NP NN NN Outlier 0.58 % 3797 

Pretorius 
et al. 
[19] 

Abbott 
ARCHITECT 
i2000SR 

STAT cTnI Serum 3.48 From QC 
data 

NN NN Outlier 0.1 % 2391 

Beckman Coulter 
Access2 

Access 
Enhanced 
AccuTnI 

Serum 3.48 From QC 
data 

0.44 % 2391 

Roche Cobas e801 hs-cTnT Serum 3.48 From QC 
data 

0.06 % 2391 

Siemens ADVIA 
Centaur XP 

TnI-Ultra Serum 3.48 From QC 
data 

0.1 % 2391  

Author Analyzer Assay Sample 
type 

Z 
value 

SD 
value 

Cut-off Difference Outlier type Rate Sample 
volume 

Pretorius 
et al. [21] 

Beckman Coulter 
DxI600 

Access hs-cTnI Serum 3.5 From 
QC data 

NN NN Outlier 0.046 
% 

4336 

Ryan et al. 
[20] 

Abbott 
ARCHITECT 
i2000SR 

STAT cTnI Plasma 3.5 From 
QC data 

NN NN Outlier 0.22 % 4009 
STAT hs-cTnI 0.18 % 3878 
STAT cTnI 34 ng/ 

L M 
16 ng/ 
L F  

Critical 
outlier 

0.13 % 3878 
STAT hs-cTnI 0.1 % 3878 

Sawyer et al. 
[18] 

Abbott 
ARCHITECT 
i2000SR 

STAT cTnI Plasma 3.5 From 
QC data 

NN NN Outlier 1.95 % 7011 
0.48 % 7089 

STAT hs-cTnI 0.59 % 1522 
STAT cTnI 0.04 

μg/L 
Critical 
outlier 

0.51 % 7011 
0.37 % 7089 

STAT hs-cTnI 34.2 
ng/L 
M 
15.6 
ng/L F 

0 % 1522 

Ungerer et al. 
[11] 

Beckman Coulter 
DxI800 and 
Access2 

Access 
AccuTnI 

Plasma 
and serum 

3.5 From 
QC data 

NN NN Outlier 0.55 % 13,100 

Ungerer et al. 
[22] 

Beckman Coulter 
DxI800 

Access 
AccuTnI+3 

Serum 3.5 From 
QC data 

NN NN Outlier 0.025 
% 

4010 

Wockenfus 
et al. [29] 

Roche Cobas e411 hs-cTnT Plasma NN NN NN 5 ng/mL or 
5 % 

Analytical 
outlier 

0.11 % 17,154 

Wockenfus 
et al. [28] 

Roche Cobas e411 4th generation 
STAT cTnT 

Plasma NN NN NN 0.03 μg/L or 
20 % 

Analytical 
outlier 

0.7 % 1185 
Serum 0.6 % 1185 

hs-cTnT Plasma 10 ng/mL or 
10 % 

0.8 % 1185 
Serum 0.11 % 1185 

U = unisex; QC = quality control; NP = not provided in the study; NN = no need to obtain for calculation of the specific type of outlier rate. 
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3. Results 

3.1. Study selection 

A total of 42 items were originally identified in PubMed, Scopus, Embase, Cochrane Library, and Web of Science. Endnote’s 
duplicate identification strategy was manually performed by the initial two authors to remove all duplicates, resulting in 35 studies 
remaining. We did not use any automation tools to exclude studies in this review. Any individual study was double-checked on the 
Google Scholar platform. After removing studies for which full text could not accessed and obtained, 30 studies remained. Applying the 
inclusion and exclusion criteria, we further refined our selections, resulting in the final set of 13 studies for this review. The excluded 
studies, long with their perspective reasons for exclusion, are detailed in Table S1. To provide a visual representation of the study 
selection process, we have included a flow diagram shown in Fig. 1. 

3.2. Study characteristics 

The key characteristics of each study are descriptively summarized in Table 1 All the studies have been published since 2010 and 
are written in English. Each study was evaluated and categorized to present outlier, critical outlier, or analytical outlier rates for 
various cTn assays. Eight of the studies were involved with the reports of outlier rates for the cTn assays [11,13,18–22,24]. Five of the 
studies reported the critical outlier rates for the assays [13,18,20,23,25]. Moreover, three of the studies presented the analytical outlier 
rates for the assays [28–30]. The analysis of three types of outlier rates would benefit the laboratory staff and clinicians during the 
assay choosing process for different purposes. 

Several studies reported the outlier rates for both contemporary and hs-cTn assays on the same analyzer [18,20,23,25,28,30]. The 
reports are particular important when evaluating the improvements in analytical robustness or reduction in outlier rates for cTn assays. 

3.3. Outlier rates of contemporary and hs-cTn assays 

Comparisons of different outlier rates between the contemporary and hs-cTn assays for identical cohorts on the same platforms 
from the manufacturers, i.e., Abbott or Roche, were carried out in these studies [18,20,23,25,28,30]. The hs-cTnI assays have been 
demonstrated with substantially lower critical outlier rates [18,23,25] and analytical outlier rates [30] than contemporary cTnI assays 
of Abbott (STAT cTnI). By contrast, there was no significant reduction in the proportion of outliers between the contemporary and 
hs-cTnI assays from Abbott [20]. However, it is worth noting that this study used two instruments or analyzers of Abbott were utilized 
for CD calculation together with larger whole imprecision data for the two assays, potentially resulting in unevenly-reduced de-
terminations of outliers. Therefore, the outlier rate using hs-cTnI assay (0.77 %, 30/3878) was found significantly lower than the 
contemporary assay (2.24 %, 90/4009) when an absolute cut-off was applied to harmonize the assay imprecision between assays [20]. 
Compared to the contemporary cTnT assay of Roche (4th generation STAT cTnT), the hs-cTnT assays did not show a lower level of 
analytical outlier rates [28]. This discrepancy could be explained by a more rigorous definition of analytical outliers for the hs-cTnT 
assay in the study. Outlier rates between the contemporary (Access AccuTnI, Access Enhanced AccuTnI, and Access AccuTnI+3) and 
hs-cTnI assays of Beckman Coulter were likewise compared, although in separately-single studies [11,21,22]. A significantly lower 
outlier rate for the hs-cTnI assay than the Access AccuTnI was claimed [21]. The Access AccuTnI+3 showed a similar outlier rate to the 
hs-cTnI assay [21], probably due to the mechanical characteristics of analyzers rather than the assay formulations [21]. However, 

Table 2 
A summary of reported outlier rates of contemporary and hs-cTn assays.  

Company/analyzer Assays Sample types z values SD values Outlier rates References 

Abbott ARCHITECTa STAT cTnI Plasma 3.3 NPb 0.58 % (n = 3797) [24] 
Abbott ARCHITECT i2000SR STAT cTnI Plasma 3.5 From QC data 1.95 % (n = 7011) [18] 

0.48 % (n = 7089) 
STAT hs-cTnI 0.59 % (n = 1522) 

Abbott ARCHITECT i2000SR STAT cTnI Serum 3.48 From QC data 0.10 %c (n = 2391) [19] 
Abbott ARCHITECT i2000SR STAT cTnI Plasma 3.5 From QC data 0.22 %d (n = 4009) [20] 

STAT hs-cTnI 0.18 %d (n = 3878) 
Beckman Coulter DxI800 and Access2 Access AccuTnI Plasma and serum 3.5 From QC data 0.55 % (n = 13,100) [11] 
Beckman Coulter Access2 Access Enhanced AccuTnI Serum 3.48 From QC data 0.44 %c (n = 2391) [19] 
Beckman Coulter DxI800 Access AccuTnI+3 Serum 3.5 From QC data 0.025 % (n = 4010) [21,22] 
Beckman Coulter DxI600 Access hs-cTnI Serum 3.5 From QC data 0.046 % (n = 4336) [21] 
Roche Cobas e801 hs-cTnT Serum 3.48 Fixed 10 % CV 3.22 %c (n = 1243) [13] 

0 %c (n = 1160) 
Roche Cobas e801 hs-cTnT Serum 3.48 From QC data 0.06 %c (n = 2391) [19] 
Siemens ADVIA Centaur XP TnI-Ultra Serum 3.48 From QC data 0.10 %c (n = 2391) [19]  

a No specific analyzer of Abbott ARCHITECT was claimed in the study. 
b NP, not provided; QC, quality control; CV, coefficient of variation. 
c Singlet measurement outliers were identified in the studies. 
d Only elevated values up to 0.3 μg/L were calculated. 
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there was no feasible comparison of outliers between the contemporary and hs-cTn assays of Siemens [19]. 
Thanks to the efforts of scientific researchers, various outlier rates of the contemporary and hs-cTn assays have been explored. The 

reported outlier, critical outlier, and analytical outlier rates of the assays from literature are summarized in Table 2, Table 3, and 
Table 4, respectively. Then, the arithmetic mean rates of outliers, critical outliers, and analytical outliers can be obtained from the 
tables. The outcomes exhibited evidence of reduced respective mean rates of outliers, critical outliers, and analytical outliers for hs-cTn 
assays (0.14 %, 0.18 %, and 0.18 %) compared to contemporary cTn assays (0.63 %, 0.71 %, and 0.50 %). 

3.4. Risk of bias 

The studies selected in the review were assessed using the GRADE tool, and the results of this assessment are presented in Table S2. 
During the assessment process, two studies were graded as low quality, which are further elaborated as follows. Klose et al. performed 
the measurements across five laboratories that may induce a high degree of operation deviation and did not specify the analyzer model 
[30], leading to serious study limitations and inconsistency. Similarly, the study by Morgan et al. did not show information about the 
analyzer model for the measurements [24]. The lack of reporting analyzer models may provide less certain references for laboratory 
and clinical staff. Eight studies were rated as moderate quality, while three were rated as high quality. The studies were scored as 
inconsistent owing to missing the process of statistical analysis of the data. The studies, being rated as indirect, failed to exhibit 
calculated outlier rates in the study texts directly. 

4. Discussion 

Outliers may induce reverse determination for clinical care, while the exact nature of outliers still remains unclear [18–20]. The 
causes of false-positive or negative results are associated with the interferences of heterophilic antibodies [31], cTnI autoantibodies 
[32], rheumatoid factor [33], or biotins [34]. However, these interferences are consistent with reproducible results that differ from 
irreproducible results of outliers [13,18]. No outlier was found using QC materials, suggesting outliers possibly occurred with patient 
specimens and sample-related factors [18,20]. The presence of fibrin in serum or plasma samples is one of the possible explanations for 
outliers [12,25,28]. More specifically for serum, an incomplete clotting of serum in an expedited processing leads to the fibrin 
interference [30]. Slower centrifugation speed could have led to more outliers owing to fibrin generation during the processing [25]. 
Yet there was no statistical difference in outlier rates between various centrifugation speeds and sample types, i.e., serum and heparin 
plasma [11,19]. The explanation of fibrin for inducing outliers was still speculative and solid evidence is needed [13,19,20]. 

The occurrence of outliers may be associated with reagents as well. Contamination with magnetic/paramagnetic particles in a 
specific reagent lot (429,178) of hs-cTnI from Roche caused an abnormal outlier rate of 3.22 % and an abnormal critical outlier rate of 
1.37 % [13]. After a replacement with a new reagent lot (460,113), the outlier and critical outlier rates returned back to normal at zero. 
However, both sample samples and QC materials were affected by the reagent lot of 429,178; thus, the QC enabled the detection of 
outliers in this situation. Besides, a larger reagent pack size of a 500-test reagent lot also probably resulted in a higher outlier rate [19, 

Table 3 
A summary of reported critical outlier rates of contemporary and hs-cTn assays.  

Company/analyzer Assays Sample 
types 

z values SD values Cut-offs Critical outlier 
rates 

References 

Abbott ARCHITECT 
i2000SR 

STAT cTnI Plasma 1.96 From QCa 

data 
0.03 μg/L 0.97 % (n = 1239) [23] 

STAT hs-cTnI 25 ng/L (Unisex) 0.091 % (n =
1239) 

Abbott ARCHITECTb STAT cTnI Plasma 3.3 NP 0.028 μg/L 0.16 % (n = 3797) [24] 
Abbott ARCHITECT 

i2000SR 
STAT cTnI Serum 3.29 Fixed 10 % 

CV 
0.028 μg/L 3.66 % (n = 3008) [25] 

STAT hs-cTnI 26 ng/L (Unisex) 0.47 % (n = 3008) 
Abbott ARCHITECT 

i2000SR 
STAT cTnI Plasma 3.5 From QC data 0.04 μg/L 0.51 % (n = 7011) [18] 

0.37 % (n = 7089) 
STAT hs-cTnI 34.2 ng/L (Male) 

15.6 ng/L 
(Female) 

0 % (n = 1522) 

Abbott ARCHITECT 
i2000SR 

STAT cTnI Plasma 3.5 From QC data 34 ng/L (Male) 0.13 %c (n =
3878) 

[20] 

STAT hs-cTnI 16 ng/L (Female) 0.10 %c (n =
3878) 

Roche Cobas e411 4th generation STAT 
cTnT 

Serum 3.29 Fixed 20 % 
CV 

0.01 μg/L 0.33 % (n = 3008) [25] 

Roche Cobas e801 hs-cTnT Serum 3.48 Fixed 10 % 
CV 

14 ng/L (Unisex) 1.37 %d (n =
1243) 

[13] 

0 %d (n = 1160)  

a QC, quality control; NP, not provided; CV, coefficient of variation. 
b No specific analyzer of Abbott ARCHITECT was claimed in the study. 
c Only elevated values up to 0.3 μg/L were calculated. 
d Singlet measurement outliers were identified in the study. 
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23,35]. 
Analyzer-related factors are other potential reasons for resulting in outliers. Either of two Abbott ARCHITECT i2000SR analyzers 

(iSR6055 and iSR6041) was used to measure clinical human plasma samples with the STAT cTnI reagent in the two single studies 
(Study 1 and Study 2) [18]. The outlier rates are significantly higher for measurement performed on the analyzer of iSR6055 than the 
analyzer of iSR6041 in Study 1 (3.43 % compared with 0.38 %), while the reversed in observed in Study 2 (0.24 % compared with 0.74 
%). Each analyzer was replaced with six wash valves for enhanced maintenance protocols prior to Study 2. Yet there was no statistical 
change on QC dataset in two months no matter pre or post the maintenance and valve change. It was still not clear if the replacement of 
valves influenced outlier occurrence. Furthermore, variation among analyzers (e.g., hardware and mechanical characteristics) and 
analyzer inactivity may also affect the outlier rate [19,21,35]. 

The certain cause of outliers is still not known, but the spurious results need to be detected and excluded to eliminate the risk of 
adverse patient outcomes. QC is designated to monitor the day-to-day precision and accuracy of a given assay, and realize early 
recognition of assay or analyzer errors [36]. However, outliers were not detectable in QC materials for impression analysis [18,20]; 
besides, QC processing was carried out to evaluate intra- and inter-assay imprecision tests and calculate values of SDs in the studies 
[11,19,21–23], but it failed to predict the occurrence of outliers in the patient samples. 

The current protocol to identify outliers is a duplicate analysis of patient samples [18]. After samples are collected as serum or 
plasma and promptly centrifugated, an initial testing was immediately followed by a repeating test in a consecutive analysis way 
without any manual intervention and recentrifugation [11,18,20,23,24]. Alternatively, within 24 h of an initial analysis, the samples 
were stored at 2–8 ◦C, warmed to room temperature, and re-centrifuged before a repeat analysis [25,28]. While in a routine practice, 
cTn is not measured in duplicate [11]. As a consequence, the detection of an outlier needs an additional measurement, which is 
associated with increased reagent costs and lengthened turnaround time [20]. Re-centrifuging add-on cTn tests (defined as a delay in 
being stored and refrigerated of samples for a certain length of time prior to assay) may be a potential suboptimal sample handling 
management for clinical practice [20]. As discussed above, although a slower centrifugation speed was claimed to possibly lead to 
outliers due to fibrin interference, outlier rates were demonstrated to be having no significantly different between various centrifu-
gation speeds. Unless the exact cause of outliers is uncovered, there may be no precise and specific optimization for sample processing, 
including sample type (i.e., serum or plasma) choosing, centrifugation speeds, sample storage conditions, reagent pack sizes, or 
analyzer statuses. 

More importantly, improving the analytical robustness of cTn assays by the manufacturers may be the primary root solution to be 
compatible with presently-used sample processing and avoid the occurrence of outliers. In a general perspective, hs-cTn assays 
exhibited reduced or eliminated outliers than contemporary cTn assays. Currently, less analytical noise and improved diagnostic 
accuracy of the hs-cTn assays contribute to a % CV ≤ 10 % at the 99th percentile following the 2-tier system recommendation, whereas 
most the contemporary assays support a % CV at the 99th percentile between 10 % and 20 % [8]. The optimization and advancement of 
assay formulations for the hs-cTn assays by the manufacturers may contribute to the diagnostic accuracy and assay robustness. Finally, 
these improvements would benefit outlier rates for the hs-cTn assays. 

5. Limitations 

A comprehensive evaluation and comparison of various outlier rates for the cTn assays were performed in the review. Nevertheless, 
some limitations need further consideration. First, only six of all the studies investigated and compared outlier rates for both 

Table 4 
A summary of reported analytical outlier rates of contemporary and hs-cTn assays.  

Company/ 
analyzer 

Assays Sample 
types 

Definition of analytical outliers Analytical outlier 
rates 

References 

Abbotta STAT cTnI Plasma Initial and repeat results differed by >20 %. 0.3 %b (n = 1000) [30] 
Serum 0.2 %b,c (n =

1000) 
0.7 %b,d (n =
1000) 

STAT hs-cTnI Plasma 0 %b (n = 1000) 
Serum 0.1 %b,c (n =

1000) 
0.1 %b,d (n =
1000) 

Roche Cobas 
e411 

4th generation 
STAT cTnT 

Plasma Initial and repeat results differed by > 0.03 μg/L for results <0.2 
μg/L or ≥20 % for results ≥0.2 μg/L. 

0.7 % (n = 1185) [28] 
Serum 0.6 % (n = 1185) 

hs-cTnT Plasma Initial and repeat results differed by > 10 ng/L for results <100 
ng/L or ≥10 % for results ≥100 ng/L. 

0.8 % (n = 1185) 
Serum 0.8 % (n = 1185) 

Roche Cobas 
e411 

hs-cTnT Plasma Initial and repeat results differed by > 5 ng/L for results <100 ng/ 
L or ≥5 % for results ≥100 ng/L. 

0.11 % (n =
17,154) 

[29]  

a No specific analyzer of Abbott was claimed in the study. 
b Singlet measurement outliers were identified in the study. 
c BD Vacutainer Serum Separation Tubes were used in the group. 
d BD Vacutainer Rapid Serum Tubes were used in the group. 
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contemporary and hs-cTn assays on the same analyzer. Four of the six studies showed that the hs-cTn assays had fewer outlier rates 
compared to the contemporary cTn assays. These comparisons promisingly revealed enhanced robustness in analytical performance 
for the hs-cTn assays and approached a limited conclusion. Furthermore, there are only three studies scored as high quality. Some risk 
bias exists in most of the studies, possibly leading to an insufficient exhibition of outlier rates for cTn assays. 

6. Conclusions 

This work provides a systematic summary of outliers in contemporary and hs-cTn assays in a harmonized comparison. The review 
serves as a convenient resource for laboratory technicians and clinical staff when choosing an appropriate analyzer and cTn assay for 
measuring cTn level to avoid unnecessary event rates of adverse outcomes or unneeded invasive procedures due to the occurrence of 
outliers. 

The common way to identify and exclude outliers is to carry out a duplicate test after the initial measurement, although it leads to 
extra reagent costs and prolonged turnaround time. The exact cause of outliers remains unproven. Sample-, reagent-, or analyzer- 
related factors potentially induce outliers in cTn assays. Notably, processing protocols before cTn measurements, including 
choosing an appropriate sample type (serum or plasma), centrifugation speed, and sample storage condition are recommended to be 
optimized to reduce outlier rates for the assays. 

Currently, a substantial reduction in outlier rates in hs-cTn assays compared to contemporary cTn assays. Therefore, hs-cTn assays 
are recommended to be utilized for cTn testing regarding outlier rates, while low-magnitude outlier rates are still detectable in hs-cTn 
assays. Based on the successful transition from contemporary cTn assays to hs-cTn assays with reduced outlier rates or improved 
analytical robustness, the accomplishments undoubtedly offer a possibility to eliminate outliers in the future generations of cTn assays. 
Meanwhile, continuous endeavors from scientists and manufacturers are eager to be achieved to uncover the nature of outliers and 
these may also be significant for further improvements on analytical robustness in cTn assays. 

Data availability statement 

Data included in article/supplementary material/referenced in article. 

CRediT authorship contribution statement 

Litao Zhang: Conceptualization, Writing – original draft. Jia Zhu: Data curation, Formal analysis, Writing – review & editing. 
Shiqiang Zhang: Data curation, Formal analysis. Hao Fu: Conceptualization, Data curation, Formal analysis, Investigation, Meth-
odology, Writing – original draft, Writing – review & editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Acknowledgements 

The authors sincerely thank Dr. Yanting Jin for the assistance in the article preparation. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2023.e23788. 

References 

[1] B.E. Amundson, F.S. Apple, Cardiac troponin assays: a review of quantitative point-of-care devices and their efficacy in the diagnosis of myocardial infarction, 
Clin. Chem. Lab. Med. 53 (2015) 665–676. https://10.1515/cclm-2014-0837. 

[2] F.S. Apple, R.L. Jesse, L.K. Newby, A.H. Wu, R.H. Christenson, B. National Academy of Clinical, and I.C.f.S.o.M.o.C. Damage. National academy of clinical 
biochemistry and IFCC committee for standardization of markers of cardiac damage laboratory medicine practice guidelines: analytical issues for biochemical 
markers of acute coronary syndromes, Circulation 115 (2007) e352–e355. https://10.1161/CIRCULATIONAHA.107.182881. 

[3] R.H. Christenson, E. Jacobs, D. Uettwiller-Geiger, M.P. Estey, K. Lewandrowski, T.I. Koshy, K. Kupfer, Y. Li, J.C. Wesenberg, Comparison of 13 commercially 
available cardiac troponin assays in a multicenter North American study, J. Appl. Lab. Med. 2 (2017) 134. https://10.1373/jalm.2017.023903. 

[4] P. Jarolim, High sensitivity cardiac troponin assays in the clinical laboratories, Clin. Chem. Lab. Med. 53 (2015) 635–652. https://10.1515/cclm-2014-0565. 
[5] F.S. Apple, A new season for cardiac troponin assays: it’s time to keep a scorecard, Clin. Chem. 55 (2009) 1303–1306. https://10.1373/clinchem.2009.128363. 
[6] K. Thygesen, J.S. Alpert, H.D. White, A.S. Jaffe, F.S. Apple, M. Galvani, H.A. Katus, L.K. Newby, J. Ravkilde, B. Chaitman, et al., Universal definition of 

myocardial infarction: Kristian Thygesen, Joseph S. Alpert and Harvey D. White on behalf of the joint ESC/ACCF/AHA/WHF task force for the redefinition of 
myocardial infarction, Eur. Heart J. 28 (2007) 2525–2538. https://10.1093/eurheartj/ehm355. 

[7] F.S. Apple, C.A. Parvin, K.F. Buechler, R.H. Christenson, A.H. Wu, A.S. Jaffe, Validation of the 99th percentile cutoff independent of assay imprecision (CV) for 
cardiac troponin monitoring for ruling out myocardial infarction, Clin. Chem. 51 (2005) 2198–2200. https://10.1373/clinchem.2005.052886. 

L. Zhang et al.                                                                                                                                                                                                          

https://doi.org/10.1016/j.heliyon.2023.e23788
https://10.1515/cclm-2014-0837
https://10.1161/CIRCULATIONAHA.107.182881
https://10.1373/jalm.2017.023903
https://10.1515/cclm-2014-0565
https://10.1373/clinchem.2009.128363
https://10.1093/eurheartj/ehm355
https://10.1373/clinchem.2005.052886


Heliyon 10 (2024) e23788

9

[8] F.S. Apple, Y. Sandoval, A.S. Jaffe, J. Ordonez-Llanos, Cardiac troponin assays: guide to understanding analytical characteristics and their impact on cinical care, 
Clin. Chem. 63 (2017) 73–81. https://10.1373/clinchem.2016.255109. 

[9] A.H.B. Wu, R.H. Christenson, D.N. Greene, A.S. Jaffe, P.A. Kavsak, J. Ordonez-Llanos, F.S. Apple, Clinical laboratory practice recommendations for the use of 
cardiac troponin in acute coronary syndrome: expert opinion from the academy of the American association for clinical chemistry and the task force on clinical 
applications of cardiac bio-markers of the international federation of clinical chemistry and laboratory medicine, Clin. Chem. 64 (2018) 645–655. https://10. 
1373/clinchem.2017.277186. 

[10] K. Thygesen, J.S. Alpert, A.S. Jaffe, B.R. Chaitman, J.J. Bax, D.A. Morrow, H.D. White, I. Executive, Group on behalf of the joint European society of cardiology/ 
American college of cardiology/American heart association/world heart federation task force for the universal definition of myocardial. Fourth universal 
definition of myocardial infarction, Circulation 138 (2018) e618–e651. https://10.1161/CIR.0000000000000617. 

[11] J.P. Ungerer, C.J. Pretorius, G. Dimeski, P.K. O’Rourke, S.A. Tyack, Falsely elevated troponin I results due to outliers indicate a lack of analytical robustness, 
Ann. Clin. Biochem. 47 (2010) 242–247. https://10.1258/acb.2010.010012. 

[12] G. Dimeski, Evidence on the cause of false positive troponin I results with the Beckman AccuTnI method, Clin. Chem. Lab. Med. 49 (2011) 1079–1080. https:// 
10.1515/CCLM.2011.163. 

[13] J. Favresse, J. Cadrobbi, C. Eucher, K. Laffineur, C. Rosseels, D. Pieters, M. Elsen, J. Gras, Non-reproducible cardiac troponin results occurring with a particular 
reagent lot, Clin. Chem. Lab. Med. 59 (2020) e9–e12. https://10.1515/cclm-2020-0562. 

[14] M.J. Page, J.E. McKenzie, P.M. Bossuyt, I. Boutron, T.C. Hoffmann, C.D. Mulrow, L. Shamseer, J.M. Tetzlaff, E.A. Akl, S.E. Brennan, et al., The PRISMA 2020 
statement: an updated guideline for reporting systematic reviews, BMJ 372 (2021) n71. https://10.1136/bmj.n71. 

[15] J.M. Lucas, Cumulative sum (cusum) control schemes, Commun. Stat. Theor. Methods 14 (1985) 2689–2704. https://10.1080/03610928508829070. 
[16] A. Huguet, J.A. Hayden, J. Stinson, P.J. McGrath, C.T. Chambers, M.E. Tougas, L. Wozney, Judging the quality of evidence in reviews of prognostic factor 

research: adapting the GRADE framework, Syst. Rev. 2 (2013) 71. https://10.1186/2046-4053-2-71. 
[17] V.H.S. Bezerra, S.L. Cardoso, Y. Fonseca-Bazzo, D. Silveira, P.O. Magalhaes, P.M. Souza, Protease produced by endophytic fungi: a systematic review, Molecules 

26 (2021). https://10.3390/molecules26227062. 
[18] N. Sawyer, J. Blennerhassett, R. Lambert, P. Sheehan, S.D. Vasikaran, Outliers affecting cardiac troponin I measurement: comparison of a new high sensitivity 

assay with a contemporary assay on the Abbott ARCHITECT analyser, Ann. Clin. Biochem. 51 (2014) 476–484. https://10.1177/0004563213499737. 
[19] C.J. Pretorius, G. Dimeski, P.K. O’Rourke, L. Marquart, S.A. Tyack, U. Wilgen, J.P. Ungerer, Outliers as a cause of false cardiac troponin results: investigating the 

robustness of 4 contemporary assays, Clin. Chem. 57 (2011) 710–718. https://10.1373/clinchem.2010.159830. 
[20] J.B. Ryan, S.J. Southby, L.A. Stuart, R. Mackay, C.M. Florkowski, P.M. George, Comparison of cardiac TnI outliers using a contemporary and a high-sensitivity 

assay on the Abbott Architect platform, Ann. Clin. Biochem. 51 (2014) 507–511. https://10.1177/0004563214534637. 
[21] C.J. Pretorius, J.R. Tate, U. Wilgen, L. Cullen, J.P.J. Ungerer, A critical evaluation of the Beckman Coulter Access hsTnI: analytical performance, reference 

interval and concordance, Clin. Biochem. 55 (2018) 49–55. https://10.1016/j.clinbiochem.2018.03.003. 
[22] J.P. Ungerer, J.R. Tate, C.J. Pretorius, Discordance with 3 cardiac troponin I and T assays: implications for the 99th percentile cutoff, Clin. Chem. 62 (2016) 

1106–1114. https://10.1373/clinchem.2016.255281. 
[23] G.R. Lee, T.C. Browne, B. Guest, I. Khan, E. Murphy, C. McGorrian, N.G. Mahon, M.C. Fitzgibbon, Transitioning high sensitivity cardiac troponin I (hs-cTnI) into 

routine diagnostic use: more than just a sensitivity issue, Pract. Lab. Med. 4 (2016) 62–75. https://10.1016/j.plabm.2016.01.001. 
[24] B. Morgan, D. Droes, Abbott ARCHITECT STAT contemporary troponin I outlier detection and prevention of erroneous outlier result reporting using an 

immediate repeat testing protocol: a 1-year summary, Am. J. Clin. Pathol. 152 (2019) S80–S81. https://10.1093/ajcp/aqz116.002. 
[25] B.S. Karon, A.M. Wockenfus, K.J. Hartung, R.J. Scott, S.D. Carter, A.S. Jaffe, Comparing analytical outliers and the percent of emergency department patients 

with results above the 99th percentile upper reference limit for 2 conventional and one high sensitivity troponin assay, Clin. Biochem. 53 (2018) 104–109. 
https://10.1016/j.clinbiochem.2018.01.001. 

[26] A.S. Shah, M. Griffiths, K.K. Lee, D.A. McAllister, A.L. Hunter, A.V. Ferry, A. Cruikshank, A. Reid, M. Stoddart, F. Strachan, et al., High sensitivity cardiac 
troponin and the under-diagnosis of myocardial infarction in women: prospective cohort study, BMJ 350 (2015) g7873. https://10.1136/bmj.g7873. 

[27] M. Rubini Gimenez, R. Hoeller, T. Reichlin, C. Zellweger, R. Twerenbold, M. Reiter, B. Moehring, K. Wildi, T. Mosimann, M. Mueller, et al., Rapid rule out of 
acute myocardial infarction using undetectable levels of high-sensitivity cardiac troponin, Int. J. Cardiol. 168 (2013) 3896–3901. https://10.1016/j.ijcard.2013. 
06.049. 

[28] A.M.K. Wockenfus, R. B, B.M. Katzman, B.S. Karon, A.S. Jaffe, L.J. Donato, Comparison of analytical outlier rates between Roche 4th and 5th generation 
Troponin T assays using both serum and plasma samples, in: 70th American Association for Clinical Chemistry (AACC) Annual Scientific Meeting and Clinical 
Lab Expo, 2018. https://www.aacc.org/-/media/Files/Meetings-and-Events/Annual-Meeting/2018/Abstracts/A65A113.pdf? 
hash=DCE308B70E56D5EE4D719CBFA86E5E394CEC9D6F&la=en. 

[29] A. Wockenfus, K. Hartung, B. Kelley, B. Katzman, L. Donato, A. Jaffe, B. Karon, Real-time detection of analytical outliers on the Roche troponin T generation 5 
assay, Am. J. Clin. Pathol. 152 (2019). S83-S83, https://10.1093/ajcp/aqz116.007. 

[30] B.H. Klose, T, L. Koe, L. Burnett, D. Chesher, Rates of clinically significant outliers with the abbott STAT & high sensitive troponin-i assays in different sample 
types, in: The 52nd Annual Scientific Conference of the Australasian Association for Clinical Biochemistry and Laboratory Medicine, 2014. https://www.ncbi. 
nlm.nih.gov/pmc/articles/PMC4745263/pdf/cbr-36-s1.pdf/?tool=EBI. 

[31] G. Lippi, R. Aloe, T. Meschi, L. Borghi, G. Cervellin, Interference from heterophilic antibodies in troponin testing. Case report and systematic review of the 
literature, Clin. Chim. Acta 426 (2013) 79–84. https://10.1016/j.cca.2013.09.004. 

[32] S. Eriksson, T. Ilva, C. Becker, J. Lund, P. Porela, K. Pulkki, L.M. Voipio-Pulkki, K. Pettersson, Comparison of cardiac troponin I immunoassays variably affected 
by circulating autoantibodies, Clin. Chem. 51 (2005) 848–855. https://10.1373/clinchem.2004.040089. 

[33] J. Krahn, D.M. Parry, M. Leroux, J. Dalton, High percentage of false positive cardiac troponin I results in patients with rheumatoid factor, Clin. Biochem. 32 
(1999) 477–480. https://10.1016/s0009-9120(99)00044-2. 

[34] S. Mzougui, J. Favresse, R. Soleimani, C. Fillee, D. Gruson, Biotin interference: evaluation of a new generation of electrochemiluminescent immunoassays for 
high-sensitive troponin T and thyroid-stimulating hormone testing, Clin. Chem. Lab. Med. 58 (2020) 2037–2045. https://10.1515/cclm-2020-0214. 

[35] P.A. Kavsak, L. Clark, S. Lancaster, A.C. Don-Wauchope, Within-run precision and outlier detection for the Abbott ARCHITECT cardiac troponin I assay, Ann. 
Clin. Biochem. 51 (2014) 512–514. https://10.1177/0004563214534400. 

[36] R.J. Lock, My approach to internal quality control in a clinical immunology laboratory, J. Clin. Pathol. 59 (2006) 681–684. https://10.1136/jcp.2005.032292. 

L. Zhang et al.                                                                                                                                                                                                          

https://10.1373/clinchem.2016.255109
https://10.1373/clinchem.2017.277186
https://10.1373/clinchem.2017.277186
https://10.1161/CIR.0000000000000617
https://10.1258/acb.2010.010012
https://10.1515/CCLM.2011.163
https://10.1515/CCLM.2011.163
https://10.1515/cclm-2020-0562
https://10.1136/bmj.n71
https://10.1080/03610928508829070
https://10.1186/2046-4053-2-71
https://10.3390/molecules26227062
https://10.1177/0004563213499737
https://10.1373/clinchem.2010.159830
https://10.1177/0004563214534637
https://10.1016/j.clinbiochem.2018.03.003
https://10.1373/clinchem.2016.255281
https://10.1016/j.plabm.2016.01.001
https://10.1093/ajcp/aqz116.002
https://10.1016/j.clinbiochem.2018.01.001
https://10.1136/bmj.g7873
https://10.1016/j.ijcard.2013.06.049
https://10.1016/j.ijcard.2013.06.049
https://www.aacc.org/-/media/Files/Meetings-and-Events/Annual-Meeting/2018/Abstracts/A65A113.pdf?hash=DCE308B70E56D5EE4D719CBFA86E5E394CEC9D6F&amp;la=en
https://www.aacc.org/-/media/Files/Meetings-and-Events/Annual-Meeting/2018/Abstracts/A65A113.pdf?hash=DCE308B70E56D5EE4D719CBFA86E5E394CEC9D6F&amp;la=en
https://10.1093/ajcp/aqz116.007
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4745263/pdf/cbr-36-s1.pdf/?tool=EBI
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4745263/pdf/cbr-36-s1.pdf/?tool=EBI
https://10.1016/j.cca.2013.09.004
https://10.1373/clinchem.2004.040089
https://10.1016/s0009-9120(99)00044-2
https://10.1515/cclm-2020-0214
https://10.1177/0004563214534400
https://10.1136/jcp.2005.032292

	Investigating outlier rates of cardiac troponin I and troponin T assays: A systematic review
	1 Introduction
	2 Materials and methods
	2.1 Search strategy
	2.2 Eligibility criteria
	2.3 Selection of studies
	2.4 Data collection and extraction
	2.5 Risk of bias in individual studies
	2.6 Definition of an outlier and various outlier rates

	3 Results
	3.1 Study selection
	3.2 Study characteristics
	3.3 Outlier rates of contemporary and hs-cTn assays
	3.4 Risk of bias

	4 Discussion
	5 Limitations
	6 Conclusions
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


