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Abstract 

Aims Whether a single cardiac troponin measurement can safely rule out myocardial infarction in patients presenting within a few 
hours of symptom onset is uncertain. The study aim was to assess the performance of troponin in early presenters.  

Methods 
and results 

In patients with possible myocardial infarction, the diagnostic performance of a single measurement of high-sensitivity car-
diac troponin I at presentation was evaluated and externally validated in those tested ≤3, 4–12, and >12 h from symptom 
onset. The limit-of-detection (2 ng/L), rule-out (5 ng/L), and sex-specific 99th centile (16 ng/L in women; 34 ng/L in men) 
thresholds were compared. In 41 103 consecutive patients [60 (17) years, 46% women], 12 595 (31%) presented within 
3 h, and 3728 (9%) had myocardial infarction. In those presenting ≤3 h, a threshold of 2 ng/L had greater sensitivity and 
negative predictive value [99.4% (95% confidence interval 99.2%–99.5%) and 99.7% (99.6%–99.8%)] compared with 
5 ng/L [96.5% (96.2%–96.8%) and 99.3% (99.1%–99.4%)]. In those presenting ≥3 h, the sensitivity and negative predictive 
value were similar for both thresholds. The sensitivity of the 99th centile was low in early and late presenters at 71.4% 
(70.6%–72.2%) and 92.5% (92.0%–93.0%), respectively. Findings were consistent in an external validation cohort of 7088 
patients.  

Conclusion In early presenters, a single measurement of high-sensitivity cardiac troponin I below the limit of detection may facilitate the 
safe rule out of myocardial infarction. The 99th centile should not be used to rule out myocardial infarction at presentation 
even in those presenting later following symptom onset.  

* Corresponding author. Tel: +44 (0) 131 242 6378, Email: nick.mills@ed.ac.uk 
† The first two authors contributed equally to the study. 
© The Author(s) 2023. Published by Oxford University Press on behalf of the European Society of Cardiology. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits 
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com  
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Structured Graphical Abstract   

Can a single measurement of high-sensitivity cardiac troponin below the limit of detection facilitate the safe rule-out of myocardial
infarction in patients presenting early following symptom onset?

In patients undergoing troponin sampling at or within 3 hours of symptom onset, a single measurement of high-sensitivity cardiac
troponin below the limit of detection had a sensitivity and negative predictive value of 99.4% [95% confidence interval 99.2–99.5%] and 
99.7% [99.6–99.8%] for myocardial infarction, respectively.

In early presenters, a single measurement of high-sensitivity cardiac troponin I below the limit of detection may facilitate the safe rule-out 
of myocardial infarction.

Key Question

Key Finding

Take Home Message

Can a single cardiac troponin measurement safely rule-out myocardial infarction in early presenters?

Performance in early presenters (troponin testing ≤ 3 hours from symptom onset)
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Three panel plot showing the sensitivity (left), negative predictive value (middle) and proportion of patients (right) with cardiac troponin concen-
trations below 2 ng/L (red), 5 ng/L (blue), and the sex-specific 99th centile (grey) at presentation in patients presenting at or within 3 h of the onset of 
symptoms of myocardial infarction.  

Keywords Symptoms • Myocardial infarction • Cardiac troponin  

Introduction 
High-sensitivity cardiac troponin assays are able to quantify low levels of car-
diac troponin in the majority of presumably healthy individuals.1,2 This has 
led to accelerated diagnostic pathways that use a single measurement of car-
diac troponin at presentation to rule out myocardial infarction.3–5 Such ap-
proaches are safe and effective in patients presenting more than 2 or 3 h 
after symptom onset.6,7 However, concerns remain about the use of a single 
test strategy in early presenters, and it is unclear how the performance of 
cardiac troponin changes with time following symptom onset. 

Early rule-out thresholds use low levels of cardiac troponin to 
identify patients at presentation who are low risk and may not 

require serial testing.8–11 Studies have used either the limit of detec-
tion of a high-sensitivity assay12–14 or have defined the optimal 
rule-out threshold as the highest cardiac troponin concentration 
measurable that enables the greatest proportion of patients to be 
ruled out with a negative predictive value of ≥99.5% for myocardial 
infarction or cardiac death at 30 days.15 However, concerns remain 
that cardiac troponin elevations may not be recognised if testing is 
performed within a few hours of symptom onset. Indeed, an increase 
in the proportion of false negatives has been observed in patients 
presenting within 2 or 3 h.15–18 As such, international guidelines 
recommend serial sampling in early presenters,3–5,19 which adds 
complexity to patient assessment and reduces the proportion of  
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patients eligible for a single test rule out, and therefore the effective-
ness of these strategies. 

In consecutive patients with suspected myocardial infarction, we 
aimed to evaluate and to validate externally the diagnostic performance 
of a single measurement of cardiac troponin I at presentation stratified 
according to the time of symptom onset. 

Methods 
Study design and population 
Initial evaluation was performed as a secondary analysis of the 
High-Sensitivity Troponin in the Evaluation of patients with suspected 
Acute Coronary Syndrome (High-STEACS) randomised controlled trial20 

(NCT01852123) with external validation performed in the Advantageous 
Predictors of Acute Coronary Syndromes Evaluation (APACE) Study 
(NCT00470587).21,22 

Patients presenting with symptoms of suspected acute coronary syn-
drome were eligible for inclusion. Patients were excluded if the time 
from symptom onset to troponin sampling was not known; they had 
an adjudicated diagnosis of ST-elevation myocardial infarction, missing 
presentation high-sensitivity cardiac troponin measurement, or there 
was insufficient clinical information to adjudicate the diagnosis 
(Figure 1). 

Derivation cohort 
The High-STEACS trial evaluated the implementation of a high-sensitivity 
cardiac troponin I assay in consecutive patients with suspected acute coron-
ary syndrome across 10 secondary and tertiary care hospitals in Scotland. 
All patients attending the emergency department between June 2013 and 
March 2016 in whom the attending clinician suspected acute coronary syn-
drome and underwent cardiac troponin sampling were considered eligible 
for inclusion in the trial. Patients were excluded from the trial if they had 
been admitted previously during the trial period or were not resident in 
Scotland. The time from patient reported symptom onset to troponin sam-
pling was recorded by the attending physician in whole hours using an elec-
tronic form integrated into the clinical care pathway that was completed at 
the time of troponin sampling. Defining the onset of symptoms was based 
on patient history and clinical judgement (see Supplementary data online, 
Materials). 

Cardiac troponin testing was performed at presentation and repeated 6 or 
12 h after symptom onset at the discretion of the attending clinician in accord-
ance with international guidelines in use during enrolment.20 High-sensitivity 
cardiac troponin was measured using the ARCHITECTSTAT high-sensitivity 
troponin I assay (Abbott Laboratories, Abbott Park, IL, USA). This assay has 
an inter-assay coefficient of variation of <10% at 4.7 ng/L, a limit of detection 
of 1.9 ng/L, and a 99th centile upper reference limit of 34 ng/L in men and 
16 ng/L in women.23 

The High-STEACS trial was approved by the Scotland Research 
Ethics Committee, the Public Benefit and Privacy Panel for Health 
and Social Care and by each National Health Service Health Board. 
Individual patient consent was not required, and data from consecutive 
patients were collected prospectively from the electronic record, 
de-identified, and linked within secure National Health Service Safe 
Havens. 

External validation 
External validation was performed using data from the APACE study 
(NCT00470587).21,22 APACE is a prospective international multicentre 
study recruiting adult patients (≥18 years) presenting to the emergency de-
partment with symptoms suggestive of myocardial infarction with the aim 
of improving the diagnosis of myocardial infarction. The time from patient 
reported first symptom onset to presentation and the time from maximal 
symptom severity to presentation were recorded in hours by a member of 

the research team. The interval between presentation and the first troponin 
sample and the time from symptom onset to presentation were combined 
to produce the time in whole hours from symptom onset to troponin sam-
pling (see Supplementary data online, Materials). 

Cardiac troponin testing was performed at presentation and repeated at 
1, 2, 3, and 6 h from presentation. Serial sampling was discontinued when a 
patient was discharged or transferred to the catheterization laboratory. 
Cardiac troponin was measured using the ARCHITECTSTAT high-sensitivity 
troponin I assay (Abbott Laboratories). Analysis was performed using the 
ARCHITECTSTAT high-sensitivity troponin I assay unless otherwise stated. 

In addition, presentation cardiac troponin was measured using the fol-
lowing high-sensitivity cardiac troponin I assays: Beckman Access 
(Beckman Coulter); Ortho VITROS (Ortho Clinical Diagnostics); ADVIA 
Centaur, Dimension EXL, and Dimension Vista (Siemens Healthineers); 
Singulex Clarity (Singulex); and LSI Medience PATHFAST POC (LSI 
Medience Corporation). Detailed information about cardiac troponin test-
ing in the APACE study is provided in the Online Supplement. In accordance 
with international guidance, we assessed cardiac troponin values rounded 
up to the nearest whole number.24 

The APACE study was carried out according to the principles of the 
Declaration of Helsinki and approved by the local ethics committees. 
Written informed consent was obtained from all patients. 

Adjudication of myocardial infarction 
All patients with a high-sensitivity cardiac troponin concentration above the 
99th centile were adjudicated and classified according to the Fourth 
Universal Definition of Myocardial Infarction.25 In both cohorts, two physi-
cians independently reviewed all clinical information, including all available 
serial cardiac troponin measurements, with discordant diagnoses resolved 
by an independent third physician. Adjudication was performed using the 
ARCHITECTSTAT high-sensitivity troponin I assay. 

Study outcomes 
The primary outcome was type 1 or 4b myocardial infarction during the in-
dex presentation. The secondary outcome was type 1 or 4b myocardial in-
farction or cardiovascular death within 30 days of the index presentation. 
Regional and national registries were used to ensure complete follow-up 
in both trial populations.20 

Statistical analysis 
Baseline characteristics are summarised as number (%) for categorical vari-
ables, and continuous variables are summarised as mean (standard devi-
ation) or median (25th–75th centile) when not normally distributed. 
Comparisons were performed using Wilcoxon rank sum test, Kruskal– 
Wallis rank sum test, and Pearson’s chi-squared test where appropriate. 
The study population was stratified into three groups based on the time 
in hours from symptom onset to troponin sampling: ≤3 h (early presen-
ters), 4–12 h (reference group), and >12 h (late presenters). Further evalu-
ation was performed by stratifying patients according to the number of 
hours from symptom onset to troponin sampling (1–12 h) with patients 
grouped if they presented >12 h from symptom onset (see  
Supplementary data online, Figure S1). 

In patients with an index diagnosis of type 1 or 4b myocardial infarction, 
we compared the distribution between the cardiac troponin concentration 
at presentation and the maximal concentration on serial measurements. A 
single measurement of cardiac troponin at presentation was evaluated using 
sensitivity and negative predictive value for the primary and secondary diag-
nostic outcome with performance compared when applying the limit of de-
tection (2 ng/L), the optimised rule-out threshold (5 ng/L), or the 
sex-specific 99th centile (16 ng/L in women; 34 ng/L in men). The 95% con-
fidence intervals (CIs) were calculated using 1000 bootstrapped samples. 

In the external cohort, we assessed the primary and secondary outcome 
when using both the time from initial symptom onset to troponin sampling 
and the time from maximal severity of symptoms to troponin sampling.  
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Where additional cardiac troponin I assay measurements were available, we 
assessed the primary outcome restricted to patients undergoing sampling 
≤3 h from maximal symptom severity. 

In sensitivity analyses, we compared diagnostic performance by age 
(under 75 years vs. 75 years and over), sex, presenting symptom, and the 
presence or absence of cardiovascular comorbidities (ischaemic heart dis-
ease, diabetes mellitus, heart failure, and chronic renal impairment). We 
evaluated performance restricted to patients undergoing serial troponin 
sampling, those without evidence of myocardial ischaemia on 12-lead elec-
trocardiogram, by the Global Registry of Acute Coronary Events (GRACE) 
risk score (<140 vs. ≥140),3 and for a broader diagnostic outcome measure 
that included patients with an adjudicated diagnosis of type 2 myocardial 

infarction. We further evaluated performance by GRACE category (low 
risk ≤104, medium risk 104–140, and high risk ≥140) in the external 
cohort.26 

All analysis was conducted using R (version 4.2.0). 

Results 
Clinical characteristics of study population 
A total of 41 103 [60 (17) years, 46% women] of the 48 282 patients en-
rolled in the High-STEACS trial were eligible for inclusion (Figure 1). Of the 

Figure 1 Consort diagram. This flow diagram shows the derivation of the study (A) and external validation (B) populations. ACS, acute coronary 
syndrome.   
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included patients, 12 595 (31%) underwent troponin sampling ≤3 h, 
17 468 (42%) within 4–12 h, and 11 040 (27%) >12 h from symptom 
onset (Table 1). Of the 12 595 patients who underwent troponin sampling 
≤3 h, 2469 (20%), 5303 (42%), and 4823 (38%) had troponin samples 
taken at 1, 2, and 3 h after the onset of symptoms, respectively (see  
Supplementary data online, Table S1). 

Compared with patients undergoing sampling ≤3 or 4–12 h from 
symptom onset, those undergoing sampling >12 h from symptom onset 
were younger and had fewer comorbidities (Table 1). The adjudicated 
diagnosis was myocardial infarction in 3692 (9%) in whom 1418 (38%) 
underwent troponin testing ≤3 h, 1541 (42%) within 4–12 h, and 733 
(20%) >12 h from symptom onset. Patients undergoing troponin testing 
≤3 h from symptom onset were more likely to have myocardial infarction 
or acute myocardial injury compared with those undergoing sampling later 
(P < 0.001 for all) (see Supplementary data online, Figure S2). In patients 
with myocardial infarction, cardiac troponin concentrations were lowest 
at presentation in those undergoing testing ≤3 h and highest in those 
undergoing testing >12 h after symptom onset [62 (23–260) vs. 182 
(47–1437) ng/L, P < 0.001] (see Supplementary data online, Figure S3). 

Rule out of index type 1 or 4b myocardial 
infarction 
For the rule out of myocardial infarction, the sensitivity and negative 
predictive value for all thresholds evaluated at presentation were lower 
in patients undergoing testing ≤3 h compared with later time points 
(Table 2 and Figure 2). In patients undergoing testing ≤3 h from symp-
tom onset, a threshold of 2 ng/L resulted in a sensitivity of 99.4% (95% 
CI 99.2%–99.5%) and negative predictive value of 99.7% (95% CI 
99.6%–99.8%), compared with a threshold of 5 ng/L that resulted in a 
sensitivity of 96.5% (95% CI 96.2%–96.8%) and negative predictive va-
lue of 99.3% (95% CI 99.1%–99.4%). Both were superior to the sex- 
specific 99th centile diagnostic threshold, which at presentation gave 
a sensitivity and negative predictive value of 71.4% (95% CI 70.6%– 
72.2%) and 96.1% (95% CI 95.7%–96.4%), respectively. 

In patients undergoing testing ≤1 h from symptom onset, a threshold 
of 2 ng/L resulted in a sensitivity of 99.6% (95% CI 99.3%–99.8%) and 
negative predictive value of 99.8% (95% CI 99.6%–99.9%) (Figure 3). 
In contrast, the sensitivity and negative predictive value for a threshold 
of 5 ng/L in patients presenting ≤1 h were 92.6% (95% CI 91.5%– 
93.6%) and 98.4% (95% CI 97.8%–98.8%), respectively (see  
Supplementary data online, Table S2). 

For all thresholds, sensitivity increased with time from symptom onset. 
In patients undergoing sampling >12 h from symptom onset, the sensitiv-
ity and negative predictive value of 2 and 5 ng/L thresholds were >99.0% 
and 99.5%, respectively (Table 2). In contrast, sensitivity of the sex-specific 
99th centile to rule out myocardial infarction in those undergoing testing 
>12 h after symptom onset was 92.5% (95% CI 92.0–93.0%). 

In those undergoing testing ≥ 4 h from symptom onset, a threshold 
of 5 ng/L ruled out myocardial infarction in a greater proportion of pa-
tients compared with a threshold of 2 ng/L [60% (17 055/28 509) vs. 
29% (8316/28 509)] whilst maintaining a similar negative predictive va-
lue (Figure 2). Applying a 2 ng/L threshold in patients presenting ≤3 h 
would rule out an additional 3020 patients. Assigning rule out on 
the basis of a presentation sample <2 ng/L in early presenters and 
<5 ng/L in those undergoing sampling more than 3 h from symptom 
onset increased the proportion of patients ruled out at presentation 
compared with the use of the single measurement rule-out threshold 
of 5 ng/L alone in those undergoing troponin measurement more 
than 3 h from symptom onset [20 075 (49%) vs. 17 055 (42%)]. 

Cardiovascular death or myocardial 
infarction within 30 days 
For a more conservative secondary outcome of type 1 or 4b myocardial 
infarction or cardiovascular death within 30 days of the index presenta-
tion, in patients undergoing testing ≤3 h from symptom onset, the sensi-
tivity and negative predictive value of a 2 ng/L threshold were 99.2% (95% 
CI 99.0%–99.3%) and 99.6% (95% CI 99.4%–99.7%), respectively. A 5 ng/L 
threshold had both a lower sensitivity of 95.9% (95% CI 95.6%–96.3%) 
and negative predictive value of 99.0% (95% CI 98.8%–99.2%) (see  
Supplementary data online, Figure S4 and Table S3). 

External validation 
A total of 7088 (60 [17] years, 34% women) of the 8267 eligible pa-
tients in the APACE study were included in the external validation co-
hort (Figure 1). The adjudicated diagnosis of type 1 or 4b myocardial 
infarction was 14% (975/7088) (see Supplementary data online, 
Table S4). When applying the time from maximal symptom severity 
to cardiac troponin testing, 2927 (41%) patients underwent troponin 
testing ≤3 h, 3203 (46%) 4–12 h, and 958 (14%) > 12 h from symptom 
onset. For the primary outcome of index type 1 or 4b myocardial in-
farction, a threshold of 2 ng/L gave a sensitivity of 100% (95% CI 
99.8%–100%) and negative predictive value of 100% (95% CI 99.8%– 
100%), compared with a threshold of 5 ng/L where the sensitivity 
was 98.4% (95% CI 97.8%–98.8%) and negative predictive value was 
99.6% (95% CI 99.3%–99.8%) in patients undergoing testing ≤3 h 
symptom onset (see Supplementary data online, Table S5,  
Supplementary data online, Figure S5). The 2 ng/L threshold achieved 
a sensitivity and negative predictive value of more than 99.5% in the 
467 patients presenting ≤1 h of symptom onset (see Supplementary 
data online, Table S6). For the secondary outcome of type 1 or 4b 
myocardial infarction or cardiovascular death at 30 days, a threshold 
of 2 ng/L gave a sensitivity of 100% (95% CI 99.8%–100%) and negative 
predictive value of 100% (95% CI 99.8%–100%), in patients undergoing 
testing ≤3 h from symptom onset (see Supplementary data online, 
Table S7). 

Defining symptom onset as the interval in hours from first onset to 
troponin sampling resulted in a decrease in the proportion of patients 
classified as early presenters [27% (1880/7088) vs. 41% (2927/7088)] 
and an increase in the proportion classified as late presenters [32% 
(2244/7088) vs. 14% (958/7088)] (see Supplementary data online, 
Table S8). Sensitivity and negative predictive value for the rule out of 
type 1 or 4b myocardial infarction were comparable when using either 
definition (see Supplementary data online, Tables S9 and S10). 

The availability of troponin measurements was varied by assay type 
(Figure 1). Baseline characteristics were broadly similar between assay 
groups (see Supplementary data online, Table S11). The limit of detection 
for the Beckman Coulter Access, Siemens ADVIA Centaur, Siemens 
Dimension Vista, Siemens Dimension EXL, and Ortho VITROS high- 
sensitivity cardiac troponin I assays consistently achieved a sensitivity 
and negative predictive value of >99.5% for the diagnosis of type 1 or 
4b myocardial infarction in patients undergoing troponin testing ≤3 h 
(Figure 4 and Supplementary data online, Table S12). The proportion of 
patients with presentation values below the limit of detection was varied 
by assay with the Beckman Coulter Access assay ruling out the greatest 
proportion of patients presenting ≤3 h from symptom onset (40%). 

Sensitivity analyses 
Excluding patients with evidence of myocardial ischaemia on 12-lead 
electrocardiogram or restricting analysis to patients undergoing serial  
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Table 1 Baseline characteristics of the population stratified by time from symptom onset     

Hours from symptom onset     

Overall ≤3 h 4–12 h >12 h P-value  

Number of participants  41 103  12 595 (31)  17 468 (42)  11 040 (27)    

Age, years  60 (17)  62 (17)  61 (17)  58 (17)  <0.001 

Sex              <0.001  

Women  19 077 (46%)  5480 (44%)  8424 (48%)  5172 (47%)     

Men  22 027 (54%)  7115 (56%)  9044 (52%)  5868 (53%)    

Presenting complaint              <0.001  

Chest paina  33 492 (81%)  9747 (77%)  14 674 (84%)  6156 (86%)    

Time from symptom onset to troponin sampling (hours)  7.2 (4.5)  2.2 (0.7)  7.1 (2.9)  n/a  <0.001 

Previous medical conditions                 

Ischaemic heart disease  9968 (24%)  3383 (27%)  4388 (25%)  2197 (20%)  <0.001  

Myocardial infarction  3478 (8%)  1242 (9.9%)  1530 (8.8%)  706 (6.4%)  <0.001  

Heart failure  3474 (8.5%)  1194 (9.5%)  1480 (8.5%)  800 (7.2%)  <0.001  

Cerebrovascular disease  2407 (6%)  817 (6.5%)  1082 (6.2%)  508 (4.6%)  <0.001  

Diabetes mellitus  2903 (7%)  973 (7.7%)  1302 (7.5%)  628 (5.7%)  <0.001  

Chronic renal disease  7798 (19%)  2568 (20%)  3694 (21%)  1536 (14%)  <0.001 

Previous revascularisation                 

Percutaneous coronary intervention  3169 (8%)  653 (8.4%)  1338 (7.7%)  733 (6.6%)  <0.001  

Coronary artery bypass grafting  663 (2%)  129 (1.7%)  288 (1.6%)  145 (1.3%)  0.005 

Medications at presentation                 

Aspirin  10 998 (27%)  3713 (29%)  4762 (27%)  2523 (23%)  <0.001  

P2Y12 inhibitor  3834 (9.3%)  1313 (10%)  1690 (9.7%)  831 (7.5%)     

Dual anti-platelet therapyb  1301 (3%)  456 (3.6%)  565 (3.2%)  280 (2.5%)  <0.001  

Statin  16 313 (40%)  5407 (43%)  7047 (40%)  3859 (35%)  <0.001  

ACE inhibitor or ARB  13 222 (32%)  4391 (35%)  5678 (33%)  3153 (29%)  <0.001  

Beta-blocker  11 012 (27%)  3710 (29%)  4743 (27%)  2559 (23%)  <0.001  

Oral anticoagulantc  2664 (6%)  859 (6.8%)  1171 (6.7%)  634 (5.7%)  0.001 

Physiological parameters on presentationd                 

Heart rate, b.p.m.  86 (27)  86 (28)  85 (25)  87 (27)  0.037  

Systolic blood pressure, mmHg  139 (29)  138 (30)  141 (29)  140 (28)  <0.001  

GRACE score  142 (37)  145 (39)  140 (35)  141 (39)  <0.001  

Ischaemia on ECG  1646 (26%)  686 (29%)  609 (24%)  351 (25%)  <0.001 

Haematology and clinical chemistry measurements                 

Haemoglobin, g/L  138 (21)  136 (22)  136 (21)  138 (20)  <0.001  

Estimated glomerular filtration, mL/min  82 (24)  79 (24)  82 (24)  85 (24)  <0.001  

Presentation high-sensitivity cardiac troponin I, ng/L  3 [1–11]  4 [2–13]  3 [1–11]  3 [1–9]  <0.001  

Serial troponine measurement  18 913 (46%)  7704 (61%)  8599 (49%)  2610 (24%)  <0.001 

Adjudicated diagnosis                 

Type 1 myocardial infarction  3692 (9%)  1418 (11%)  1541 (8.8%)  733 (6.6%)  <0.001  

Type 2 myocardial infarction  1026 (2.5%)  408 (3.2%)  417 (2.4%)  201 (1.8%)  <0.001                                                                                                                                                                                                                   
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troponin testing at 6–12 h from presentation resulted in a sensitivity 
and negative predictive value of >99% for the rule out of type 1 or 
4b myocardial infarction across time groups when applying a 2 ng/L 
threshold. When the assessment of the 99th centile was limited to pa-
tients with a GRACE score of <140, sensitivity remained poor, even in 
those patients presenting more than 12 h from symptom onset [92.8% 
(95% CI 92.3%–93.3%)]. A 2 ng/L threshold maintained excellent sen-
sitivity and negative predictive value regardless of the GRACE risk cat-
egory (see Supplementary data online, Tables S13–S16). 

The negative predictive value for myocardial infarction when applying 
a presentation cardiac troponin measurement of 2 or 5 ng/L by sub- 
group in patients with troponin testing ≤3 h from symptom onset is 
shown in Figure 5. The central estimate for the negative predictive value 
was <99% for both thresholds in patients with prior ischaemic heart 
disease and diabetes mellitus and those with an estimated glomerular 
filtration rate of <60 mL/min. The proportion of patients with a pres-
entation troponin value below each threshold was lower in patients 
aged ≥75 years compared with those <75 years (see Supplementary 
data online, Table S17). Sensitivity was varied by age across time groups 
and thresholds with the overall sensitivity for each threshold lower in 
patients aged <75 years compared with those ≥75 years. Regardless 
of age, in patients who underwent sampling within 3 h, a threshold 
of 2 ng/L resulted in a sensitivity and a negative predictive value of 
≥ 99% and was superior to a threshold of 5 ng/L. 

When assessing performance for an outcome of type 1, type 2, or type 
4b myocardial infarction, the sensitivity and negative predictive value for 
the 2 and 5 ng/L threshold across all groups stratified by time of symptom 
onset were comparable with those when using a diagnostic outcome of 
type 1 or 4b myocardial infarction only (see Supplementary data online, 
Table S18). 

Discussion 
In 48 191 patients with suspected myocardial infarction, of whom 
one-third underwent testing at or within 3 h of symptom onset, we 

assessed the impact of time from the onset of symptoms to troponin 
sampling on the performance of a single measurement of high- 
sensitivity cardiac troponin I to rule out myocardial infarction. We re-
port four main findings that are relevant to clinical practice. 

First, the guideline-recommended rule-out threshold of 5 ng/L had 
excellent sensitivity and negative predictive value in patients presenting 
>3 h from symptom onset. Furthermore, it identified twice as many pa-
tients as low risk compared with the limit of detection. However, the 
sensitivity and negative predictive value were reduced in patients pre-
senting ≤3 h of symptom onset. This is consistent with prior observa-
tions15,18 and supports the current recommendation in practice 
guidelines to perform serial measurements in early presenters.3,4,19 

Second, a lower threshold of 2 ng/L based on the limit of detection of 
the high-sensitivity cardiac troponin I assay achieved a sensitivity of 
>99% and a negative predictive value of >99.5% in all patients regard-
less of the time from symptom onset for both the index diagnosis of 
type 1 myocardial infarction; a composite of type 1, type 2, or type 
4b myocardial infarction; and for 30-day events. 

Third, the sensitivity of the sex-specific 99th centile to rule out myo-
cardial infarction at presentation was low at 81.3%, and even in patients 
presenting with symptom onset >12 h prior to testing, the sensitivity 
was just 92.5%. When the 99th centile was combined with a normal 
electrocardiogram or an established risk score, the sensitivity remained 
insufficient for use in practice at 91.3% and 92.8%, respectively. Our 
study shows that the 99th centile should not be used to rule out myo-
cardial infarction at presentation even in those presenting late who are 
considered to be at low risk by other measures. 

Finally, our findings were consistent in an international external val-
idation cohort and in multiple sensitivity analyses, suggesting our find-
ings are robust and generalisable. This included assessing 
performance by different methods of defining the onset of symptoms, 
stratification by risk score category, and the assessment of the limit of 
detection of multiple high-sensitivity cardiac troponin I assays 
(Structured Graphical Abstract ). 

Implementation of clinical decision pathways that include a single 
high-sensitivity cardiac troponin measurement to rule out myocardial 
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Table 1 Continued      

Hours from symptom onset     

Overall ≤3 h 4–12 h >12 h P-value   

Type 4b myocardial infarction  36 (<0.1%)  21 (0.2%)  12 (<0.1%)  <5 (<0.1%)  <0.001  

Acute myocardial injury  1495 (3.6%)  545 (4.3%)  572 (3.3%)  378 (3.4%)  <0.001  

Chronic myocardial injury  1131 (2.8%)  338 (2.7%)  459 (2.6%)  334 (3.0%)  0.12  

No myocardial injury  33 716 (82%)  9863 (78%)  14 463 (83%)  9389 (85%)  <0.001 

Outcome at 30 days                 

Type 1 or 4b myocardial infarction  217 (0.5%)  80 (0.6%)  83 (0.5%)  54 (0.5%)  0.14  

Cardiovascular death  413 (1.0%)  211 (1.7%)  133 (0.8%)  69 (0.6%)  <0.001 

Values are mean (SD) and median (25th–75th centile); n (%). 
ACE, angiotensin converting enzyme; ARB, angiotensin receptor blockers. 
aPresenting symptom was missing in 2264 (11%). 
bTwo medications from aspirin, clopidogrel, prasugrel, or ticagrelor. 
cIncludes warfarin or novel oral anticoagulants. 
dElectrocardiographic and physiological data reported for the 83% (6762/8179) patients with myocardial infarction or myocardial injury who had electrocardiographic data available. 
eSerial testing defined as two or more tests within 24 h of presentation.   
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Figure 2 Performance of presentation cardiac troponin I to rule out myocardial infarction. Combined scatter and bar plot showing the sensitivity, 
negative predictive value, and proportion of patients with cardiac troponin concentrations below 2 ng/L, 5 ng/L, and the sex-specific 99th centile at 
presentation stratified by time from symptom onset, respectively. NPV, negative predictive value.  

Figure 3 Impact of time on the rule out of myocardial infarction using presentation cardiac troponin I. Scatter plot with 95% confidence intervals 
showing the sensitivity and negative predictive value for patients with cardiac troponin concentrations at presentation below 2 ng/L, 5 ng/L, and the 
sex-specific 99th centile per hour from symptom onset for the diagnosis of type 1 or type 4b myocardial infarction.   
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infarction at presentation decreases the duration of hospital stay by 
more than 3 h and improves the odds of avoiding hospital admission 
by more than 50%.6,7 However, these approaches are not applicable 
to around a third of all patients as they present within 3 h of symptom 
onset and therefore require additional investigation or observation 
with associated increased length of hospital stay and healthcare 
costs.12,27,28 Solutions able to safely rule out myocardial infarction in 
early presenters could substantially reduce resource utilization as 
well as improve patient experience. In the USA alone, more than 20 mil-
lion patients attend the emergency department each year with possible 
myocardial infarction.29 At an average cost of $1200 per patient for ad-
mission to an observation ward, an increase in the proportion of pa-
tients directly discharged from the emergency department of just 5% 
would result in a cost saving of >$1.2 billion in bed occupancy alone.30 

In our study, we showed that a single high-sensitivity cardiac troponin 
I measurement below 2 ng/L had excellent sensitivity and negative pre-
dictive value irrespective of the time of symptom onset or prevalence of 
myocardial infarction. This was informed by over 15 000 consecutive 
patients where testing was performed ≤3 h of symptom onset and 
5000 where it was performed ≤1 h. The superior performance of a 
threshold of 2 ng/L compared with 5 ng/L in patients presenting very 
early after the onset of symptoms is intuitive and supported by recent 
experimental studies demonstrating that changes in cardiac troponin 
concentration within the normal reference range are detectable within 
30 min of induced myocardial ischaemia.31–34 Whilst only one in four 
patients tested ≤3 h from symptom onset had an undetectable cardiac 
troponin concentration, when this threshold was combined with the 
guideline-recommended threshold of 5 ng/L in those presenting later, 

the single measurement rule-out strategy could be applied to an add-
itional 3020 patients, increasing the proportion eligible for immediate 
discharge from 42% to 49%. 

Our findings are consistent with smaller studies that have evaluated 
the impact of time from symptom onset on the diagnostic performance 
of high-sensitivity cardiac troponin. Andersen et al. assessed the per-
formance of a cardiac troponin I concentration below 3 ng/L at presen-
tation using the Siemens Centaur assay. In 1370 patients, in which 134 
had a diagnosis of myocardial infarction, they reported a sensitivity of 
100% (95% CI 92.1%–100%) and a negative predictive value of 100% 
(95% CI 97.3%–100%) in those presenting ≤3 h (n = 470).12 Sandoval 
et al.11 observed comparable sensitivity and negative predictive value 
for the same assay and threshold in 2212 patients [99.2% (95% CI 
98.2%–100%) and 99.8% (95% CI 99.5%–100%)], with no difference 
in performance between early and late presenters. Our analysis pro-
vides additional evidence to support the use of thresholds based on 
the limit of detection of a high-sensitivity cardiac troponin I assay to 
rule out myocardial infarction at presentation in early presenters. 

We observed consistent performance of the limit of detection 
across multiple high-sensitivity cardiac troponin I assays. However, sen-
sitivity was <99% in early presenters when assessing the Singulex clarity 
or LSI Medience POC Pathfast assay using a threshold of 1 or 3 ng/L, 
respectively. Of note, the Singulex clarity assay has a manufacturer re-
ported limit of detection of 0.08 ng/L, more than a factor of 10 below 
the 1 ng/L limit we tested. Our use of the 1 ng/L threshold is to reflect 
current recommendations on the reporting of troponin values to the 
nearest whole number and in recognition of the ‘very low’ early rule- 
out threshold in the current European Society of Cardiology guidelines, 

Figure 4 Diagnostic performance of the limit of detection of additional cardiac troponin I assays. Combined scatter and bar plot showing the sen-
sitivity, negative predictive value for the rule out of type 1 or 4b myocardial infarction, and proportion of patients with cardiac troponin I concentrations 
below the assay specific limit of detection at presentation restricted to patients undergoing troponin testing at or within 3 h of maximal symptom 
severity.   
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without findings supporting the recommendation that this threshold 
should not be employed to rule out myocardial infarction in early pre-
senters.3 The LSI Medience POC Pathfast assay is a point-of-care assay 
that achieves the analytical and clinical performance characteristics to 
be classified as high sensitivity. Whilst it has been shown to be safe 
and efficient in patients presenting more than 3 h after symptom onset, 
our findings are consistent with previous diagnostic evaluations that 
showed reduced performance in early presenters.35 Point-of-care as-
says offer the potential for testing of troponin in the pre-hospital set-
ting, an approach likely to result in more patients being classified as 
‘early presenters’, and for which our results are pertinent. 

Our finding that the 99th centile has poor sensitivity to rule out myo-
cardial infarction even in those presenting late after symptom onset 

adds to prior work illustrating this approach is inferior to pathways 
using lower thresholds.36–39 Indeed, despite the widespread use of 
the 99th centile as an approach to rule out myocardial infarction in 
practice, based on these studies the European Society of Cardiology 
downgraded their recommendations favouring pathways using multiple 
lower thresholds in 2020.3 More recently an expert consensus state-
ment from the American College of Cardiology went further and no 
longer recommend a 0-/3-h approach using the 99th centile to rule 
out myocardial infarction.19 Our observations would support these 
changes to clinical guidelines, adding that the sensitivity of the 99th cen-
tile is insufficient to rule out myocardial infarction at presentation even 
in those who present late following symptom onset and who are con-
sidered low risk by other conventional measures. In addition, when 

Figure 5 Safety of rule-out thresholds in early presenters by sub-groups. Forest plot showing negative predictive value of presentation cardiac tropo-
nin concentrations below 2 and 5 ng/L across sub-groups of patients presenting within 3 h of symptom onset. Grey horizontal line marks the target 
negative predictive value of 99.5%. CI, confidence interval; eGFR, estimated glomerular filtration rate.   
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testing coincided with the expected peak in cardiac troponin concen-
tration, the specificity and positive predictive value of the sex-specific 
99th centile to rule in myocardial infarction remained poor. Acute myo-
cardial injury and sub-types of myocardial infarction share similar kinetic 
profiles,25,40,41 and therefore a single troponin measurement at presen-
tation cannot reliably distinguish between causes of myocardial injury 
or infarction irrespective of the timing of symptom onset. 

Are we now able to rule out myocardial infarction at presenta-
tion in patients with very recent onset symptoms if cardiac tropo-
nin I levels are undetectable? There are several considerations. 
First, our findings are only applicable to the high-sensitivity cardiac 
troponin I assays tested here, and additional data are needed in 
similarly large cohorts to determine whether the same approach 
could be applied for other assays. In contrast to cardiac troponin 
I, for cardiac troponin T, the guideline-recommended rule-out 
threshold of 5 ng/L is based on the limit of detection, and on 
most platforms, the current assay is not able to measure troponin 
below this threshold.42 Second, we demonstrate heterogeneity in 
the sensitivity and negative predictive value of a threshold of 
2 ng/L in sub-groups of patients who presented within 3 h of symp-
tom onset. In particular, the negative predictive value was <99% in 
those with known ischaemic heart disease, diabetes mellitus, and 
renal impairment, although this may in part reflect the extremely 
small number of patients with these conditions who have undetect-
able values. This variation was not seen in patients presenting at la-
ter time points, suggesting that these factors influence the release 
kinetics of cardiac troponin or the perception of the onset of symp-
toms. Further research on the kinetics of cardiac troponin in pa-
tients with these conditions is required, and clinicians should 
exercise caution and clinical judgement when applying the limit of 
detection to rule out those who present early. Third, our findings 
are not applicable to patients who present with ST-elevation myo-
cardial infarction. Patients with ST-elevation myocardial infarction 
have a distinct kinetic profile with up to half having either an un-
detectable presentation troponin concentration or one below 
the 99th centile.43–45 Finally, no patients presenting ≤3 h of symp-
tom onset were discharged based on the 2 ng/L threshold, and pro-
spective studies are needed to demonstrate the safety of this 
approach in practice. 

Establishing and accurately recording the exact time of the onset of 
symptoms of myocardial infarction are challenging, particularly in pa-
tient groups who may experience atypical symptoms or in cases 
where symptoms remit or relapse. As such, there are several add-
itional limitations that merit consideration. First, we were reliant 
on the attending clinician to accurately complete the time from 
symptom onset based on the patient’s history when requesting car-
diac troponin. No guidance on what constituted the onset of symp-
toms was provided, and this was left to clinician judgement. Whilst 
this approach reflects current clinical practice, it is likely this has in-
troduced variation in the recording of the onset of symptoms and 
misclassification. However, our findings were validated in an external 
cohort where the time of symptom onset was standardised and re-
corded by researchers directly from the patient at the time of enrol-
ment. Second, we lack detailed information on symptom course and 
are unable to assess safety in patients with recurrent chest pain. 
Third, we recorded the time from symptom onset to testing at hour-
ly intervals with all presentations >12 h being recorded as >12 h. 
This limits our ability to evaluate shorter time intervals and perform-
ance in those presenting beyond 12 h from symptom onset. This also 
introduces a degree of inaccuracy and potential misclassification in 

cases where the symptom onset lay between integers: we do not 
know how such cases have been classified by clinicians. 

To address these limitations, we evaluated three methods by which 
the time from symptom onset to troponin sampling could be defined 
and employed clinically. In the High-STEACS trial, the time from symp-
tom onset was recorded by the treating physician in whole hours, an 
approach that reflects current clinical practice.3,5,37 In the APACE study, 
we evaluated rule-out performance using two pre-defined definitions of 
symptom onset: the interval between the initial onset of symptoms and 
troponin sampling and the interval between peak symptom severity and 
troponin sampling. Although we cannot exclude a degree of misclassifica-
tion in the time of symptom onset, we have demonstrated consistent 
findings across cohorts and multiple definitions of what constitutes the 
onset of symptoms of suspected myocardial infarction. 

In conclusion, the time from symptom onset to testing strongly influ-
ences the diagnostic performance of high-sensitivity cardiac troponin I 
to rule out myocardial infarction. A single measurement below the limit 
of detection enables myocardial infarction to be ruled out at presenta-
tion in those undergoing troponin testing within a few hours of symp-
tom onset. In contrast, the 99th centile diagnostic threshold should not 
be used to rule out myocardial infarction at presentation even in those 
presenting 12 h after symptom onset. 

Acknowledgements 
The High-STEACS Investigators Chief Investigator: Nicholas L. Mills; 
trial managers: Fiona E. Strachan and Christopher Tuck; trial research 
team: Atul Anand, Stephanie Barker, Jennifer Blades, Jasper 
Boeddinghaus, Anda Bularga, Andrew R. Chapman, Dimitrios 
Doudesis, Amy V. Ferry, Takeshi Fujisawa, Konstantin Georgiev, 
Dorien M. Kimenai, Kuan Ken Lee, Ziwen Li, Matthew T.H. Lowry, 
Lynn McKinlay, Michael McDermott, Jean McPherson, Filip Mendusic, 
Nicholas L. Mills, Andrew Sorbie, Grace Souter, Stacey D. Schulberg, 
Caelan Taggart, Christopher Tuck, Daniel Perez-Vicencio, Yiqing 
Wang, Ryan Wereski, and Kelly Williams; grant applicants: Nicholas 
L. Mills (principal applicant), David E. Newby, Keith A.A. Fox, Colin 
Berry, Simon Walker, and Christopher J. Weir; trial steering commit-
tee: Ian Ford (chair, independent), Nicholas L. Mills, David E. Newby, 
Alasdair Gray, Keith A.A. Fox, Colin Berry, Simon Walker, Paul 
O. Collinson, Fred S. Apple, Alan Reid, Anne Cruikshank, Iain Findlay, 
Shannon Amoils (independent), David A. McAllister, Donogh 
Maguire, Jennifer Stevens (independent), John Norrie (independent), 
and Christopher J. Weir; adjudication panel: Anoop S.V. Shah, Atul 
Anand, Andrew R. Chapman, Kuan Ken Lee, Jack P.M. Andrews, 
Philip D. Adamson, Alastair Moss, Mohamed S. Anwar, John Hung, 
and Nicholas L. Mills; biochemistry sub-group committee: Simon 
Walker, Jonathan Malo, Alan Reid, Anne Cruikshank, and Paul 
O. Collinson; data monitoring committee: Colin M. Fischbacher, 
Bernard L. Croal, and Stephen J. Leslie; Edinburgh clinical trials unit: 
Catriona Keerie, Richard A. Parker, Allan Walker, Ronnie Harkess, 
Christopher Tuck, Tony Wackett, and Christopher Weir; NHS 
Greater Glasgow & Clyde Safe Haven: Roma Armstrong, Laura 
Stirling, Claire MacDonald, Imran Sadat, and Frank Finlay; and 
DataLoch: Kathy Harrison, Atul Anand, Pamela Linksted, and Stephen 
Lavenberg. 

Supplementary data 
Supplementary data are available at European Heart Journal online.  

12                                                                                                                                                                                                    Lowry et al. 
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/advance-article/doi/10.1093/eurheartj/ehad376/7205643 by guest on 07 July 2023

http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehad376#supplementary-data


Declarations 
Disclosure of Interest 
N.L.M. has received research grants, honoraria, or consultancy from 
Abbott Diagnostics, Roche Diagnostics, Siemens Healthineers, 
LumiraDx, and Psyros. C.M. has received research support from 
Abbott, Beckman Coulter, Brahms, Idorsia, LSI Medience 
Corporation, Novartis, Ortho Diagnostics, Quidel, Roche, Siemens, 
Singulex, and Sphingotec outside the submitted work, as well as speaker 
honoraria/consulting honoraria from Amgen, Astra Zeneca, Bayer, 
Boehringer Ingelheim, BMS, Idorsia, Novartis, Osler, Roche, and 
Sanofi. L.C. received a research grant from the Swiss Heart 
Foundation, the University of Basel, the Swiss Academy of 
Medical Sciences and the Gottfried, and Julia Bangerter-Rhyner 
Foundation, as well as the ‘Freiwillige Akademische Gesellschaft 
Basel’ and speaker honoraria from Roche Diagnostics and 
Siemens, outside the submitted work. All other authors declare 
no conflict of interests. 

Data Availability 
The High-STEACS trial makes use of several routine electronic health 
care data sources that are linked, de-identified, and held in our national 
safe haven, which is accessible by approved individuals who have under-
taken the necessary governance training. Summary data can be made 
available upon request to the corresponding author. 

Funding 
The High-STEACS trial was funded by a Special Project Grant (SP/12/ 
10/29922) from the British Heart Foundation. M.T.H.L. and D.D. are 
supported by awards from the Medical Research Council (MR/ 
W000598/1 and MR/N013166/1). D.M.K. was supported by the 
Health Data Research UK, which receives its funding from HDR UK 
Ltd (HDR-5012) funded by the UK Medical Research Council, 
Engineering and Physical Sciences Research Council, Economic and 
Social Research Council, Department of Health and Social Care 
(England), Chief Scientist Office of the Scottish Government Health 
and Social Care Directorates, Health and Social Care Research, and 
Development Division (Welsh Government), Public Health Agency 
(Northern Ireland), British Heart Foundation, and the Wellcome 
Trust. N.L.M. is supported by a Chair Award, Programme Grant, and 
Research Excellence Award (CH/F/21/90010, RG/20/10/34966, and 
RE/18/5/34216) from the British Heart Foundation. D.E.N. is supported 
by the British Heart Foundation (CH/09/002, RG/16/10/32375, and RE/ 
18/5/34216) and is the recipient of a Wellcome Trust Senior 
Investigator Award (WT103782AIA). This work was supported by 
DataLoch (https://dataloch.org/), which is funded by the Data Driven 
Innovation programme within the Edinburgh and South East Scotland 
City Region Deal. Abbott Laboratories provided cardiac troponin assay 
reagents, calibrators, and controls without charge. We would like to 
thank researchers from the Emergency Medicine Research Group 
Edinburgh and the British Heart Foundation Cardiovascular 
Biomarker Laboratory at the University of Edinburgh for their support 
during the conduct of the trial. For the purpose of open access, the au-
thor has applied a Creative Commons Attribution (CC BY) licence to 
any Author Accepted Manuscript version arising from this submission. 

Ethical Approval 
The study was approved by the Scotland Research Ethics Committee, 
the Public Benefit and Privacy Panel for Health and Social Care, and 

each National Health Service Health Board. Individual patient consent 
was not required and data from consecutive patients was collected pro-
spectively from the electronic record, de-identified, and linked within 
secure National Health Service Safe Havens. 

Pre-registered Clinical Trial Number 
The pre-registered clinical trial number is NCT01852123 (Clinical 
Trials.gov). 

References 
1. Apple FS, Collinson PO. Analytical characteristics of high-sensitivity cardiac troponin as-

says. Clin Chem 2012;58:54–61. https://doi.org/10.1373/clinchem.2011.165795 
2. Thygesen K, Mair J, Giannitsis E, Mueller C, Lindahl B, Blankenberg S, et al. How to use 

high-sensitivity cardiac troponins in acute cardiac care†. Eur Heart J 2012;33: 
2252–2257. https://doi.org/10.1093/eurheartj/ehs154 

3. Collet JP, Thiele H, Barbato E, Barthelemy O, Bauersachs J, Bhatt DL, et al. 2020 ESC 
guidelines for the management of acute coronary syndromes in patients presenting 
without persistent ST-segment elevation. Eur Heart J 2021;42:1289–1367. https://doi. 
org/10.1093/eurheartj/ehaa575 

4. National Institute for Health and Care Excellence. High-sensitivity troponin tests for the 
early rule out of NSTEMI. Diagnostics guidance [DG40]. 26 August 2020. https://www. 
nice.org.uk/guidance/dg40. 

5. Gulati M, Levy PD, Mukherjee D, Amsterdam E, Bhatt DL, Birtcher KK, et al. 2021 AHA/ 
ACC/ASE/CHEST/SAEM/SCCT/SCMR guideline for the evaluation and diagnosis of 
chest pain: a report of the American College of Cardiology/American Heart 
Association Joint Committee on Clinical Practice Guidelines. Circulation 2021;144: 
e368–e454. doi: doi:10.1161/CIR.0000000000001029 

6. Anand A, Lee KK, Chapman AR, Ferry AV, Adamson PD, Strachan FE, et al. 
High-sensitivity cardiac troponin on presentation to rule out myocardial infarction: a 
stepped-wedge cluster randomized controlled trial. Circulation 2021;143:2214–2224. 
doi: doi:10.1161/CIRCULATIONAHA.120.052380 

7. Chew DP, Lambrakis K, Blyth A, Seshadri A, Edmonds MJR, Briffa T, et al. A randomized 
trial of a 1-hour troponin T protocol in suspected acute coronary syndromes. 
Circulation 2019;140:1543–1556. doi: doi:10.1161/CIRCULATIONAHA.119.042891 

8. Pickering JW, Young JM, George PM, Pemberton CJ, Watson A, Aldous SJ, et al. Early 
kinetic profiles of troponin I and T measured by high-sensitivity assays in patients 
with myocardial infarction. Clin Chim Acta 2020;505:15–25. https://doi.org/10.1016/j. 
cca.2020.02.009 

9. Body R, Mueller C, Giannitsis E, Christ M, Ordonez-Llanos J, De Filippi CR, et al. The use 
of very low concentrations of high-sensitivity troponin T to rule out acute myocardial 
infarction using a single blood test. Acad Emerg Med 2016;23:1004–1013. https://doi.org/ 
10.1111/acem.13012 

10. Lowry MTH, Anand A, Mills NL. Implementing an early rule-out pathway for acute myo-
cardial infarction in clinical practice. Heart 2021;107:1912–1919. https://doi.org/10. 
1136/heartjnl-2019-316242 

11. Sandoval Y, Nowak R, deFilippi CR, Christenson RH, Peacock WF, McCord J, et al. 
Myocardial infarction risk stratification with a single measurement of high- 
sensitivity troponin I. J Am Coll Cardiol 2019;74:271–282. https://doi.org/10. 
1016/j.jacc.2019.05.058 

12. Andersen CF, Bang C, Lauridsen KG, Frederiksen CA, Schmidt M, Jensen T, et al. Single 
troponin measurement to rule-out acute myocardial infarction in early presenters. Int J 
Cardiol 2021;341:15–21. https://doi.org/10.1016/j.ijcard.2021.08.005 

13. Ljung L, Reichard C, Hagerman P, Eggers KM, Frick M, Lindahl B, et al. Sensitivity of un-
detectable level of high-sensitivity troponin T at presentation in a large non-ST-segment 
elevation myocardial infarction cohort of early presenters. Int J Cardiol 2019;284:6–11.  
https://doi.org/10.1016/j.ijcard.2018.10.088 

14. Body R, Carley S, McDowell G, Jaffe AS, France M, Cruickshank K, et al. Rapid exclusion 
of acute myocardial infarction in patients with undetectable troponin using a high- 
sensitivity assay. J Am Coll Cardiol 2011;58:1332–1339. https://doi.org/10.1016/j.jacc. 
2011.06.026 

15. Shah ASV, Anand A, Sandoval Y, Lee KK, Smith SW, Adamson PD, et al. High-sensitivity 
cardiac troponin I at presentation in patients with suspected acute coronary syndrome: 
a cohort study. Lancet 2015;386:2481–2488. https://doi.org/10.1016/S0140-6736(15) 
00391-8 

16. Pickering JW, Than MP, Cullen L, Aldous S, Ter Avest E, Body R, et al. Rapid rule-out of 
acute myocardial infarction with a single high-sensitivity cardiac troponin T measure-
ment below the limit of detection: a collaborative meta-analysis. Ann Intern Med 
2017;166:715–724. https://doi.org/10.7326/m16-2562 

17. Chapman AR, Lee KK, McAllister DA, Cullen L, Greenslade JH, Parsonage W, et al. 
Association of high-sensitivity cardiac troponin I concentration with cardiac outcomes 
in patients with suspected acute coronary syndrome. JAMA 2017;318:1913–1924.  
https://doi.org/10.1001/jama.2017.17488  

Troponin in early presenters to rule out myocardial infarction                                                                                                                             13 
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/advance-article/doi/10.1093/eurheartj/ehad376/7205643 by guest on 07 July 2023

https://dataloch.org/
https://doi.org/10.1373/clinchem.2011.165795
https://doi.org/10.1093/eurheartj/ehs154
https://doi.org/10.1093/eurheartj/ehaa575
https://doi.org/10.1093/eurheartj/ehaa575
https://www.nice.org.uk/guidance/dg40
https://www.nice.org.uk/guidance/dg40
https://doi.org/doi:10.1161/CIR.0000000000001029
https://doi.org/doi:10.1161/CIRCULATIONAHA.120.052380
https://doi.org/doi:10.1161/CIRCULATIONAHA.119.042891
https://doi.org/10.1016/j.cca.2020.02.009
https://doi.org/10.1016/j.cca.2020.02.009
https://doi.org/10.1111/acem.13012
https://doi.org/10.1111/acem.13012
https://doi.org/10.1136/heartjnl-2019-316242
https://doi.org/10.1136/heartjnl-2019-316242
https://doi.org/10.1016/j.jacc.2019.05.058
https://doi.org/10.1016/j.jacc.2019.05.058
https://doi.org/10.1016/j.ijcard.2021.08.005
https://doi.org/10.1016/j.ijcard.2018.10.088
https://doi.org/10.1016/j.jacc.2011.06.026
https://doi.org/10.1016/j.jacc.2011.06.026
https://doi.org/10.1016/S0140-6736(15)00391-8
https://doi.org/10.1016/S0140-6736(15)00391-8
https://doi.org/10.7326/m16-2562
https://doi.org/10.1001/jama.2017.17488


18. Bularga A, Lee KK, Stewart S, Ferry AV, Chapman AR, Marshall L, et al. High-sensitivity 
troponin and the application of risk stratification thresholds in patients with suspected 
acute coronary syndrome. Circulation 2019;140:1557–1568. https://doi.org/10.1161/ 
CIRCULATIONAHA.119.042866 

19. Kontos MC, de Lemos JA, Deitelzweig SB, Diercks DB, Gore MO, Hess EP, et al. 2022 
ACC expert consensus decision pathway on the evaluation and disposition of acute 
chest pain in the emergency department: a report of the American College of 
Cardiology Solution Set Oversight Committee. J Am Coll Cardiol 2022;80:1925–1960.  
https://doi.org/10.1016/j.jacc.2022.08.750 

20. Shah ASV, Anand A, Strachan FE, Ferry AV, Lee KK, Chapman AR, et al. High-sensitivity 
troponin in the evaluation of patients with suspected acute coronary syndrome: a 
stepped-wedge, cluster-randomised controlled trial. Lancet 2018;392:919–928.  
https://doi.org/10.1016/S0140-6736(18)31923-8 

21. Twerenbold R, Neumann JT, Sörensen NA, Ojeda F, Karakas M, Boeddinghaus J, et al. 
Prospective validation of the 0/1-h algorithm for early diagnosis of myocardial infarction. 
J Am Coll Cardiol 2018;72:620–632. https://doi.org/10.1016/j.jacc.2018.05.040 

22. Boeddinghaus J, Twerenbold R, Nestelberger T, Badertscher P, Wildi K, Puelacher C, 
et al. Clinical validation of a novel high-sensitivity cardiac troponin I assay for early diag-
nosis of acute myocardial infarction. Clin Chem 2018;64:1347–1360. https://doi.org/10. 
1373/clinchem.2018.286906 

23. Shah AS, Griffiths M, Lee KK, McAllister DA, Hunter AL, Ferry AV, et al. High sensitivity 
cardiac troponin and the under-diagnosis of myocardial infarction in women: prospect-
ive cohort study. BMJ 2015;350:g7873. https://doi.org/10.1136/bmj.g7873 

24. Apple FS, Sandoval Y, Jaffe AS, Ordonez-Llanos J; IFCC Task Force on Clinical 
Applications of Cardiac Bio-Markers. Cardiac troponin assays: guide to understanding 
analytical characteristics and their impact on clinical care. Clin Chem 2017;63:73–81.  
https://doi.org/10.1373/clinchem.2016.255109 

25. Thygesen K, Alpert JS, Jaffe AS, Chaitman BR, Bax JJ, Morrow DA, et al. Fourth universal 
definition of myocardial infarction (2018). Eur Heart J 2018;40:237–269. https://doi.org/ 
10.1093/eurheartj/ehy462 

26. Granger CB, Goldberg RJ, Dabbous O, Pieper KS, Eagle KA, Cannon CP, et al. 
Predictors of hospital mortality in the global registry of acute coronary events. Arch 
Intern Med 2003;163:2345–2353. https://doi.org/10.1001/archinte.163.19.2345 

27. Body R, Burrows G, Carley S, Cullen L, Than M, Jaffe AS, et al. High-sensitivity cardiac 
troponin T concentrations below the limit of detection to exclude acute myocardial in-
farction: a prospective evaluation. Clin Chem 2015;61:983–989. https://doi.org/10.1373/ 
clinchem.2014.231530 

28. Carlton EW, Ingram J, Taylor H, Glynn J, Kandiyali R, Campbell S, et al. Limit of detection 
of troponin discharge strategy versus usual care: randomised controlled trial. Heart 
2020;106:1586–1594. https://doi.org/10.1136/heartjnl-2020-316692 

29. Hollander JE, Than M, Mueller C. State-of-the-art evaluation of emergency department 
patients presenting with potential acute coronary syndromes. Circulation 2016;134: 
547–564. https://doi.org/10.1161/circulationaha.116.021886 

30. Probst MA, McConnell JK, Weiss RE, Laurie AL, Yagapen AN, Lin MP, et al. Estimating 
the cost of care for emergency department syncope patients: comparison of three 
models. West J Emerg Med 2017;18:253–257. https://doi.org/10.5811/westjem.2016. 
10.31171 

31. Liebetrau C, Gaede L, Wolter JS, Homann J, Meyer A, Dörr O, et al. Release kinetics of 
high-sensitivity cardiac troponins I and T and troponin T upstream open reading frame 
peptide (TnTuORF) in clinically induced acute myocardial infarction. Biomarkers 2017; 
22:304–310. https://doi.org/10.1080/1354750x.2016.1252965 

32. Arnadottir A, Pedersen S, Bo Hasselbalch R, Goetze JP, Friis-Hansen LJ, Bloch-Munster 
AM, et al. Temporal release of high-sensitivity cardiac troponin T and I and copeptin 

after brief induced coronary artery balloon occlusion in humans. Circulation 2021; 
143:1095–1104. https://doi.org/10.1161/CIRCULATIONAHA.120.046574 

33. Turer AT, Addo TA, Martin JL, Sabatine MS, Lewis GD, Gerszten RE, et al. Myocardial 
ischemia induced by rapid atrial pacing causes troponin T release detectable by a highly 
sensitive assay: insights from a coronary sinus sampling study. J Am Coll Cardiol 2011;57: 
2398–2405. https://doi.org/10.1016/j.jacc.2010.11.066 

34. deFilippi CR, Mills NL. Rapid cardiac troponin release after transient ischemia: implica-
tions for the diagnosis of myocardial infarction. Circulation 2021;143:1105–1108. https:// 
doi.org/10.1161/circulationaha.120.052649 

35. Sörensen NA, Neumann JT, Ojeda F, Giannitsis E, Spanuth E, Blankenberg S, et al. 
Diagnostic evaluation of a high-sensitivity troponin I point-of-care assay. Clin Chem 
2019;65:1592–1601. https://doi.org/10.1373/clinchem.2019.307405 

36. Pickering JW, Greenslade JH, Cullen L, Flaws D, Parsonage W, George P, et al. 
Validation of presentation and 3 h high-sensitivity troponin to rule-in and rule-out 
acute myocardial infarction. Heart 2016;102:1270–1278. https://doi.org/10.1136/ 
heartjnl-2015-308505 

37. Chapman AR, Anand A, Boeddinghaus J, Ferry AV, Sandeman D, Adamson PD, et al. 
Comparison of the efficacy and safety of early rule-out pathways for acute myocardial 
infarction. Circulation 2017;135:1586–1596. https://doi.org/10.1161/circulationaha. 
116.025021 

38. Badertscher P, Boeddinghaus J, Twerenbold R, Nestelberger T, Wildi K, Wussler D, 
et al. Direct comparison of the 0/1 h and 0/3 h algorithms for early rule-out of acute 
myocardial infarction. Circulation 2018;137:2536–2538. https://doi.org/10.1161/ 
circulationaha.118.034260 

39. Chiang CH, Chiang CH, Pickering JW, Stoyanov KM, Chew DP, Neumann JT, et al. 
Performance of the European Society of Cardiology 0/1-hour, 0/2-hour, and 0/ 
3-hour algorithms for rapid triage of acute myocardial infarction: an international col-
laborative meta-analysis. Ann Intern Med 2022;175:101–113. https://doi.org/10.7326/ 
m21-1499 

40. Wereski R, Kimenai DM, Taggart C, Doudesis D, Lee KK, Lowry MTH, et al. Cardiac 
troponin thresholds and kinetics to differentiate myocardial injury and myocardial in-
farction. Circulation 2021;144:528–538. https://doi.org/10.1161/CIRCULATIONAHA. 
121.054302 

41. Lowry MTH, Doudesis D, Wereski R, Kimenai DM, Tuck C, Ferry AV, et al. Influence of 
age on the diagnosis of myocardial infarction. Circulation 2022;146:1135–1148. https:// 
doi.org/10.1161/circulationaha.122.059994 

42. Sandoval Y, Lewis BR, Mehta RA, Ola O, Knott JD, Michieli LD, et al. Rapid exclusion of 
acute myocardial injury and infarction with a single high-sensitivity cardiac troponin T in 
the emergency department: a multicenter United States evaluation. Circulation 2022; 
145:1708–1719. https://doi.org/10.1161/CIRCULATIONAHA.122.059235 

43. Sandoval Y, Smith SW, Thordsen SE, Bruen CA, Carlson MD, Dodd KW, et al. 
Diagnostic performance of high sensitivity compared with contemporary cardiac tropo-
nin I for the diagnosis of acute myocardial infarction. Clin Chem 2017;63:1594–1604.  
https://doi.org/10.1373/clinchem.2017.272930 

44. Wanamaker BL, Seth MM, Sukul D, Dixon SR, Bhatt DL, Madder RD, et al. 
Relationship between troponin on presentation and in-hospital mortality in patients 
with ST-segment-elevation myocardial infarction undergoing primary percutaneous 
coronary intervention. J Am Heart Assoc 2019;8:e013551. https://doi.org/10.1161/ 
jaha.119.013551 

45. Wereski R, Chapman AR, Lee KK, Smith SW, Lowe DJ, Gray A, et al. High-Sensitivity 
cardiac troponin concentrations at presentation in patients with ST-segment elevation 
myocardial infarction. JAMA Cardiol 2020;5:1302–1304. https://doi.org/10.1001/ 
jamacardio.2020.2867  

14                                                                                                                                                                                                    Lowry et al. 
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/advance-article/doi/10.1093/eurheartj/ehad376/7205643 by guest on 07 July 2023

https://doi.org/10.1161/CIRCULATIONAHA.119.042866
https://doi.org/10.1161/CIRCULATIONAHA.119.042866
https://doi.org/10.1016/j.jacc.2022.08.750
https://doi.org/10.1016/S0140-6736(18)31923-8
https://doi.org/10.1016/j.jacc.2018.05.040
https://doi.org/10.1373/clinchem.2018.286906
https://doi.org/10.1373/clinchem.2018.286906
https://doi.org/10.1136/bmj.g7873
https://doi.org/10.1373/clinchem.2016.255109
https://doi.org/10.1093/eurheartj/ehy462
https://doi.org/10.1093/eurheartj/ehy462
https://doi.org/10.1001/archinte.163.19.2345
https://doi.org/10.1373/clinchem.2014.231530
https://doi.org/10.1373/clinchem.2014.231530
https://doi.org/10.1136/heartjnl-2020-316692
https://doi.org/10.1161/circulationaha.116.021886
https://doi.org/10.5811/westjem.2016.10.31171
https://doi.org/10.5811/westjem.2016.10.31171
https://doi.org/10.1080/1354750x.2016.1252965
https://doi.org/10.1161/CIRCULATIONAHA.120.046574
https://doi.org/10.1016/j.jacc.2010.11.066
https://doi.org/10.1161/circulationaha.120.052649
https://doi.org/10.1161/circulationaha.120.052649
https://doi.org/10.1373/clinchem.2019.307405
https://doi.org/10.1136/heartjnl-2015-308505
https://doi.org/10.1136/heartjnl-2015-308505
https://doi.org/10.1161/circulationaha.116.025021
https://doi.org/10.1161/circulationaha.116.025021
https://doi.org/10.1161/circulationaha.118.034260
https://doi.org/10.1161/circulationaha.118.034260
https://doi.org/10.7326/m21-1499
https://doi.org/10.7326/m21-1499
https://doi.org/10.1161/CIRCULATIONAHA.121.054302
https://doi.org/10.1161/CIRCULATIONAHA.121.054302
https://doi.org/10.1161/circulationaha.122.059994
https://doi.org/10.1161/circulationaha.122.059994
https://doi.org/10.1161/CIRCULATIONAHA.122.059235
https://doi.org/10.1373/clinchem.2017.272930
https://doi.org/10.1161/jaha.119.013551
https://doi.org/10.1161/jaha.119.013551
https://doi.org/10.1001/jamacardio.2020.2867
https://doi.org/10.1001/jamacardio.2020.2867

	Troponin in early presenters to rule out myocardial infarction
	Introduction
	Methods
	Study design and population
	Derivation cohort
	External validation
	Adjudication of myocardial infarction
	Study outcomes
	Statistical analysis

	Results
	Clinical characteristics of study population
	Rule out of index type 1 or 4b myocardial infarction
	Cardiovascular death or myocardial infarction within 30 days
	External validation
	Sensitivity analyses

	Discussion
	Acknowledgements
	Supplementary data
	Declarations
	Disclosure of Interest
	Data Availability
	Funding
	Ethical Approval
	Pre-registered Clinical Trial Number

	References
	References


