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Aims High-sensitivity cardiac troponin (hs-cTn) assays provide higher diagnostic accuracy for acute myocardial infarction
(AMI) when compared with conventional assays, but may result in increased use of unnecessary coronary angiographies
due to their increased detection of cardiomyocyte injury in conditions other than AMI.

Methods
and results

We evaluated the impact of the clinical introduction of high-sensitivity cardiac troponin T (hs-cTnT) on the use of cor-
onary angiography, stress testing, and time to discharge in 2544 patients presenting with symptoms suggestive of AMI to
the emergency department (ED) within a multicentre study either before (1455 patients) or after (1089 patients) hs-
cTnT introduction. Acute myocardial infarction was more often the clinical discharge diagnosis after hs-cTnT introduc-
tion (10 vs. 14%, P , 0.001), while unstable angina less often the clinical discharge diagnosis (14 vs. 9%, P ¼ 0.007). The
rate of coronary angiography was similar before and after the introduction of hs-cTnT (23 vs. 23%, P ¼ 0.092), as was
the percentage of coronary angiographies showing no stenosis (11 vs. 7%, P ¼ 0.361). In contrast, the use of stress test-
ing was substantially reduced from 29 to 19% (P , 0.001). In outpatients, median time to discharge from the ED de-
creased by 79 min (P , 0.001). Mean total costs decreased by 20% in outpatients after the introduction of hs-cTnT
(P ¼ 0.002).

Conclusion The clinical introduction of hs-cTn does not lead to an increased or inappropriate use of coronary angiography. Intro-
duction of hs-cTn is associated with an improved rule-out process and thereby reduces the need for stress testing and
time to discharge.
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Introduction
Acute myocardial infarction (AMI) is a major cause of death and
disability worldwide. Its rapid and accurate diagnosis is critical for
the initiation of effective evidence-based medical management and
treatment, but still an unmet clinical need.1 – 3 Clinical assessment,
the ECG, and cardiac troponin (cTn) testing form the cornerstones
of the early diagnosis of AMI. Delayed ‘rule-in’ increases morbidity
and mortality.4,5 Delayed ‘rule-out’ prolongs the time spent in
the emergency department (ED), delays the recognition and
treatment of the actual cause of chest pain, increases patients’
uncertainty and anxiety, and causes enormous costs for the health-
care system.6,7

Recently, high-sensitivity cardiac troponin (hs-cTn) assays have
been implemented into routine clinical care in Europe, Canada,
Australia, New Zealand, and other countries. These assays over-
come some of the limitations of conventional cTn assays, particular-
ly the sensitivity deficit at presentation.8– 14 High-sensitivity cardiac
troponin assays provide higher early diagnostic accuracy for AMI
when compared with conventional cTn assays.15–18 However, their
clinical introduction has also been associated with challenges,
particularly the interpretation of mild elevations.8 – 14 Although
mild hs-cTn elevations may be due to AMI, also multiple other
causes including acute disorders such as arrhythmias, perimyocardi-
tis, hypertensive crisis, takotsubo cardiomyopathy, pulmonary
embolism, stroke, and sepsis or even chronic disorders such as heart
failure and valvular heart disease may be the underlying aetiology.

Therefore, concern has been articulated that the increased detec-
tion of cardiomyocyte injury from ultimately non-ischaemic
causes—often incorrectly called ‘false-positive’ levels—might lead
to increased rates of inappropriate coronary angiographies. As
this procedure is invasive and associated with rare but potentially
fatal complications such as death, stroke, and iatrogenic AMI, as
well as substantial costs, we decided to explore in great detail the
effect of the clinical introduction of hs-cTn assays on the use of
coronary angiography, cardiac stress testing, and time to discharge
from the ED in a large multicentre study.

Methods

Study design and population
Advantageous Predictors of Acute Coronary Syndrome Evaluation
(APACE) is an ongoing prospective international multicentre diagnostic
trial, described in details elsewhere.16 – 23 Among the recruiting sites,
three hospitals clinically switched from conventional fourth generation
cTnT to high-sensitivity cardiac troponin T (hs-cTnT) during the study
period, while three hospitals continued the clinical use of a less sensitive
cTn assay. As the inclusion and exclusion criteria of APACE as well as
the general standard operating procedures at the participating hospitals
remained unchanged during the whole period, we had the opportunity
to compare patients with suspected AMI who were enrolled with the
clinical use of conventional cTnT (Phase A) with patients with suspected
AMI who were enrolled with the clinical use of hs-cTnT (Phase B) in
three hospitals switching to hs-cTnT. As a randomized controlled trial
using both methods at the same time in the same institution is not feas-
ible, our methodology may be considered the best possible alternative.
For further, exploratory validation of our findings, three hospitals not
switching to hs-cTn were used as a control group. In these, the two

periods for comparisons were defined by the median of their respective
recruitment period.

From April 2006 to June 2013, consecutive patients older than 18
years presenting to the ED with symptoms suggestive of AMI with an
onset or peak within the last 12 h were recruited in three hospitals
switching from conventional cTnT (fourth generation) to hs-cTnT after
informed consent was obtained. In these three institutions, hs-cTnT was
clinically introduced at different dates: University Hospital Basel, Basel,
Switzerland: Phase A from 21 April 2006 to 17 February 2010, Phase B
from 18 February 2010 to 5 June 2013; Hospital del Mar, Barcelona,
Spain: Phase A from 28 November 2008 to 31 October 2011, Phase
B from 1 November 2011 to 21 November 2012; Bruderholzspital,
Bottmingen, Switzerland: Phase A from 11 November 2008 to 3 De-
cember 2012, Phase B from 4 December 2012 to 1 March 2013. There-
by, Phase B included the institutions ‘learning phase’ for hs-cTnT. In
parallel, 377 patients were recruited in three hospitals (Kantonsspital
Olten, Spital Limmattal Schlieren, Kantonsspital Luzern; all in Switzer-
land) remaining on a less sensitive cTn assay (Abbott AxSYM Troponin
I ADV or Beckman Coulter AccuTnI). Patients presenting with
ST-segment-elevation myocardial infarction or with terminal kidney fail-
ure requiring regular dialysis were excluded.

The study was carried out according to the principles of the Declar-
ation of Helsinki and approved by the local ethics committees. The
authors designed the study, gathered and analysed the data, vouch for
the data and analysis, wrote the paper, and decided to publish.

Routine clinical assessment
All patients underwent a clinical assessment that included medical his-
tory, physical examination, 12-lead ECG, pulse oximetry, standard
blood test, and chest radiography according to local protocols and in ac-
cordance with the most current guidelines of the European Society of
Cardiology (ESC) valid at the time of a patient’s recruitment.1,24 The
guideline recommendation regarding the use of conventional cTn stayed
the same throughout the whole period of patient recruitment. Levels of
cTn were measured at presentation and serially thereafter as long as
clinically indicated. Using a conventional cTn assay required retesting
of cTn after 6 h in most patients with suspected AMI. In contrast, using
hs-cTnT allowed retesting of hs-cTnT after 3 h and more rapid rule-out
of AMI as indicated for the first time in the 2011 ESC guidelines.1 As
most patients enrolled in Phase B were recruited after the publication
of the 2011 ESC guidelines, our study investigates the impact of hs-cTnT
mostly used in the context of the 2011 ESC guidelines including the 0 h/
3 h algorithm. During the enrolment period (until 2013), no institution
applied the 0 h/1 h algorithm, which is recommended in the 2015 ESC
guidelines as an additional option.25 None of the participating EDs had a
relevant change in leadership, patient flow, and/or staff to patient ratio
during the enrolment period. Treatment of patients was left to discre-
tion of the attending physician. The clinical discharge diagnosis was de-
termined and documented by the clinical team in charge of the individual
patient at ED/hospital discharge in the discharge letter. More details on
the cardiac workup can be found in the Supplementary material online.

Adjudicated final diagnosis
Details on the adjudication of the final diagnosis can be found in the
Supplementary material online.

Statistical analysis
All data are expressed as medians [1st quartile, 3rd quartile] or means
(standard deviation) for continuous variables, and for categorical vari-
ables as numbers and percentages. Continuous variables were
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compared with the Mann–Whitney U test or Student’s t-test, as appro-
priate, and categorical variables using the Pearson x2 test.

In order to adjust for possible confounders between the two time
periods, multivariable regression models were used. History of coron-
ary artery disease, known arterial hypertension, and age were used as
co-variables in a multivariable model. Interrupted time series analyses
were used to test for change in trends over time for duration of stay
on the ED and total costs.26 All hypothesis testing was two-tailed, and
P-values of ,0.05 were considered to indicate statistical significance. All
statistical analyses were performed with the use of IBM SPSS Statistiscs
for Windows, version 22.0 (SPSS Inc., Chicago, IL, USA), and MedCalc
software, version 1 5.4.0 (MedCalc, Ostend, Belgium). More details on
statistical analyses and cost calculation can be found in the Supplemen-
tary material online.

Results

Baseline characteristics
Of 2544 consecutively enrolled patients in the three hospitals switch-
ing to hs-cTnT during the recruitment period, 1455 (57%) patients
were enrolled before (Phase A) and 1089 (43%) patients after (Phase
B) the introduction of hs-cTnT. Median age was 62 years, 32% were
women, and 37% had a history of coronary artery disease (Table 1).
Some of the baseline characteristics differed between the two peri-
ods including age and history of coronary artery disease.

The clinical discharge diagnoses based on all information available
at the time of patient discharge including conventional cTn

concentrations in Phase A and hs-cTnT concentrations in Phase B
differed between the two periods with an absolute increase of 4%
and a relative increase of 40% in the prevalence of AMI (10% during
Phase A vs. 14% during Phase B, adjusted-P , 0.001; Supplementary
material online, Table S1A), and a corresponding decrease in the
prevalence of unstable angina. The adjudicated final diagnoses con-
sistently using serial hs-cTnT levels for patients in Phase A and Phase
B overall were similarly distributed (Supplementary material online,
Table S1B). Acute myocardial infarction was the adjudicated final
diagnosis in 420 (17%) of all patients with a comparable prevalence
during both periods (17% during Phase A vs. 16% during Phase B,
adjusted-P ¼ 0.211).

Impact of high-sensitivity cardiac troponin
T on coronary angiography
The rate of coronary angiography was similar between the two per-
iods (23% during both phases, adjusted-P ¼ 0.092, Table 2, Figure 1).
The extent of coronary atherosclerosis quantified by the number of
diseased vessels was comparable in both periods (adjusted-P ¼
0.361), too (Figure 2). Furthermore, the percentage of subsequently
performed percutaneous coronary interventions and its location
remained similar between both periods (rate of interventions
13% in both periods, adjusted-P ¼ 0.182). Rates of surgical revascu-
larization using coronary artery bypass grafts were also comparable
between the two periods (2% during both phases, adjusted-P ¼
0.841).
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Table 1 Baseline characteristics of patients before and after the introduction of high-sensitivity cardiac troponin T

All patients (n 5 2544) Phase A (n 5 1455) Phase B (n 5 1089) P-value

Age, year, median [q1,q3] 62 [49,75] 64 [51,76] 59 [47,72] ,0.001

Male gender, n (%) 1741 (68) 983 (68) 758 (70) 0.272

Risk factors, n (%)

Hypertension 1591 (63) 980 (67) 611 (56) ,0.001

Current smoking 632 (25) 341 (23) 291 (27) 0.064

History of smoking 941 (37) 530 (36) 411 (38) 0.523

Hypercholesterolaemia 1271 (50) 761 (52) 510 (47) 0.006

Diabetes mellitus 447 (18) 283 (20) 164 (15) 0.006

History, n (%)

Coronary artery disease 929 (37) 566 (39) 363 (33) 0.004

Previous myocardial infarction 638 (25) 373 (26) 265 (24) 0.454

Previous revascularization 749 (29) 423 (29) 326 (30) 0.636

Peripheral artery disease 163 (6) 111 (8) 52 (5) 0.004

Previous stroke 151 (6) 93 (6) 58 (5) 0.260

Vital status, median [q1,q3]

Heart rate, b.p.m. 76 [66,89] 75 [65,88] 78 [68,91] ,0.001

Systolic blood pressure, mmHg 141 [126,158] 142 [127,159] 140 [125,156] 0.072

Diastolic blood pressure, mmHg 82 [71,91] 82 [72,92] 81 [71,91] 0.019

Body mass index, kg/m2 26.4 [23.9,29.4] 26.4 [23.9,29.4] 26.3 [23.7,29.4] 0.453

Electrocardiographic findings, n (%)

Left bundle branch block 77 (3) 56 (4) 21 (2) 0.007

ST-segment depression 253 (10) 169 (12) 84 (8) 0.001

T-wave inversion 333 (13) 205 (14) 128 (12) 0.084

x2 test used for comparison of proportions.
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Impact of high-sensitivity cardiac troponin
T on cardiac stress testing
In 25% (n ¼ 623) of patients, some form of cardiac stress testing to
detect myocardial ischaemia was performed. Of these, cardiac
single-photon emission computerized tomography (SPECT) was
performed in 44% and exercise ECG in the remaining 56% of
patients. The rate of SPECT (12% of all patients during Phase A
vs. 10% during Phase B, adjusted-P ¼ 0.984) was similar during
both periods as was the percentage of pathological SPECT findings
(47% of all SPECT exams during Phase A vs. 38% during Phase B,
adjusted-P ¼ 0.126). The rate of exercise ECG was significantly
reduced after the introduction of hs-cTnT (17% of all patients during
Phase A vs. 9% during Phase B, adjusted-P , 0.001), while the
percentage of pathological findings remained comparable (15% of
all exercise ECG exams during Phase A vs. 14% during Phase B,
adjusted-P ¼ 0.906).

Impact of high-sensitivity cardiac troponin
T on duration of stay
Duration of stay in the ED among all patients was significantly
reduced by 72 min after the introduction of hs-cTnT (median stay
377 min during Phase A vs. 305 min during Phase B; adjusted-
P ¼ 0.046). Even more pronounced in the subgroup of patients in
whom discharge from the ED was feasible (outpatients), median
time to discharge was significantly reduced by 79 min (median
stay 355 min during Phase A vs. 276 min during Phase B,
adjusted-P , 0.001, Figure 3). A significant change in trends on dur-
ation of stay in the ED from a mean increase of 0.63 min per month
during Phase A vs. a mean decrease of 3.27 min per month during
Phase B could be observed with the use of interrupted time series
analyses (P , 0.001, Figure 4).

Length of hospitalization, quantified by overnight stays, did not
differ significantly between the two phases (median overnight
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Table 2 Diagnostic workup and management before and after the introduction of high-sensitivity cardiac troponin T

All patients
(n 5 2544)

Phase A
(n 5 1455)

Phase B
(n 5 1089)

P-value Adjusted
P-valuea

Cardiac stress testing, n (%) 623 (25) 416 (29) 207 (19) ,0.001 <0.001

Cardio SPECT 277 (11) 166 (12) 111 (10) 0.330 0.984

Pathological findingsb 120 (43) 78 (47) 42 (38) 0.132 0.126

Exercise ECG 346 (14) 250 (17) 96 (9) ,0.001 <0.001

Pathological findingsb 51 (15) 38 (15) 13 (14) 0.697 0.906

Coronary angiographies, n (%) 588 (23) 333 (23) 255 (23) 0.754 0.092

Normal vesselsb 56 (10) 37 (11) 19 (7) 0.586 0.361

Mild sclerosisb 32 (5) 16 (5) 16 (6)

One-vessel diseaseb 114 (19) 65 (20) 49 (19)

Two-vessel diseaseb 134 (23) 76 (23) 58 (23)

Three-vessel diseaseb 252 (43) 139 (42) 113 (44)

Percutaneous coronary interventions, n (%)c 327 (13) 184 (13) 143 (13) 0.717 0.182

Intervention in left main stem 7 (0.3) 6 (0.4) 1 (0.1) 0.127 0.204

Intervention in LAD 145 (6) 81 (6) 64 (6) 0.739 0.407

Intervention in LCX 105 (4) 66 (5) 39 (4) 0.231 0.520

Intervention in RCA 98 (4) 52 (4) 46 (4) 0.399 0.165

Intervention in CABG 27 (1) 16 (1) 11 (1) 0.827 0.765

Duration of stay

Outpatients, n (%) 1315 (52) 710 (49) 605 (56) 0.001 0.497

Time in the emergency department, min, median [q1,q3]

All patients 339 [221,490] 377 [226,520] 305 (213,430) ,0.001 0.046

Outpatients (n ¼ 1315) 305 [215,420] 355 [227,462] 276 (206,345) ,0.001 <0.001

Inpatients (n ¼ 1229) 396 [235,604] 415 [225,602] 392 (250,625) 0.763 0.099

Overnight stays in the hospital, median [q1,q3]

All Patients 0 [0,4] 1 [0,5] 0 [0,3] 0.001 0.621

Inpatients only (n ¼ 1229) 5 [1,8] 5 [1,9] 4 [1,8] 0.534 0.784

SPECT, single-photon emission computerized tomography; LAD, left anterior descending artery; LCX, left circumlex artery; RCA, right coronary artery; CABG, coronary artery
bypass graft.
Values in bold indicate statistical significant of P-values.
aP-value for comparisons between Phase A and Phase B adjusted for age, history of coronary artery disease, and presence of arterial hypertension with the use of a multivariate
regression model.
bPercentage refers to total number patients undergoing the respective diagnostic exam, not to total number of patients.
cMulti-vessel interventions were counted as one percutaneous coronary intervention.
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stays, 1 night [0,5] during Phase A vs. 0 night [0,3] during Phase B,
adjusted-P ¼ 0.621).

Impact of high-sensitivity cardiac troponin
T on discharge diagnoses and their
distribution among different cardiac
workup strategies
While the number of patients discharged with AMI significantly in-
creased from 10% during Phase A to 14% during Phase B in hospitals

switching to hs-cTnT, the prevalence of unstable angina decreased
in parallel from 14 to 9%, respectively. In total, the prevalence of
acute coronary syndrome remained stable during both periods
(24 vs. 23%, respectively, adjusted-P ¼ 0.322). Overall, rates of
coronary angiographies remained stable during both phases (23%
during both phases). However, among all patients undergoing
invasive testing, the percentage of patients discharged with AMI
increased by 44% from 36 to 52% during Phase B (adjusted-P ,

0.001), while the percentage of patients discharged with unstable
angina decreased by 44% from 39 to 22% (adjusted-P , 0.001,

Figure 1 Changes in rates of cardiac stress testing and coronary angiography. Bars represent rates of cardiac stress testing, coronary angiogra-
phies, and percutaneous coronary interventions before (Phase A) and after (Phase B) the clinical introduction of high-sensitivity cardiac troponin
T. SPECT, single-photon emission computerized tomography; ARR, absolute risk reduction; RRR, relative risk reduction; ns, not significant.

Figure 2 Relative distribution of coronary angiography findings before and after the introduction of high-sensitivity cardiac troponin T. Relative
distribution of coronary angiography findings performed in acute chest pain patients before (Phase A) and after (Phase B) the introduction of a
high-sensitivity cardiac troponin T assay.
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Supplementary material online, Figure S1). During both periods,
three-fourths of all patients undergoing invasive testing were
discharged with acute coronary syndrome (75 vs. 74%, P ¼ 0.673).

In contrast, the prevalence of patients discharged with chest pain
of unknown origin significantly decreased after the introduction of
hs-cTnT by 21% from 48 to 38% (adjusted-P , 0.001). Among all
patients undergoing cardiac stress testing, the prevalence of patients
discharged with chest pain of unknown origin decreased by 17%
from 59 to 49% after the introduction of hs-cTnT (adjusted-
P ¼ 0.011, Supplementary material online, Figure S2).

Impact of high-sensitivity cardiac troponin
T on management in patients with and
without acute myocardial infarction
Among patients discharged with AMI (n ¼ 295), the number of car-
diac stress tests performed remained stable during Phases A and B,
while the number of coronary angiographies increased during Phase
B (81 vs. 90%, respectively, adjusted-P ¼ 0.021) with no significant
change in coronary interventions (Supplementary material online,
Table S2A). Time of observation in the ED was longer during Phase
B (217 vs. 289 min, respectively, adjusted-P ¼ 0.009).

In contrast, among patients with a discharge diagnosis other than
AMI (n ¼ 2249), use of cardiac stress testing decreased significantly
(30 vs. 20%, adjusted-P , 0.001) while the number of coronary an-
giographies remained stable (16 vs. 13%, respectively, adjusted-
P ¼ 0.411, Supplementary material online, Table S2B). The number
or coronary interventions tended to be lower in Phase B compared
with Phase A without reaching level of significance (7 vs. 4%,
adjusted-P ¼ 0.054). Time of observation on the ED (390 vs.
310 min, respectively, adjusted-P ¼ 0.006) and median overnight
stays were significantly reduced during Phase B.

Levels of high-sensitivity cardiac troponin
T among different cardiac workup
strategies
In hospitals switching to hs-cTnT, median levels of hs-cTnT deter-
mined in study blood samples obtained directly at presentation to
the ED remained comparable during both periods (median 9.4 vs.
8.0 ng/L, P ¼ 0.263, Supplementary material online, Table S7).
However, with the clinical introduction of hs-cTnT during Phase
B, median levels of hs-cTnT in patients undergoing no further
cardiac diagnostic examinations significantly decreased from 9.0 to
6.0 ng/L (P , 0.001) while median levels of hs-cTnT significantly
increased in patients undergoing coronary angiography (20.3 vs.
27.0 ng/L, respectively, P ¼ 0.032) or coronary intervention
(21.8 vs. 35.3 ng/L, respectively, P ¼ 0.037).

In contrast, in hospitals not switching clinically to hs-cTnT, no
change in distribution of median hs-cTnT levels could be observed
among the different workup strategies.

Observations in hospitals not switching to
high-sensitivity cardiac troponin
In the three hospitals not switching to hs-cTn, the diagnostic work-
up and its change over time was analysed in 377 patients presenting
with symptoms suggestive of AMI. Similarly to the main cohort, a
trend towards younger age and lower prevalence of cardiovascular
risk factors was observed during Phase B (Supplementary material
online, Table S3). Distributions of the clinical discharge diagnoses
and the adjudicated final diagnoses were comparable between the
two periods (Supplementary material online, Table S4A and B).

The rate of coronary angiography and subsequent percutaneous
coronary interventions was stable between the two periods

Figure 3 Cumulative distribution of time to discharge from the emergency department before and after the introduction of high-sensitivity
cardiac troponin T.
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(24 vs. 24% and 16 vs. 15% during Phases A and B, respectively,
adjusted-P-values 0.974 and 0.976, respectively; Supplementary
material online, Table S5 and Figure S3). The extent of coronary
atherosclerosis quantified by the number of diseased vessels was
comparable in both periods (adjusted-P ¼ 0.288, Supplementary
material online, Figure S4).

In contrast to the main cohort, rates of cardiac stress testing were
comparable in the two phases (35% during Phase A vs. 29% during
Phase B, adjusted-P ¼ 0.167) in hospitals that did not switch to
hs-cTn.

Duration of stay in the ED among all patients increased during
Phase B when compared with Phase A by 97 min (adjusted-
P ¼ 0.012, Supplementary material online, Figure S5). In the
subgroup of patients, in whom discharge from the ED was feasible
(outpatients), time to discharge remained unchanged (adjusted-
P ¼ 0.427) while among inpatients, median duration of stay at the

ED significantly increased by 81 min (adjusted-P ¼ 0.044). Inter-
rupted time series analyses revealed no significant change in trends
comparing Phases A and B (P ¼ 0.250, Supplementary material-
online, Figure S6).

Cost calculation
Interrupted time series analyses revealed a significant change in
trend on total costs from a mean increase of E5.05 per month dur-
ing Phase A to a mean decrease ofE12.12 per month during Phase B
(P ¼ 0.012, Supplementary material online, Figure S7A) while mean
total costs remained similar in the overall population during both
phases. In outpatients, a mean reduction of 20% in total costs could
be observed (Supplementary material online, Table S6A and B; mean
total costs E782 vs. E626, adjusted-P ¼ 0.002). In hospitals not
switching to hs-cTnT, total costs remained similar for the overall
population as well as for the subgroup of patients managed as

Figure 4 Change in trends of duration of stay on the emergency department before and after the introduction of high-sensitivity cardiac tropo-
nin T. Scatter plot depicting the duration of stay on the emergency department for each patient with respect to months before (Phase A, grey) and
after (Phase B, blue) the introduction of high-sensitivity cardiac troponin T. Interrupted time series analyses were used to analyse for trends during
both phases and to compare for change in slopes.
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outpatients. Interrupted time series analyses revealed no significant
change in trend on total costs (Supplementary material online,
Figure S7B).

Discussion
This analysis compared the use of coronary angiography, cardiac
stress testing, and time to discharge from the ED in 2544 patients
with suspected AMI enrolled in a multicentre study with identical
inclusion and exclusion criteria before and after the clinical intro-
duction of hs-cTnT testing. We report six major findings.

First, the clinical introduction of hs-cTnT was neither associated
with an increase in the rate of coronary angiography, nor the rate
of potentially unnecessary coronary angiographies as quantified by
the rate of coronary angiographies showing normal coronary arter-
ies, nor the rate of coronary revascularization procedures. Second,
hs-cTnT testing was, associated with a reduction in the need for
cardiac stress testing by .30%. This reduction was seen exclusively
in the rate of exercise ECG, the stress modality that is usually ap-
plied in low-to-moderate risk patients. Third, the availability of
more precise biomarker information in the lower range as offered
by hs-cTnT was associated with improved allocation of patients to
further diagnostic cardiac testing: low-risk patients as identified by
very low levels of hs-cTnT to no further cardiac testing and high-risk
patients as identified by elevated levels of hs-cTnT to coronary angi-
ography. Fourth, in patients who were candidates for discharge from
the ED, the use of hs-cTnT was associated with a significant reduc-
tion in time to discharge by nearly 80 min, related to more rapid
rule-out of AMI. Interrupted time series analyses documented a sig-
nificant change in trends on duration of stay in the ED from a mean
increase of 0.63 min per month during Phase A vs. a mean decrease
of 3.27 min per month during Phase B. Fifth, in parallel, total costs
were also reduced by 20% in patients managed as outpatients. Again,
interrupted time series analyses revealed a significant change in
trend on total costs from a mean increase of E5.05 per month dur-
ing Phase A to a mean decrease of E12.12 per month during Phase
B, while mean total costs remained similar in the overall population
during both phases. Sixth, the reduction in stress testing and the re-
duction in time to discharge from the ED were not observed in a
control group of patients recruited during the same time period
in three hospitals not switching to hs-cTnT. In contrast,
time-to-discharge increased in the control group.

These findings corroborate and extend prior studies highlighting
the increased diagnostic accuracy achieved with hs-cTnT,
recent studies exploring the best possible application of hs-cTnT,
as well as recent modelling performed to estimate its cost-
effectiveness.15 – 23,27 – 30 The substantial improvements in patient
pathway characteristics are even more impressive when considering
that Phase B included the clinical ‘learning phase’ regarding hs-cTnT
at the switching hospitals.

Our findings also extend observations made in a pilot study
including rather selected patients (patients presenting with chest
pain with a low likelihood to be of coronary origin (e.g. musculoskel-
etal or pleuritic chest pain), also showing a reduction of cardiac
stress testing, but an increased use of coronary angiography and
revascularization after the introduction of hs-cTnT in a Spanish
single-centre study.31 Potential reasons for the different findings

regarding coronary angiography include inclusion criteria, which
more closely reflect ‘real life’ and the recommended clinical applica-
tion of hs-cTn in APACE, the extent of teaching during clinical imple-
mentation, the threshold to order an invasive test, as well as
personal or institutional incentives (positive or negative) to perform
coronary angiography.

As most patients enrolled in Phase B were recruited after the
publication of the 2011 ESC guidelines, our study investigated the
impact of hs-cTnT mostly used in the context of these guidelines
including the use of the 99th percentile and the hs-cTn 0 h/3 h algo-
rithm with retesting for hs-cTnT at 3 h. It is therefore important to
acknowledge these additional factors beyond the assay that chan-
ged. Accordingly, similar improvements may be possible with other
cTn assays as long as they can detect accurately the 99th percentile
(¼‘sensitive’ assays). In addition, there may have been differences
that cannot be accounted for. Four considerations argue against
the hypothesis that the reduction in time to discharge observed
were the consequence of perfection of the diagnostic process due
to general insights gained during previous scientific work in this
setting by the investigators. First, if this would be the case, hospitals
not switching to hs-cTn should have had the same reduction in time
to discharge in outpatients. This was not observed. Second, all
participating institutions applied the clinical practice guidelines of
the ESC, which remained unchanged during the enrolment period
for the use of conventional cTn assays.1,24 Third, interrupted time
series analyses documented a significant change in trends on dur-
ation of stay (and costs) at the time of the clinical introduction of
hs-cTnT. Fourth, most of the insights gained from our previous
work in APACE are specific to the use of hs-cTn.16–23

In addition to the cTn assay itself, the respective cut-off levels
selected for clinical use may impact on management decisions and
resource utilization. The clinical cut-off levels for the fourth-
generation cTn assay used during Phase A (40 ng/L) is the 10%
CV level and was recommended by guidelines and experts at that
time.2,13 In the meantime, some hospitals mainly in the USA, where
hs-cTn assay are still not available, have lowered the cut-off level
from 40 to 10 ng/L in order to better reflect the 99th percentile
without fulfilling the criteria of 10% CV. For hospitals using a clinical
decision level lower than the one used in Phase A (40 ng/L), any
concerns about a systematic detrimental effect regarding coronary
angiography should be even smaller. However, also the beneficial
effects on time to discharge and exercise testing could be smaller
than observed in our trial.

Rates of patients referred to coronary angiography in our data set
are similar to those observed in a recent international diagnostic
chest pain study performed on three continents including sites in
the USA investigating the diagnostic accuracy of a 0 h/1 h algorithm
to rule-out and rule-in AMI (rates of coronary angiography, 23% in
both trials).32 This finding further supports the generalizability of the
findings from the APACE study.

The following limitations of the current study merit consider-
ation. First, we evaluated the effects of the clinical introduction of
hs-cTnT. It is unknown whether our findings can be extrapolated
to the clinical introduction of other hs-cTn assays with similar diag-
nostic accuracy.8,9,23,27 We hypothesize that hs-cTnI assays with
similar diagnostic accuracy should result in similar resource use as
seen with hs-cTnT. Of course, these hypotheses require
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confirmation or rejection in future studies. Second, our findings re-
late to the use of hs-cTnT in experienced centres applying the 2011
ESC guidelines and accompanied by a dedicated educational cam-
paign. We cannot comment on the possible impact of hs-cTnT in
other settings. Third, our data confirm the increased attendance of
younger patients to the ED seen in prior studies. This trend required
adjustments for age. Future studies are warranted to quantify this ef-
fect. Fourth, we cannot comment on the impact of the clinical intro-
duction of hs-cTnT among patients with terminal kidney failure
requiring dialysis, since such patients were excluded from our study.
Fifth, some lots of the hs-cTnT assay used clinically in the manage-
ment of patients in Phase B were affected by the low-end shift.33– 36

According to several recent studies, the low-end shift nearly exclu-
sively affected concentrations below 14 ng/L (the 99th percentile)
and thereby seemed to have had no relevant impact on the clinical
diagnosis of AMI.33– 36 Sixth, the findings from our cost analyses must
be interpreted carefully. While we adjusted for multiple differences
observed between the two phases such as age, history of coronary
disease, and presence of arterial hypertension, there may have been
differences that cannot be accounted for. No propensity-score
matching was performed. Findings from cost analyses per se are
not necessarily generalizable to other healthcare systems than
observed in this trial due to potential differences in costs.

In conclusion, when introduced in experienced centres accom-
panied by a dedicated educational campaign and in combination
with a strategy of lowering the diagnostic cut-off value for AMI (to
the 99th percentile as recommend in the ESC guideline), the clinical
introduction of hs-cTnT was not associated with an increased or
inappropriate use of coronary angiography. High-sensitivity cardiac
troponin T was associated with an improved rule-out process and
thereby helped to substantially reduce the need for cardiac stress
testing and time to discharge.

Supplementary material
Supplementary material is available at European Heart Journal online.

Authors’ contributions
R.T. and C.M. performed statistical analysis. R.T., M.R.G., T.R., S.O.,
and C.M. handled funding and supervision. R.T., C.J., M.R.G., K.W.,
T.R., T.N., J.B., K.G., C.P., B.M., G.P., N.S., I.C., K.R., S.S., and C.M. ac-
quired the data. R.T., M.R.G., K.W., T.R., J.B., I.C., K.R., S.S., and C.M.
conceived and designed the research. R.T. and C.M. drafted the
manuscript. R.T., C.J., M.R.G., K.W., T.R., T.N., J.B., K.G., C.P., B.M.,
G.P., N.S., I.C., K.R., S.S., S.O., and C.M. made critical revision of
the manuscript for key intellectual content.

Funding
Conflict of interest: R.T. reports speaker honoraria from B.R.A.H.M.S.
and Roche. T.R. reports grants from Swiss National Science Foundation
(PASMP3-136995) as well as personal fees from Swiss Heart Foundation
and from Goldschmidt-Jacobson Foundation. C.M. reports research
grants from the Swiss National Science Foundation, the European Un-
ion, the KTI, and the Swiss Heart Foundation, the Cardiovascular Re-
search Foundation Basel, 8sense, Abbott, ALERE, Astra Zeneca,
Beckman Coulter, Biomerieux, Brahms, Critical Diagnostics,

Nanosphere, Roche, Siemens, Singulex, and the University Hospital
Basel, as well as speaker honoraria from Abbott, ALERE, Astra Zeneca,
BG medicine, Biomerieux, BMS, Brahms, Cardiorentis, Daiichi Sankyo,
Novartis, Radiometer, Roche, Sanofi, Siemens, and Singulex. The spon-
sors had no role in the design of the study, the analysis of the data, the
preparation of the manuscript, or the decision to submit the manuscript
for publication.

References
1. Hamm CW, Bassand JP, Agewall S, Bax J, Boersma E, Bueno H, Caso P, Dudek D,

Gielen S, Huber K, Ohman M, Petrie MC, Sonntag F, Uva MS, Storey RF, Wijns W,
Zahger D, Bax JJ, Auricchio A, Baumgartner H, Ceconi C, Dean V, Deaton C,
Fagard R, Funck-Brentano C, Hasdai D, Hoes A, Knuuti J, Kolh P, McDonagh T,
Moulin C, Poldermans D, Popescu BA, Reiner Z, Sechtem U, Sirnes PA,
Torbicki A, Vahanian A, Windecker S, Achenbach S, Badimon L, Bertrand M,
Botker HE, Collet JP, Crea F, Danchin N, Falk E, Goudevenos J, Gulba D,
Hambrecht R, Herrmann J, Kastrati A, Kjeldsen K, Kristensen SD, Lancellotti P,
Mehilli J, Merkely B, Montalescot G, Neumann FJ, Neyses L, Perk J, Roffi M,
Romeo F, Ruda M, Swahn E, Valgimigli M, Vrints CJ, Widimsky P. ESC guidelines
for the management of acute coronary syndromes in patients presenting without
persistent ST-segment elevation: the task force for the management of acute cor-
onary syndromes (ACS) in patients presenting without persistent ST-segment ele-
vation of the European Society of Cardiology (ESC). Eur Heart J 2011;32:
2999–3054.

2. Thygesen K, Alpert JS, White HD, Jaffe AS, Apple FS, Galvani M, Katus HA,
Newby LK, Ravkilde J, Chaitman B, Clemmensen PM, Dellborg M, Hod H,
Porela P, Underwood R, Bax JJ, Beller GA, Bonow R, Van der Wall EE,
Bassand JP, Wijns W, Ferguson TB, Steg PG, Uretsky BF, Williams DO,
Armstrong PW, Antman EM, Fox KA, Hamm CW, Ohman EM, Simoons ML,
Poole-Wilson PA, Gurfinkel EP, Lopez-Sendon JL, Pais P, Mendis S, Zhu JR,
Wallentin LC, Fernandez-Aviles F, Fox KM, Parkhomenko AN, Priori SG,
Tendera M, Voipio-Pulkki LM, Vahanian A, Camm AJ, De Caterina R, Dean V,
Dickstein K, Filippatos G, Funck-Brentano C, Hellemans I, Kristensen SD,
McGregor K, Sechtem U, Silber S, Widimsky P, Zamorano JL, Morais J, Brener S,
Harrington R, Morrow D, Lim M, Martinez-Rios MA, Steinhubl S, Levine GN,
Gibler WB, Goff D, Tubaro M, Dudek D, Al-Attar N. Universal definition of myo-
cardial infarction. Circulation 2007;116:2634–2653.

3. Writing Committee Members, Jneid H, Anderson JL, Wright RS, Adams CD,
Bridges CR, Casey DE Jr, Ettinger SM, Fesmire FM, Ganiats TG, Lincoff AM,
Peterson ED, Philippides GJ, Theroux P, Wenger NK, Zidar JP, Anderson JL,
American College of Cardiology Foundation, American Heart Association Task
Force on Practice Guidelines. 2012 ACCF/AHA focused update of the guideline
for the management of patients with unstable angina/non-ST-elevation myocardial
infarction (updating the 2007 guideline and replacing the 2011 focused update):
a report of the American College of Cardiology Foundation/American Heart
Association Task Force on practice guidelines. Circulation 2012;126:875–910.

4. Antman EM, Cohen M, Bernink PJ, McCabe CH, Horacek T, Papuchis G, Mautner B,
Corbalan R, Radley D, Braunwald E. The TIMI risk score for unstable angina/non-ST
elevation MI: a method for prognostication and therapeutic decision making. JAMA
2000;284:835–842.

5. Morrow DA, Antman EM, Charlesworth A, Cairns R, Murphy SA, de Lemos JA,
Giugliano RP, McCabe CH, Braunwald E. TIMI risk score for ST-elevation myocar-
dial infarction: a convenient, bedside, clinical score for risk assessment at presenta-
tion: an intravenous nPA for treatment of infarcting myocardium early II trial
substudy. Circulation 2000;102:2031–2037.

6. Taylor MJ, Scuffham PA, McCollam PL, Newby DE. Acute coronary syndromes in
Europe: 1-year costs and outcomes. Curr Med Res Opin 2007;23:495–503.

7. Tiemann O. Variations in hospitalisation costs for acute myocardial infarction—a
comparison across Europe. Health Econ 2008;17(Suppl.):S33–S45.

8. Apple FS, Smith SW, Pearce LA, Ler R, Murakami MM. Use of the centaur TnI-ultra
assay for detection of myocardial infarction and adverse events in patients present-
ing with symptoms suggestive of acute coronary syndrome. Clin Chem 2008;54:
723–728.

9. Melanson SE, Morrow DA, Jarolim P. Earlier detection of myocardial injury in a
preliminary evaluation using a new troponin I assay with improved sensitivity. Am
J Clin Pathol 2007;128:282–286.

10. Mingels A, Jacobs L, Michielsen E, Swaanenburg J, Wodzig W, van Dieijen-Visser M.
Reference population and marathon runner sera assessed by highly sensitive car-
diac troponin T and commercial cardiac troponin T and I assays. Clin Chem 2009;
55:101–108.

11. Giannitsis E, Kurz K, Hallermayer K, Jarausch J, Jaffe AS, Katus HA. Analytical
validation of a high-sensitivity cardiac troponin T assay. Clin Chem 2010;56:
254–261.

3332 R. Twerenbold et al.

http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehw232/-/DC1


12. Apple FS, Jesse RL, Newby LK, Wu AH, Christenson RH, National Academy of
Clinical Biochemistry, IFCC Committee for Standardization of Markers of Cardiac
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 2007;115:e352–e355.

13. Apple FS, Wu AH, Jaffe AS. European Society of Cardiology and American College
of Cardiology guidelines for redefinition of myocardial infarction: how to use exist-
ing assays clinically and for clinical trials. Am Heart J 2002;144:981–986.

14. Twerenbold R, Jaffe A, Reichlin T, Reiter M, Mueller C. High-sensitive troponin T
measurements: what do we gain and what are the challenges? Eur Heart J 2012;33:
579–586.

15. Keller T, Zeller T, Peetz D, Tzikas S, Roth A, Czyz E, Bickel C, Baldus S,
Warnholtz A, Frohlich M, Sinning CR, Eleftheriadis MS, Wild PS, Schnabel RB,
Lubos E, Jachmann N, Genth-Zotz S, Post F, Nicaud V, Tiret L, Lackner KJ,
Munzel TF, Blankenberg S. Sensitive troponin I assay in early diagnosis of acute
myocardial infarction. N Engl J Med 2009;361:868–877.

16. Reichlin T, Hochholzer W, Bassetti S, Steuer S, Stelzig C, Hartwiger S, Biedert S,
Schaub N, Buerge C, Potocki M, Noveanu M, Breidthardt T, Twerenbold R,
Winkler K, Bingisser R, Mueller C. Early diagnosis of myocardial infarction with
sensitive cardiac troponin assays. N Engl J Med 2009;361:858–867.

17. Twerenbold R, Reiter M, Reichlin T, Haaf P, Peter F, Meissner J, Hochholzer W,
Stelzig C, Freese M, Heinisch C, Breidthardt T, Freidank H, Winkler K,
Campodarve I, Gea J, Mueller C. Early diagnosis of acute myocardial infarction in
the elderly using more sensitive cardiac troponin assays. Eur Heart J 2011;32:
1379–1389.

18. Twerenbold R, Reiter M, Reichlin T, Benz B, Haaf P, Meissner J, Hochholzer W,
Stelzig C, Freese M, Heinisch C, Balmelli C, Drexler B, Freidank H, Winkler K,
Campodarve I, Gea J, Mueller C. Early diagnosis of acute myocardial infarction in
patients with pre-existing coronary artery disease using more sensitive cardiac
troponin assays. Eur Heart J 2012;33:988–997.

19. Reichlin T, Hochholzer W, Stelzig C, Laule K, Freidank H, Morgenthaler NG,
Bergmann A, Potocki M, Noveanu M, Breidthardt T, Christ A, Boldanova T,
Merki R, Schaub N, Bingisser R, Christ M, Mueller C. Incremental value of copeptin
for rapid rule out of acute myocardial infarction. J Am Coll Cardiol 2009;54:60–68.

20. Reichlin T, Irfan A, Twerenbold R, Reiter M, Hochholzer W, Burkhalter H,
Bassetti S, Steuer S, Winkler K, Peter F, Meissner J, Haaf P, Potocki M,
Drexler B, Osswald S, Mueller C. Utility of absolute and relative changes in cardiac
troponin concentrations in the early diagnosis of acute myocardial infarction. Circu-
lation 2011;124:136–145.

21. Haaf P, Drexler B, Reichlin T, Twerenbold R, Reiter M, Meissner J, Schaub N,
Stelzig C, Freese M, Heinzelmann A, Meune C, Balmelli C, Freidank H,
Winkler K, Denhaerynck K, Hochholzer W, Osswald S, Mueller C. High-sensitivity
cardiac troponin in the distinction of acute myocardial infarction from acute cardiac
noncoronary artery disease. Circulation 2012;126:31–40.

22. Reichlin T, Schindler C, Drexler B, Twerenbold R, Reiter M, Zellweger C,
Moehring B, Ziller R, Hoeller R, Rubini Gimenez M, Haaf P, Potocki M, Wildi K,
Balmelli C, Freese M, Stelzig C, Freidank H, Osswald S, Mueller C. One-hour
rule-out and rule-in of acute myocardial infarction using high-sensitivity cardiac
troponin T. Arch Intern Med 2012;172:1211–1218.

23. Rubini Gimenez M, Twerenbold R, Reichlin T, Wildi K, Haaf P, Schaefer M,
Zellweger C, Moehring B, Stallone F, Sou SM, Mueller M, Denhaerynck K,
Mosimann T, Reiter M, Meller B, Freese M, Stelzig C, Klimmeck I, Voegele J,
Hartmann B, Rentsch K, Osswald S, Mueller C. Direct comparison of
high-sensitivity-cardiac troponin I vs. T for the early diagnosis of acute myocardial
infarction. Eur Heart J 2014;35:2303–2311.

24. Task Force for Diagnosis and Treatment of Non-ST-Segment Elevation Acute Cor-
onary Syndromes of European Society of Cardiology, Bassand JP, Hamm CW,
Ardissino D, Boersma E, Budaj A, Fernandez-Aviles F, Fox KA, Hasdai D,
Ohman EM, Wallentin L, Wijns W. Guidelines for the diagnosis and treatment of
non-ST-segment elevation acute coronary syndromes. Eur Heart J 2007;28:
1598–1660.

25. Roffi M, Patrono C, Collet JP, Mueller C, Valgimigli M, Andreotti F, Bax JJ,
Borger MA, Brotons C, Chew DP, Gencer B, Hasenfuss G, Kjeldsen K,
Lancellotti P, Landmesser U, Mehilli J, Mukherjee D, Storey RF, Windecker S,
Baumgartner H, Gaemperli O, Achenbach S, Agewall S, Badimon L, Baigent C,
Bueno H, Bugiardini R, Carerj S, Casselman F, Cuisset T, Erol C, Fitzsimons D,
Halle M, Hamm C, Hildick-Smith D, Huber K, Iliodromitis E, James S, Lewis BS,
Lip GY, Piepoli MF, Richter D, Rosemann T, Sechtem U, Steg PG, Vrints C, Luis
Zamorano J. 2015 ESC guidelines for the management of acute coronary syn-
dromes in patients presenting without persistent ST-segment elevation: task force
for the management of acute coronary syndromes in patients presenting without
persistent ST-segment elevation of the European Society of Cardiology (ESC). Eur
Heart J 2016;37:267–315.

26. Penfold RB, Zhang F. Use of interrupted time series analysis in evaluating health
care quality improvements. Acad Pediatr 2013;13(Suppl.):S38–S44.

27. Apple FS. A new season for cardiac troponin assays: it’s time to keep a scorecard.
Clin Chem 2009;55:1303–1306.

28. Thygesen K, Mair J, Katus H, Plebani M, Venge P, Collinson P, Lindahl B, Giannitsis E,
Hasin Y, Galvani M, Tubaro M, Alpert JS, Biasucci LM, Koenig W, Mueller C,
Huber K, Hamm C, Jaffe AS. Recommendations for the use of cardiac troponin
measurement in acute cardiac care. Eur Heart J 2010;31:2197–2204.

29. Thygesen K, Mair J, Giannitsis E, Mueller C, Lindahl B, Blankenberg S, Huber K,
Plebani M, Biasucci LM, Tubaro M, Collinson P, Venge P, Hasin Y, Galvani M,
Koenig W, Hamm C, Alpert JS, Katus H, Jaffe AS. How to use high-sensitivity car-
diac troponins in acute cardiac care. Eur Heart J 2012;33:2252–2257.

30. Goodacre S, Thokala P, Carroll C, Stevens JW, Leaviss J, Al Khalaf M, Collinson P,
Morris F, Evans P, Wang J. Systematic review, meta-analysis and economic model-
ling of diagnostic strategies for suspected acute coronary syndrome. Health Technol
Assess 2013;17:v–vi, 1–188.

31. Sanchis J, Garcia-Blas S, Mainar L, Mollar A, Abellan L, Ventura S, Bonanad C,
Consuegra-Sanchez L, Roque M, Chorro FJ, Nunez E, Nunez J. High-sensitivity
versus conventional troponin for management and prognosis assessment of
patients with acute chest pain. Heart 2014;20:1591–1596.

32. Mueller C, Giannitsis E, Christ M, Ordonez-Llanos J, deFilippi C, McCord J, Body R,
Panteghini M, Jernberg T, Plebani M, Verschuren F, French J, Christenson R,
Weiser S, Bendig G, Dilba P, Lindahl B, Investigators T-A. Multicenter evaluation
of a 0-hour/1-hour algorithm in the diagnosis of myocardial infarction with high-
sensitivity cardiac troponin T. Ann Emerg Med 2016; Epub ahead of print.

33. Hallermayer K, Jarausch J, Menassanch-Volker S, Zaugg C, Ziegler A. Implications of
adjustment of high-sensitivity cardiac troponin T assay. Clin Chem 2013;59:
572–574.

34. Kavsak PA, Hill SA, McQueen MJ, Devereaux PJ. Implications of adjustment of
high-sensitivity cardiac troponin T assay. Clin Chem 2013;59:574–576.

35. Kuster N, Dupuy AM, Monnier K, Baptista G, Bargnoux AS, Badiou S, Jeandel C,
Cristol JP. Implications of adjustment of high-sensitivity cardiac troponin T assay.
Clin Chem 2013;59:570–572.

36. Wildi K, Twerenbold R, Jaeger C, Rubini Giménez M, Reichlin T, Stoll M, Hillinger P,
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