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Rapid Rule-Out of Acute Myocardial Injury Using a
Single High-Sensitivity Cardiac Troponin I
Measurement
Yader Sandoval,1,2,3 Stephen W. Smith,3,4 Anoop S.V. Shah,5 Atul Anand,5 Andrew R. Chapman,5
Sara A. Love,3,6 Karen Schulz,3 Jing Cao,3 Nicholas L. Mills,5 and Fred S. Apple3,6*

BACKGROUND: Rapid rule-out strategies using highsensitivity cardiac troponin assays are largely supported
by studies performed outside the US in selected cohorts
of patients with chest pain that are atypical of US practice, and focused exclusively on ruling out acute myocardial infarction (AMI), rather than acute myocardial injury, which is more common and associated with a poor
prognosis.
METHODS: Prospective, observational study of consecutive patients presenting to emergency departments [derivation (n ⫽ 1647) and validation (n ⫽ 2198) cohorts],
where high-sensitivity cardiac troponin I (hs-cTnI) was
measured on clinical indication. The negative predictive
value (NPV) and diagnostic sensitivity of an hs-cTnI
concentration ⬍limit of detection (LoD) at presentation
was determined for acute myocardial injury and for AMI
or cardiac death at 30 days.
RESULTS: In patients with hs-cTnI concentrations ⬍99th
percentile at presentation, acute myocardial injury occurred in 8.3% and 11.0% in the derivation and validation cohorts, respectively. In the derivation cohort, 27%
had hs-cTnI ⬍ LoD, with NPV and diagnostic sensitivity for acute myocardial injury of 99.1% (95% CI, 97.7–
99.8) and 99.0% (97.5–99.7) and an NPV for AMI or
cardiac death at 30 days of 99.6% (98.4 –100). In the
validation cohort, 22% had hs-cTnI ⬍LoD, with an
NPV and diagnostic sensitivity for acute myocardial injury of 98.8% (97.9 –99.7) and 99.3% (98.7–99.8) and
an NPV for AMI or cardiac death at 30 days of 99.1%
(98.2–99.8).
CONCLUSIONS: A single hs-cTnI concentration ⬍LoD
rules out acute myocardial injury, regardless of etiology,
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with an excellent NPV and diagnostic sensitivity, and
identifies patients at minimal risk of AMI or cardiac
death at 30 days.
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Cardiac troponin (cTn)7 is the preferred biomarker to
establish the diagnosis of both acute myocardial injury
and acute myocardial infarction (AMI) (1 ). Determining
which patients should undergo cTn testing to rule in and
rule out AMI remains controversial, since up to one-third
of patients ultimately diagnosed with AMI do not have
chest pain on presentation, and because of the potential
consequences of missing AMI, particularly among individuals with atypical presentations (2– 4 ). Consequently,
in clinical practice cTn testing is performed in a heterogeneous cohort of patients, contributing to overcrowding, unnecessary resource utilization and cost, and potential delays
in the evaluation and management of alternative pathologies
responsible for the patient’s hospital presentation. Most
studies assessing rule-out strategies with cTn focus on select
cohorts of patients with chest pain (5–10 ). However, in
clinical practice cTn measurements are done in various clinical circumstances, regardless of the presence or absence of
chest pain.
Most studies have focused on ruling out AMI (5–
10 ). In contrast, myocardial injury, defined by cTn concentrations above the 99th percentile (1 ), is more common and has a similar or worse prognosis than AMI
(11–14 ). Challenges in determining whether myocardial
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injury is a consequence of type 1 or type 2 MI, or due to
other cardiac and noncardiac conditions, have been well
documented (15, 16 ). Hence, rather than developing
strategies that rule out AMI in isolation, it may be more
practical to rule out acute myocardial injury.
We conducted a prospective, observational cohort
study using a high-sensitivity (hs)-cTnI assay in an unselected, heterogeneous population presenting to our inner
city emergency department (ED), in whom cTnI measurements were obtained on clinical indication. Subsequently, we sought to examine our findings in a large
external validation cohort. Our goals were 2-fold. First,
we determined whether a single hs-cTnI measurement at
presentation with concentrations below the limit of detection (LoD) of an hs-cTnI assay could rule out acute
myocardial injury, regardless of the underlying mechanism of injury, alone or in combination with a normal
electrocardiogram (ECG). Second, we examined the
safety of this rule-out strategy by assessing AMI and cardiac death at 30 days.
Methods
STUDY DESIGN AND POPULATION

Following institutional review board approval, we prospectively included consecutive, unselected patients presenting from February 4, 2014, through May 9, 2014, in
whom initial preset serial cTnI measurements at 0, 3, 6,
and 9 h were ordered on clinical indication at Hennepin
County Medical Center (Minneapolis, MN) to rule in
and rule out AMI [Use of Abbott High Sensitivity Troponin I Assay In Acute Coronary Syndromes (UTROPIA);
NCT02060760]. For the derivation cohort, patients
needed a baseline hs-cTnI measurement at presentation
and at least one additional hs-cTnI measured within 24 h
of presentation, before discharge. Patients ⬍18 years old,
with evidence of acute ST-segment elevation myocardial
infarction on presentation, pregnancy, trauma, declined
to participate in research as documented on information disclosure, without death date available, did not
present through ED, or were transferred from an outside hospital were excluded. For patients with more
than one presentation during the study period, we
included only the first.
The external validation cohort included consecutive
patients presenting to the ED of secondary and tertiary
care hospitals in Scotland in whom the primary clinician
suspected acute coronary syndrome and serial plasma hscTnI measurements were obtained (baseline hs-cTnI
measurement at presentation and at least one additional
hs-cTnI measurement at ⬎6 h). Patients were excluded if
they had a previous presentation during the study period
or were not residents in Scotland.
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CARDIAC TROPONIN I ASSAYS

Fresh EDTA plasma samples were simultaneously measured with both the contemporary cTnI (clinically used)
and hs-cTnI (investigational) assays on the Abbott
ARCHITECT i1000SR or i2000SR analyzers. Only the
hs-cTnI assay data were used for the current study. Sexspecific 99th percentiles cutoffs for the hs-cTnI assay
used were: females 16 ng/L and males 34 ng/L
(12, 17, 18 ). Total imprecision (%CV) (n ⫽ 29 days)
was 5.3% at 15 ng/L (12 ). The hs-cTnI assay has a LoD
of 1.9 ng/L, %CV 20%. An interlaboratory %CV has
been reported to be 12.6% at 3.5 ng/L (18 ).
MYOCARDIAL INJURY AND ISCHEMIA

Myocardial injury was defined as any hs-cTnI concentration above the sex-specific 99th percentile (1 ). All 12lead ECGs in the derivation cohort were interpreted and
coded by an independent expert reviewer (author S.W.
Smith). A normal ECG was defined as an entirely normal
ECG (including those with normal variant ST elevation)
or where there were nondiagnostic ST-T wave abnormalities. Sinus bradycardia, prolonged PR interval, low voltage, right or left atrial hypertrophy, right ventricular conduction delay, and occasional premature atrial beats were
all within normal for the purposes of this study. All ECGs
with atrial fibrillation, sinus tachycardia, high-grade
atrioventricular block, premature ventricular contractions, bundle branch block, intraventricular conduction
delay (above 120 ms), paced rhythm, left ventricular hypertrophy, pathologic Q-waves, ST-segment depression
(horizontal or down-sloping ST depression ⱖ0.05 mV in
2 contiguous leads) (1 ), T-wave inversion (ⱖ0.15 mV in
2 contiguous leads with prominent R wave or R/S ratio
⬎1) (1 ), or ST-elevation were considered abnormal.
Nonspecific ST-T wave abnormalities were slight variations in ST or T that were ⬍1.5 mm of abnormal T-wave
inversion in 2 consecutive leads or up to 0.5-mm ST
depression in 2 consecutive leads or both, or T-wave
flattening.
STUDY OUTCOMES

The diagnostic outcome was acute myocardial injury
during the index hospitalization. The safety outcome was
a composite of AMI or cardiac death at 30 days, including events occurring during the index hospitalization.
STATISTICAL ANALYSES

Categorical variables are shown as percentages. Continuous variables are shown as mean values with correspondent 95% CIs. The 2 test was used to compare categorical measures. ANOVA was used to compare continuous
variables. Negative predictive values (NPVs) and diagnostic sensitivity for acute myocardial injury during the
index hospitalization and 30-day AMI or cardiac death
were determined using the LoD alone or in combination
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with a normal ECG. For the purpose of evaluating the
LoD to rule-out myocardial injury, acute myocardial injury was defined as any increase in hs-cTnI above the
sex-specific 99th percentile during the index hospitalization following an initial hs-cTnI concentration under the
LoD. CIs for diagnostic sensitivity and NPV were calculated using the MedCalc Version 16.2.1. Analyses were
performed for the entire population and for men and
women separately. Statistical significance was at P values
⬍0.05.
Results
A total of 1647 patients were included in the derivation
cohort and 2198 in the external validation cohort. Baseline characteristics according to sex for the derivation and
validation cohorts are shown in Table 1 (also see Table 1
in the Data Supplement that accompanies the online
version of this article at http://www.clinchem.org/content/
63/issue1). In patients with hs-cTnI concentrations
⬍99th percentile at presentation (derivation 81%, validation 73%), acute myocardial injury occurred subsequently in 8.3% and 11.0% of patients in the derivation
and validation cohort, respectively.
In the derivation cohort, 27% (n ⫽ 448) of patients
had hs-cTnI concentrations ⬍LoD at presentation, 54%
(n ⫽ 892) had measurable hs-cTnI concentrations between the LoD and the 99th percentile, and 19% (n ⫽
307) had concentrations above sex-specific 99th percentiles. Women were more likely to have baseline hs-cTnI
concentrations ⬍LoD than men (32% vs 24%, P ⫽
0.005). Both men and women with hs-cTnI concentrations ⬍LoD at presentation were younger and had fewer
comorbidities compared to patients with hs-cTnI concentrations above the LoD (Table 1).
In patients with hs-cTnI concentrations ⬍LoD at
presentation, regardless of ECG findings, the NPV and
diagnostic sensitivity for acute myocardial injury was
99.1% (95% CI, 97.7–99.8) and 99.0% (95% CI, 97.5–
99.7), respectively (Table 2). The NPV for AMI or cardiac death at 30 days was 99.6% (95% CI, 98.4 –100).
Only 4 patients had acute myocardial injury (0.9%,
4/448), of whom 2 had an AMI and none had a cardiac
death at 30 days (0.45%, 2 out of 448) corresponding to
a miss rate of 1 in 224 (see online Supplemental Tables 2
and 3). The 4 patients with false-negative results were
female and the maximum hs-cTnI concentrations for
each of these patients were 36, 38, 42, and 48 ng/L (see
online Supplemental Table 2). In patients with hs-cTnI
concentrations ⬍LoD and a normal ECG (n ⫽ 283,
17%) the NPV and diagnostic sensitivity for acute myocardial injury was 99.6% (95% CI, 98.1–100) and
99.8% (95% CI, 98.6 –100), respectively; with an NPV
for AMI or cardiac death at 30 days of 99.6% (95% CI,
98.1–100).

Among men with baseline hs-cTnI concentrations
⬍LoD (218 out of 922, 24%), the NPV and diagnostic
sensitivity for acute myocardial injury was 100% (95%
CI, 99.3–100) and 100% (95% CI, 98.1–100), respectively. At 30 days, none of these patients had an AMI or
cardiac death; corresponding to an NPV of 100% (95%
CI, 98.3–100) (Table 2). Among women with baseline
hs-cTnI concentrations ⬍LoD (230 out of 725, 32%),
the NPV and diagnostic sensitivity for acute myocardial
injury was 98.3% (95% CI, 95.6 –99.5%) and 98.1%
(95% CI, 95.2–99.5), respectively. At 30 days, 2 out of
230 women with concentrations ⬍LoD had an AMI,
without any cardiac deaths. An hs-cTnI concentration
⬍LoD combined with a normal 12-lead ECG improved
the NPV and diagnostic sensitivity for acute myocardial
injury to 99.3% (95% CI, 96.4 –100) and 99.5% (95%
CI, 97.4 –100), respectively, with an NPV of 99.3%
(95% CI, 96.4 –100) for AMI or cardiac death at 30 days.
In the derivation cohort, 8.2% (n ⫽ 135) were
deemed early presenters (ⱕ2 hours) (Supplemental Table 4). In early presenters, a baseline hs-cTnI under the
LoD yielded a NPV and diagnostic sensitivity for acute
myocardial injury of 97.5% (95% CI 86.8 –99.9) and
97.8% (95% CI 88.5–99.9) respectively, yet when combined a baseline hs-cTnI under the LoD was combined
with a normal ECG, the NPV and diagnostic sensitivity
increased to 100% (95% CI, 84.6 –100) and 100% (95%
CI, 92.3–100), respectively.
In the external validation cohort, 22% (n ⫽ 477) of
patients had hs-cTnI concentrations ⬍LoD at presentation, 51% (n ⫽ 1131) had measurable hs-cTnI concentrations between the LoD and the 99th percentile, and
27% (n ⫽ 590) had concentrations above sex-specific
99th percentiles (see online Supplemental Table 1).
Among patients with hs-cTnI concentrations ⬍LoD at
presentation, regardless of ECG findings, the NPV and
diagnostic sensitivity for acute myocardial injury were
98.8% (95% CI, 97.9 –99.7) and 99.3% (95% CI, 98.7–
99.8), respectively (Table 3). The NPV for AMI or cardiac death at 30 days was 99.1% (95% CI, 98.2–99.8).
For those with hs-cTnI ⬍LoD (n ⫽ 477), 5 had acute
myocardial injury and 4 patients had AMI or cardiac
deaths at 30 days (see online Supplemental Table 5). The
probability of 30-day AMI or cardiac death was 0.8%
(n ⫽ 4/477) corresponding to a miss rate of less than one
in a hundred.
In the validation cohort, 23% (n ⫽ 502) were
deemed early presenters. In comparison to a baseline hscTnI alone, a similar improvement was observed in the
validation cohort, when combining baseline hs-cTnI
⬍LoD with a normal ECG (see online Supplemental
Table 6). Among early presenters with baseline hs-cTnI
⬍LoD, the NPV and diagnostic sensitivity for acute
myocardial injury were 97.5% (95% CI, 94.5–99.8) and
98.8% (95% CI, 97.3–99.9) respectively, with 2 false
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104 (100–107)
276 (62)
176 (39)

Estimated glomerular ﬁltration rate,
mL 䡠 min−1 䡠 (1.73 m2)−1, mean (95% CI)

Chest pain on presentation, n (%)

Shortness of breath on presentation, n (%)

3 (1)

Peripheral vascular disease, n (%)

0.9 (0.8–0.9)

8 (2)

History of atrial ﬁbrillation, n (%)

0.8 (0.7–0.8)

9 (2)

Creatinine, mg/dL, mean (95% CI)

3 (1)

Prior coronary artery bypass graft surgery, n (%)

History of congestive heart failure, n (%)

Baseline hs-cTnI concentration, mean (95% CI)

16 (4)

Prior percutaneous coronary intervention, n (%)

16 (4)

24 (5)

Cerebrovascular disease, n (%)

27 (6)

Prior myocardial infarction, n (%)

0 (0)

12 (3)

121 (27)

99 (22)

199 (44)

50 (13)

<1.9 ng/L,
n = 448

History of coronary artery disease, n (%)

End-stage renal disease on hemodialysis, n (%)

Renal insufﬁciency (nondialysis), n (%)

Dyslipidemia, n (%)

Diabetes mellitus, n (%)

Hypertension, n (%)

Age, years, mean (SD)

Derivation cohort

42 (14)

9 (3)

41 (13)

92 (30)

18 (6)

34 (11)

43 (14)

69 (23)

50 (16)

112 (36)

156 (51)

119 (39)

238 (78)

61 (16)

>99th,
n = 307

364 (41)

447 (50)

85 (82–88)

1.5 (1.4–1.6)

146 (48)

118 (38)

61 (56–66)

3.4 (2.6–4.2)

48 (13)

<1.9 ng/L,
n = 218

0.005

0.005

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.002

1.0 (0.9–1.0)

0.8 (0.7–0.9)

0.19

82 (38)

0.005 129 (59)

<0.001 110 (105–115)

<0.001

8 (4)

1 (1)

5 (2)

5 (2)

1 (1)

7 (3)

16 (7)

16 (7)

0 (0)

5 (2)

59 (27)

48 (22)

<0.001 100 (46)

0.005

P value

8.3 (7.8–8.7) 391 (98–684) <0.001

94 (11)

30 (3)

82 (9)

129 (15)

53 (6)

101 (11)

125 (14)

172 (19)

31 (4)

122 (14)

425 (48)

284 (32)

644 (72)

60 (15)

1.9th–99th,
n = 892

Entire cohort, n = 1647

12 (8)

4 (3)

17 (12)

39 (27)

13 (9)

17 (12)

22 (15)

35 (24)

25 (18)

51 (36)

67 (47)

53 (37)

109 (76)

58 (14)

>34 ng/L,
n = 143

0.05

0.09

<0.001

<0.001

<0.001

<0.001

0.04

<0.001

<0.001

<0.001

<0.001

0.03

<0.001

0.005

P value

227 (40)

284 (51)

89 (85–92)

1.6 (1.4–1.8)

69 (48)

61 (43)

59 (52–66)

4.4 (2.7–6.0)

98 (93–103)

0.8 (0.8–0.9)

0.8 (0.7–0.8)

8 (4)

2 (1)

3 (1)

4 (2)

2 (1)

9 (4)

8 (4)

11 (5)

0 (0)

7 (3)

62 (27)

51 (22)

99 (43)

51 (13)

<1.9 ng/L,
n = 230

0.289

94 (41)

0.093 147 (64)

<0.001

<0.001

9.5 (8.8–10.1) 491.4 (0–1075.2) <0.001

51 (9)

18 (3)

51 (9)

78 (14)

39 (7)

64 (11)

78 (14)

115 (20)

21 (4)

73 (13)

252 (45)

160 (29)

389 (69)

57 (14)

1.9–34 ng/L,
n = 561

Men, n = 922

Table 1. Patient characteristics according to sex and baseline hs-cTnI concentrations in the derivation cohort.

30 (18)

5 (3)

24 (15)

53 (33)

5 (3)

17 (10)

21 (13)

34 (21)

25 (15)

61 (37)

89 (55)

66 (41)

129 (79)

64 (16)

>16 ng/L,
n = 164

0.005

0.13

<0.001

<0.001

0.07

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.002

<0.001

0.005

P value

137 (41)

163 (49)

79 (74–83)

1.4 (1.2–1.6)

77 (47)

57 (35)

63 (55–70)

2.5 (2.0–2.9)

0.605

0.005

<0.001

<0.001

6.3 (5.8–6.7) 301.5 (95.4–507.6) <0.001

43 (13)

12 (4)

31 (9)

51 (15)

14 (4)

37 (11)

47 (14)

57 (17)

10 (3)

49 (15)

173 (52)

124 (38)

255 (77)

65 (15)

1.9–16 ng/L,
n = 331

Women, n = 725

Diagnostic sensitivity,
mean (95% CI)

Diagnostic sensitivity,
mean (95% CI)

99.4 (96.8–100.0)

99.6 (98.1–100.0)

99.8 (98.6–100.0)

99.6 (98.1–100.0)

Baseline hs-cTnI
<1.9 ng/L and normal
ECG (n = 283)

100.0 (95.7–100.0)

100.0 (98.3–100.0)

100.0 (98.1–100.0)

100.0 (99.3–100.0)

Baseline hs-cTnI
<1.9 ng/L (n = 218)

100.0 (95.7–100.0)

100.0 (97.2–100.0)

100.0 (94.1–100.0)

100.0 (97.2–100.0)

Baseline hs-cTnI
<1.9 ng/L and normal
ECG (n = 130)

Men, n = 922

97.7 (91.9–99.7)

99.1 (96.9–99.9)

98.1 (95.2–99.5)

98.3 (95.6–99.5)

Baseline hs-cTnI
<1.9 ng/L (n = 230)

98.8 (93.7–100.0)

99.3 (96.4–100.0)

99.5 (97.4–100.0)

99.3 (96.4–100.0)

Baseline hs-cTnI
<1.9 ng/L and normal
ECG (n = 153)

Women, n = 725

99.3 (98.7–99.8)

Diagnostic sensitivity,
mean (95% CI)

99.1 (98.2–99.8)
99.3 (98.7–99.9)

NPV, mean (95% CI)

Diagnostic sensitivity,
mean (95% CI)

Safety outcome, 30-day acute
myocardial infarction
or cardiac death

98.8 (97.9–99.7)

NPV, mean (95% CI)

Diagnostic outcome, acute
myocardial injury

Validation cohort

Baseline hs-cTnI
≤2 ng/L (n = 477)

99.2 (98.3–100)

99.4 (98.6–100)

99.1 (98.2–99.9)

99.1 (98.2–99.9)

Baseline hs-cTnI
≤2 ng/L and normal
ECG (n = 400)

All, n = 2,198

99.3 (98.4–100)

99.0 (97.7–99.9)

99.4 (98.7–100)

99.0 (97.7–99.9)

Baseline hs-cTnI
≤2 ng/L (n = 239)

99.7 (98.9–100)

99.8 (99.1–100)

99.8 (99.1–100)

99.8 (99.1–100)

Baseline hs-cTnI
≤2 ng/L and normal
ECG (n = 206)

Men, n = 1271

99.1 (98.1–99.9)

99.0 (97.7–99.9)

99.0 (98.0–99.9)

98.5 (97.0–99.8)

Baseline hs-cTnI
≤2 ng/L (n = 238)

98.8 (97.4–99.9)

98.6 (96.8–99.9)

99.0 (97.8–99.9)

98.6 (96.8–99.9)

Baseline hs-cTnI
≤2 ng/L and normal
ECG (n = 194)

Women, n = 927

Table 3. Diagnostic performance of baseline hs-cTnI concentrations below the LoD alone and in combination with an initial normal 12-lead electrocardiogram for ruling out acute
myocardial injury (diagnostic outcome), and a 30-day safety outcome of acute myocardial or cardiac death in the validation cohort.

99.6 (98.4–100.0)
98.8 (95.8–99.9)

NPV, mean (95% CI)

Safety outcome, 30-day acute
myocardial infarction
or cardiac death

99.1 (97.7–99.8)
99.0 (97.5–99.7)

NPV, mean (95% CI)

Diagnostic outcome,
acute myocardial injury

Derivation cohort

Baseline hs-cTnI
<1.9 ng/L (n = 448)

All, n = 1647

Table 2. Diagnostic performance of baseline hs-cTnI concentrations <LoD alone and in combination with an initial normal 12-lead electrocardiogram for ruling out acute myocardial
injury (diagnostic outcome) and a 30-day safety outcome of acute myocardial or cardiac death in the derivation cohort.
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negatives. Yet, a baseline hs-cTnI ⬍LoD at presentation
in combination with a normal ECG yielded an NPV and
diagnostic sensitivity of 99.4% (95% CI, 97.7–100) and
99.5% (95% CI, 98.1–100), respectively, without any
false negative events.
Discussion
Several findings are unique to our large study of consecutive patients undergoing hs-cTnI testing in the ED.
First, we demonstrate that a single hs-cTnI measurement
⬍LoD at presentation rules out acute myocardial injury,
regardless of the underlying etiology and ECG findings,
in 27% of patients, with an NPV and diagnostic sensitivity of ⱖ99%, and a probability of AMI or cardiac
death at 30 days of ⬍0.5%. Second, we show that there
are sex differences in the proportion of patients qualifying for the rule out strategy, with women being more
likely to have hs-cTnI concentrations at presentation
⬍LoD than men. Healthy reference population studies
have demonstrated that women are more likely to have
hs-cTnI concentrations ⬍LoD (19 ). These observations
suggest that studies evaluating low hs-cTn concentrations to rule out myocardial injury should stratify their
analysis by sex. Third, an hs-cTnI concentration below
the LoD at presentation alone was able to rule out acute
myocardial injury with an NPV and diagnostic sensitivity
of 100% in men. Conversely, in women, the NPV and
sensitivity for acute myocardial injury was lower at
98.3% and 98.1%, respectively. In women, the combination of an hs-cTnI concentration ⬍LoD and a normal
ECG improved the NPV to 99.3% and diagnostic sensitivity to 99.5% for acute myocardial injury. While combining hs-cTn with ECG findings improved the rule out
performance in women, it also reduced the proportion of
women ruled out from 32% to 21%. Fourth, in early
presenters, the NPV and diagnostic sensitivity for acute
myocardial injury were suboptimal when using baseline
hs-cTnI alone, yet when combined with a normal ECG,
the NPV and diagnostic sensitivity were shown to be
excellent. Finally, we validated our findings in a large
external cohort, and found similar NPVs and diagnostic
sensitivities (including early presenters), suggesting our
findings are generalizable.
Our purpose of ruling out acute myocardial injury,
rather than focusing solely on AMI, is based on the facts
that (a) patients with myocardial injury have similar or
worse prognosis than patients with AMI (11–14 ), (b) it is
challenging to distinguish whether patients with increased hs-cTn concentrations ⬎99th percentile have
myocardial injury vs type 1 or 2 MI, and (c) clinicians
are concerned about patients with any hs-cTnI increase
due to its prognostic implications, regardless of whether
the ultimate diagnosis is AMI. By expediting the safe
rule-out of acute myocardial injury, which by definition
6
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encompasses all hs-cTn increases ⬎99th percentile regardless of etiology, including AMI, this rule-out strategy
may reduce costs and the need for serial hs-cTn testing,
facilitate early discharge in selected cases, and reduce delays in the evaluation and management of patients with
alternative diagnosis.
From a clinical perspective, it is important to emphasize that our strategy of ruling-out acute myocardial
injury using the LoD intends to identify a subset of patients at low-risk in whom clinical care may be safely
expedited by avoiding lengthy rule-out strategies using
serial hs-cTn testing that are widely used in the US. None
of the strategies using a single hs-cTn are intended to
rule-in disease (such as AMI) and guide therapeutic interventions, but rather to facilitate the rapid identification of patients at low-risk (20 ). To guide specific therapeutic interventions, clinicians still need to define
whether patients with hs-cTn increases ⬎99th percentile
have type 1 or 2 MI or myocardial injury without overt
ischemia related to other cardiac or noncardiac conditions, and integrate the patient’s clinical presentation,
including a careful history and exam, as well as serial cTn
concentration changes (␦) to determine a specific diagnosis and tailor therapies accordingly.
Our study has several strengths. First, we evaluated
hs-cTn testing as used in clinical practice, and hence
included an unselected, heterogeneous population rather
than a narrow, selected, chest pain population. Second,
pending FDA clearance of hs-cTn assays for clinical use,
our findings are both timely and important, with the
derivation cohort typical of a US ED population. Our
large study, including both a US derivation and non-US
external validation cohort, supports the global use of this
approach. Third, by ruling out acute myocardial injury
rather than AMI, we provide an objective, reproducible
endpoint, and avoid the controversy related to the adjudication and classification of AMI. Fourth, all patients,
including both derivation and validation cohorts, required a baseline hs-cTnI measurement at presentation
plus at least one additional measurement, which overcame the possibility of missing myocardial injury, since
not all studies examining a single measurement approach
have obtained serial sampling (6 ).
Several limitations are noted. First, despite observational data supporting the use of sex-specific thresholds
to improve the diagnosis of AMI in women, whether
general vs sex-specific 99th percentiles should be used
with hs-cTnI or hs-cTnT assays remains uncertain
(17, 19 –22 ). However, expert opinions support sexspecific 99th percentiles (21 ). In our study, the 4 false
negative patients were female and the maximum hs-cTnI
concentrations for each of these patients surpassed both
the general (26 ng/L) and sex-specific 99th percentile
(16 ng/L). Second, there are no guidelines or consensus
recommendations addressing what is an acceptable risk
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of missed events (23 ). In our study, a strategy using undetectable hs-cTnI concentrations to rule-out acute myocardial injury and assessing 30-day AMI or cardiac death,
had a miss rate of 0.45% or 1 in 224 in the derivation
cohort and 0.8% or ⬍1 in 100 in the validation cohort.
Third, our observations using one manufacturer’s hscTnI assay (Abbott) cannot be assumed to be transferable
to other hs-cTnI or hs-cTnT assays due to the lack of
assay standardization (24 ). Even for the same Abbott
hs-cTnI assay used in the current study, the low-level
LoD hs-cTn concentration threshold varies from 1.2
(25 ) to 1.9 ng/L (26 ). Fourth, in contrast to the HighSensitivity Troponin in the Evaluation of Patients with
Acute Coronary Syndrome (High-STEACS) study that
consisted of ⬎95% Scottish patients (5,996 out of
6,305) and had a primary outcome focused on type 1
myocardial infarction (18 ), our study represents the
complete UTROPIA study (NCT02060760), which
represents one of the largest cohorts examining a hs-cTn
assay in the US. Of note, a small subset of patients (n ⫽
308) enrolled in UTROPIA served as an external cohort
in High-STEACS. Finally, in the derivation cohort, the
30-day follow-up information including AMI or cardiac
death was obtained by reviewing electronic medical records, Social Security Death Index records, and local
newspaper obituaries. However, similar outcomes were
observed in the validation cohort, which used regional
and national databases to ensure that follow-up was complete for the entire study population, and screened every
hospital admission where cTn was measured.
In conclusion, among unselected patients undergoing hs-cTnI measurements on clinical indication, a single
hs-cTnI concentration ⬍LoD at presentation may facilitate the rule-out of acute myocardial injury, regardless of
the etiology or ECG findings, with an excellent NPV and
diagnostic sensitivity. For patients with hs-cTnI concentrations ⬍LoD at presentation, the probability of AMI or
cardiac death at 30 days is ⬍0.5%. In early presenters and
women, a baseline hs-cTnI under the LoD in combination with a normal ECG provides an excellent rule-out
strategy for myocardial injury. Our novel strategy of rul-

ing out any acute myocardial injury, rather than AMI,
and as tested in a real-life, heterogeneous cohort of patients, may be more practical for clinicians, reduce costs,
expedite patient care, and facilitate early discharge in selected patients.

Author Contributions: All authors confirmed they have contributed to
the intellectual content of this paper and have met the following 3 requirements: (a) significant contributions to the conception and design, acquisition of data, or analysis and interpretation of data; (b) drafting or revising
the article for intellectual content; and (c) final approval of the published
article.
Authors’ Disclosures or Potential Conflicts of Interest: Upon manuscript submission, all authors completed the author disclosure form. Disclosures and/or potential conflicts of interest:
Employment or Leadership: F.S. Apple, Clinical Chemistry, AACC.
Consultant or Advisory Role: Y. Sandoval, Roche Diagnostics; S.W.
Smith, Siemens, Alere, and Roche; N.L. Mills, Abbott Diagnostics, F.S.
Apple, HyTest, Phillips Healthcare Incubator, and Metabonomics
Health.
Stock Ownership: None declared.
Honoraria: A. Shah, A. Anand, A.R. Chapman, and N.L. Miller, Abbott Diagnostics, Roche Diagnostics, Singulex; F.S. Apple, Abbott
POC, and Instrumentation Laboratory.
Research Funding: Derivation cohort (Minneapolis, MN) partially
funded through a grant from Abbott Diagnostics, who had no role in
the design and conduction of the study; collection, management, analysis, and interpretation of the data; and preparation, review, or approval
of the manuscript; and the Minneapolis Medical Research Foundation.
Validation cohort (Edinburgh, UK) funded by the British Heart Foundation (SP/12/10/29922 and PG/15/51/31596), and Senior Clinical
Research Fellowship (FS/16/14/32023); F.S. Apple, Abbott Diagnostics to the institution; and research through Minneapolis Medical Research Foundation (MMRF) (not salaried), Abbott Diagnostics, Roche
Diagnostics, Siemens Healthcare, Alere, Ortho-Clinical Diagnostics,
Beckman Coulter, Trinity, Nanomix, and Becton Dickinson.
Expert Testimony: None declared.
Patents: None declared.
Role of Sponsor: The funding organizations played no role in the
design of study, choice of enrolled patients, review and interpretation of
data, and final approval of manuscript.
Acknowledgments: Dr. Fred S. Apple had full access to all the data in
the study and takes responsibility for the integrity of the data and the
accuracy of the data analysis.

References
1. Thygesen K, Alpert JS, Jaffe AS, Simoons ML, Chaitman
BR, White HD, et al. Third universal deﬁnition of myocardial infarction. J Am Coll Cardiol 2012;60:1581–98.
2. Makam AN, Nguyen OK. Use of cardiac biomarker testing in the emergency department. JAMA Intern Med
2015;175:67–75.
3. Canto JG, Shlipak MG, Rogers WJ, Malmgren JA, Frederick PD, Lambrew CT, et al. Prevalence, clinical characteristics, and mortality among patients with myocardial
infarction presenting without chest pain. JAMA 2000;
283:3223–9.
4. Freas GC. Medicolegal aspect of acute myocardial infarction. Emerg Med Clin North Am 2001;19:511–21.
5. 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;
58:1332–9.
6. Bandstein N, Ljung R, Johansson M, Holzmann MJ. Undetectable high-sensitivity cardiac troponin T level in
the emergency department and risk of myocardial infarction. J Am Coll Cardiol 2014;63:2569 –78.
7. Reichlin T, Hochholzer W, Bassetti S, Steuer S, Stelzig C,
Hartwiger S, et al. Early diagnosis of myocardial infarction with sensitive cardiac troponin assays. N Engl J Med
2009;361:858 – 67.
8. Thelin J, Melander O, Öhlin B. Early rule-out of acute
coronary syndrome using undetectable levels of high

sensitivity cardiac troponin T. Eur Heart J Acute Cardiovasc Care 2015;4:403–9.
9. Reichlin T, Schindler C, Drexler B, Twerenbold R, Reiter
M, Zellweger C, et al. One-hour rule-out and rule-in of
acute myocardial infarction using high-sensitivity cardiac troponin T. Arch Intern Med 2012;172:1211– 8.
10. Body R, Burrows G, Carley S, Cullen L, Than M, Jaffe AS,
Lewis PS. High-sensitivity cardiac troponin T concentrations below the limit of detection to exclude acute myocardial infarction: a prospective evaluation. Clin Chem
2015;61:983–9.
11. Sandoval Y, Thordsen SE, Smith SW, Schulz KM, Murakami MM, Pearce LA, Apple FS. Cardiac troponin
changes to distinguish type 1 and type 2 myocardial

Clinical Chemistry 63:1 (2017) 7

12.

13.

14.

15.

16.

8

infarction and 180-day mortality risk. Eur Heart J Acute
Cardiovasc Care 2014;3:317–25.
Sandoval Y, Smith SW, Schulz KM, Murakami MM, Love
SA, Nicholson J, Apple FS. Diagnosis of type 1 and type 2
myocardial infarction using a high-sensitivity cardiac troponin I assay with sex-speciﬁc 99th percentiles based on
the third universal deﬁnition of myocardial infarction classiﬁcation system. Clin Chem 2015;61:657– 63.
Sarkisian L, Saaby L, Poulsen TS, Gerke O, Jangaard N,
Hosbond S, et al. Clinical characteristics and outcomes
of patients with myocardial infarction, myocardial injury and non-elevated troponins. Am J Med 2016;129:
446.e5– 446.e21.
Shah AS, McAllister DA, Mills R, Lee KK, Churchhouse
AM, Fleming KM, et al. Sensitive troponin assay and the
classiﬁcation of myocardial infarction. Am J Med 2015;
128:493–501.
AlpertJS,ThygesenKA,WhiteHD,JaffeAS.Diagnosticand
therapeutic implications of type 2 myocardial infarction:
review and commentary. Am J Med 2014;127:105– 8.
Sandoval Y, Smith SW, Thordsen SE, Apple FS. Supply/
demand type 2 myocardial infarction. J Am Coll Cardiol

Clinical Chemistry 63:1 (2017)

2014;63:2079 – 87.
17. 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:
prospective cohort study. BMJ 2015;350:g7873.
18. Shah AS, 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– 8.
19. Kimenai DM, Henry RM, van der Kallen CJ, Dagnelie
PC, Schram MT, Stehouwer CD, et al. Direct comparison
of clinical decision limits for cardiac troponin T and I.
Heart 2016;102:610 –16.
20. Sandoval Y, Smith SW, Apple FS. Present and future of
cardiac troponin in clinical practice: a paradigm shift to
high sensitivity assays. Am J Med 2016;129:354 – 65.
21. Apple FS, Jaffe AS, Collinson P, Mockel M, OrdonezLlanos J, Lindahl B, et al. IFCC educational materials on
selected analytical and clinical applications of high sensitivity cardiac troponin assays. Clin Biochem 2015;48:
201–3.
22. Sandoval Y, Apple FS. The global need to deﬁne

23.

24.

25.

26.

normality: the 99th percentile value of cardiac troponin.
Clin Chem 2014;60:455– 62.
Than M, Herbert M, Flaws D, Cullen L, Hess E, Hollander
JE, et al. What is an acceptable risk of major adverse
cardiac event in chest pain patients soon after discharge from the emergency department?: a clinical survey. Int J Cardiol 2013;166:752– 4.
Apple FS, Collinson PO, on behalf of the IFCC Task Force
on Clinical Applications of Cardiac Biomarkers. Analytical characteristics of high-sensitivity cardiac troponin
assays. Clin Chem 2012;58:54 – 61.
Carlton E, Greenslade J, Cullen L, Body R, Than M,
Pickering JW, et al. Evaluation of high-sensitivity
cardiac troponin I levels in patients with suspected
acute coronary syndrome. JAMA Cardiol 2016;1:
405–12.
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