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Cardiac Troponin Thresholds and Kinetics to
Differentiate Myocardial Injury and Myocardial
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BACKGROUND: Although the 99th percentile is the recommended diagnostic threshold for myocardial infarction, some
guidelines also advocate the use of higher troponin thresholds to rule in myocardial infarction at presentation. It is
unclear whether the magnitude or change in troponin concentration can differentiate causes of myocardial injury and
infarction in practice.

METHODS: In a secondary analysis of a multicenter randomized controlled trial, we identified 46092 consecutive patients
presenting with suspected acute coronary syndrome without ST-segment—elevation myocardial infarction. High-sensitivity
cardiac troponin | concentrations at presentation and on serial testing were compared between patients with myocardial
injury and infarction. The positive predictive value and specificity were determined at the sex-specific 99th percentile upper
reference limit and rule-in thresholds of 64 ng/L and 5-fold of the upper reference limit for a diagnosis of type 1 myocardial
infarction.

RESULTS: Troponin was above the 99th percentile in 8188 patients (18%). The diagnosis was type 1 or type 2 myocardial
infarction in 50% and 14% and acute or chronic myocardial injury in 20% and 16%, respectively. Troponin concentrations
were similar at presentation in type 1 (median [25th—=75th percentile] 91 [30-493] ng/L) and type 2 (50 [22-147] ng/L)
myocardial infarction and in acute (60 [26-134] ng/L) and chronic (61 [31-130] ng/L) myocardial injury. The 99th
percentile and rule-in thresholds of 64 ng/L and 5-fold upper reference limit gave a positive predictive value of 57% (95%
Cl, 56%-58%), 59% (58%-61%), and 62% (60%—64%) and a specificity of 96% (96%—-96%), 96% (96%—-96%), and
98% (97%-98%), respectively. The absolute, relative, and rate of change in troponin concentration were highest in patients
with type 1 myocardial infarction (F<0.001 for all). Discrimination improved when troponin concentration and change in
troponin were combined compared with troponin concentration at presentation alone (area under the curve, 0.661 [0.642—
0.680] versus 0.613 [0.594-0.633]).

CONCLUSIONS: Although we observed important differences in the kinetics, cardiac troponin concentrations at presentation
are insufficient to distinguish type 1 myocardial infarction from other causes of myocardial injury or infarction in practice and
should not guide management decisions in isolation.
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Clinical Perspective

What Is New?

* In 46092 consecutive patients with suspected
acute coronary syndrome, we evaluated the perfor-
mance of the 99th percentile rule-in threshold and
thresholds of 64 ng/L and 5 times the upper ref-
erence limit for the diagnosis of type 1 myocardial
infarction.

» Troponin concentrations at presentation have a
low positive predictive value for type 1 myocardial
infarction, and a threshold 50 times the upper refer-
ence limit is required to achieve a positive predic-
tive value >709%.

» Change in troponin on serial testing only marginally
improves positive predictive value for type 1 myo-
cardial infarction over presenting troponin alone
(area under curve, 0.661 [0.642-0.680] versus
0.613 [0.594-0.633]).

What Are the Clinical Implications?

e Troponin concentrations at presentation are insuf-
ficient to distinguish type 1 myocardial infarction
from other causes of myocardial injury or infarc-
tion and should not be used in isolation to guide
management decisions in patients with suspected
acute coronary syndrome.

Nonstandard Abbreviations and Acronyms

High-STEACS High-Sensitivity Troponin in the
Evaluation of Patients With Sus-
pected Acute Coronary Syndrome

positive predictive value
upper reference limit

PPV
URL

Universal Definition of Myocardial Infarction rec-
ommends cardiac troponin testing and the 99th
percentile upper reference limit (URL) as the diagnos-
tic threshold for myocardial infarction.! In practice, there
are many causes of troponin elevation, with about half of
all increases attributable to conditions other than type 1
myocardial infarction.2”® Nonetheless, the early differen-
tiation between types of myocardial infarction and acute
or chronic nonischemic myocardial injury is important
because the immediate management of these conditions
differs.” """ Prompt treatment with antiplatelet agents,
anticoagulation, and coronary revascularization is recom-
mended in type 1 myocardial infarction, whereas these
may not be indicated in type 2 myocardial infarction or
myocardial injury and may be contraindicated®'
Alternative thresholds above the 99th percentile have
been proposed to improve the positive predictive value

To promote the adoption of common standards, the
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(PPV) and specificity of troponin for type 1 myocardial
infarction.”"'*""® The European Society of Cardiology
guidelines propose the use of rule-in thresholds above
the 99th percentile to guide admission to cardiology and
coronary angiography."" These rule-in thresholds and
those b times the URL are purported to give a PPV of
at least 70% and 90%, respectively.'’ They were derived
in selected patients with chest pain, but, in practice, tro-
ponin testing is applied more widely to evaluate patients
with suspected acute coronary syndrome presenting
with a broader range of symptoms.3'” Guidelines also
recommend serial testing with a rise or fall in cardiac
troponin needed to confirm the diagnosis of myocardial
infarction."'®""'® However, patients with type 2 myocar-
dial infarction and acute nonischemic myocardial injury
also have dynamic changes in troponin concentration on
serial testing.’®2" It is unclear whether rule-in thresholds
or troponin kinetics can reliably differentiate between
types of myocardial infarction or between myocardial
injury and infarction in clinical practice.??

We aimed to evaluate the performance of recom-
mended cardiac troponin thresholds to rule in the diag-
nosis of type 1 myocardial infarction at presentation. We
also aimed to determine whether the kinetics of cardiac
troponin differs sufficiently to discriminate between myo-
cardial injury and infarction.

METHODS

Transparency and Openness Promotion

The High-STEACS trial (High-Sensitivity Troponin in the
Evaluation of Patients With Suspected Acute Coronary
Syndrome) makes use of multiple routine electronic health care
data sources that are linked, deidentified, and held in a national
safe haven that is accessible by approved individuals who have
undertaken the necessary governance training. Summary data
and the analysis code can be made available on request from
the corresponding author.

Study Population and Trial Design

High-STEACS is a stepped-wedge cluster randomized con-
trolled trial that evaluated the implementation of a high-sen-
sitivity cardiac troponin | assay in consecutive patients with
suspected acute coronary syndrome across 10 secondary
and tertiary care hospitals in Scotland. A detailed description
of this trial has been reported elsewhere,? but in summary, all
patients attending the emergency department were screened
for suspected acute coronary syndrome by the attending clini-
cian at the time cardiac troponin was requested with the use
of an electronic form integrated into the clinical care pathway.
Patients were eligible for inclusion if they presented with sus-
pected acute coronary syndrome and had paired cardiac tro-
ponin measurements from the standard care and trial assay.
Patients were excluded if they had been admitted previously
during the trial period or were not residents of Scotland. In
this analysis, we excluded patients with ST-segment—elevation
myocardial infarction,?* those for whom troponin concentration
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at presentation was missing, or patients for whom the adjudica-
tors were unable to arrive at a consensus for the final diagnosis.

Measurement of Cardiac Troponin

Cardiac troponin testing was performed at presentation to hos-
pital and was repeated 6 or 12 hours after the onset of symp-
toms at the discretion of the attending physician in accordance
with national guidelines.?>?% All patients had troponin measured
with a high-sensitivity cardiac troponin | assay (ARCHITECT .
high-sensitive troponin | assay; Abbott Laboratories, Abbott
Park, IL). This assay has an interassay coefficient of variation
of <10% at 4.7 ng/L and a limit of detection of 1.2 and 1.9
ng/L. For consistency with prior studies, we defined the limit of
detection as any concentration <2 ng/L, and for the purpose
of this analysis, we assigned concentrations below the limit of
detection a value of 1.0 ng/L.?"?8 The assay has a 99th percen-
tile URL of 26 ng/L, with sex-specific thresholds of 34 and 16
ng/L in men and women, respectively.?93°

Diagnostic Adjudication

All patients with any high-sensitivity cardiac troponin | concen-
tration above the sex-specific 99th percentile were adjudicated
and classified according to the Fourth Universal Definition of
Myocardial Infarction." Two physicians independently reviewed
all clinical information, with discordant diagnoses resolved by
a third physician. Type 1 myocardial infarction was defined
as myocardial necrosis (any high-sensitivity cardiac troponin
| concentration above the sex-specific 99th percentile with a
rise or fall in troponin when serial testing was performed) in
the context of a presentation with suspected acute coronary
syndrome and symptoms or signs of myocardial ischemia on
the ECG. Patients with myocardial necrosis, symptoms or signs
of myocardial ischemia, and evidence of myocardial oxygen
supply-demand imbalance secondary to an alternative condi-
tion without evidence of acute atherothrombosis were clas-
sified as having type 2 myocardial infarction.?' Patients with
elevated troponin concentrations without symptoms or signs
of myocardial ischemia were classified as having nonischemic
myocardial injury. All nonischemic myocardial injury was classi-
fied as acute unless troponin concentrations changed <20%
on serial testing in accordance with the universal definition or if
the adjudicated diagnosis was chronic heart failure or chronic
renal failure, for which the classification was chronic myocardial
injury. A detailed summary of the adjudication procedures is
provided in the Data Supplement.

Ethics Approval

The study was approved by the Scotland A Research Ethics
Committee, by 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, deidentified, and linked within secure
National Health Service Safe Havens.

Patient and Public Involvement

Patients and lay representatives were members of the steering
committee for the trial and all related studies and were involved
in the design, conduct, and approval of the High-STEACS trial.
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Statistical Analysis

Baseline characteristics were summarized for the study pop-
ulation and in groups according to the diagnostic classifica-
tion: type 1 myocardial infarction, type 2 myocardial infarction,
acute myocardial injury, chronic myocardial injury, and no myo-
cardial injury. Group-wise comparisons were performed with
%% Kruskal-Wallis, or 1-way ANOVA tests as appropriate. We
constructed confusion matrices and calculated the PPV and
specificity for type 1 myocardial infarction of a high-sensitivity
cardiac troponin | concentration at presentation above the uni-
form 99th percentile (26 ng/L), sex-specific 99th percentile
(16 ng/L in women, 34 ng/L in men), guideline-recommended
rule-in threshold of 64 ng/L, and 3-fold and 5-fold URL
thresholds (78 and 130 ng/L, respectively). From prior litera-
ture, we also determined the cardiac troponin concentration at
presentation that met a prespecified PPV of 75%:.3' We calcu-
lated the 95% CI using a bayesian approach by sampling from
a binomial likelihood with noninformative Jeffreys prior (both
B-distribution shape parameters equal to 0.5). In a sensitivity
analysis, we evaluated the PPV and specificity in patients for
whom the primary presenting symptom recorded by the attend-
ing clinician was chest pain.

In patients with serial sampling within 12 hours of presenta-
tion, we used linear mixed-effects modeling with random slopes
and intercepts to evaluate the relationship among symptom
onset, troponin, and change in troponin concentration. Nonlinear
associations were evaluated by adding a second-order polyno-
mial term for time to the model. We have compared the models
with and without a quadratic term for time, and the final model
was chosen according to the lowest Akaike information criteria.
To illustrate the kinetics of cardiac troponin across the groups,
we developed additional models for each diagnostic classifica-
tion. In each of these models, we included type 2 myocardial
infarction or acute or chronic myocardial injury as a fixed effect,
with type 1 myocardial infarction as the reference group. To
evaluate whether relative or absolute change in troponin on
serial testing improves discrimination for type 1 myocardial
infarction over troponin concentration at presentation alone,
we used logistic regression and compared the area under the
receiver-operating characteristic curve. We evaluated models
that incorporated relative and absolute changes as continuous
measures and absolute and relative delta values of 15 ng/L
and 20% as recommended in international guidelines.’®'" All
analyses were performed in R (version 3.5.1).

RESULTS

The analysis population comprised 46092 of the
48242 patients enrolled in the trial after exclusion of
those with ST-segment—elevation myocardial infarction
(n=925), those for whom the diagnosis could not be
adjudicated (n=1241), and those with missing troponin
concentrations at presentation (n=24; Figure | in the
Data Supplement).

Cardiac troponin concentrations were above the sex-
specific 99th percentile URL in 8188 (18%) patients. The
adjudicated diagnosis was type 1 myocardial infarction
in 50% (n=4064), type 2 myocardial infarction in 14%
(n=1116), acute myocardial injury in 20% (n=1676), and
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chronic myocardial injury in 16% (n=1287) of patients
(Table 1). Patients with type 1 myocardial infarction were
younger and more likely to be men than those with type
2 myocardial infarction or acute and chronic myocardial
injury. Chest pain was the primary presenting symptom
in 90% of patients with type 1 myocardial infarction
(3315 of 3692) and 73% of those with type 2 myo-
cardial infarction (744 of 1026) but was less common

Troponin Release Kinetics

in patients with acute (38%, 569 of 1495) or chronic
(49%, 559 of 1131) myocardial injury.

Troponin Concentrations at Presentation in
Myocardial Injury and Infarction

At presentation, troponin concentrations were similar
in type 1 (median [25th=75th percentile] 91 [30-493]

Table 1. Baseline Characteristics of the Study Population Stratified by Adjudicated Diagnosis of Myocardial Injury or
Infarction
Type 1 myocar- | Type 2 myocar- | Acute myocar- Chronic myocar- | No myocardial
Variable All participants dial infarction dial infarction dial injury dial injury injury
No. of participants 46092 4064 1116 1676 1287 37904
Age, y 61.0 (49.0-75.0) | 69.0 (58.0-80.0) | 77.0 (67.0-84.0) 78.0 (68.0-86.0) | 78.0 (65.5-85.0) | 58.0 (47.0-71.0)
Male, n (%) 24433 (53.0) 2371 (58.3) 500 (44.8) 664 (39.6) 536 (41.6) 20341 (563.7)
Presenting symptoms, n (%)*
Chest pain 33319 (81.6) 3315 (89.8) 744 (72.5) 569 (38.1) 559 (49.4) 28091 (84.0)
Dyspnea 1977 (4.8) 146 (4.0) 116 (11.3) 372 (24.9) 235 (20.8) 1107 (3.3)
Other 20083 (4.9) 151 (4.1) 61 (5.9) 217 (14.5) 116 (10.3) 1458 (4.4)
Palpitation 1213 (3.0) 15 (0.4) 67 (6.5) 97 (6.5) 42 (3.7) 991 (3.0)
Syncope 2332 (5.7) 65 (1.8) 38 (3.7) 240 (16.1) 179 (15.8) 1808 (5.4)
Medical history, n (%)
Coronary artery disease 11349 (24.6) 1408 (34.6) 454 (40.7) 509 (30.4) 492 (38.2) 8444 (22.3)
Myocardial infarction 4003 (8.7) 619 (15.2) 163 (14.6) 161 (9.6) 205 (15.9) 2832 (7.5)
Diabetes 3274 (7.1) 708 (17.4) 147 (13.2) 208 (12.4) 164 (12.7) 2039 (5.4)
Cerebrovascular disease 2732 (5.9) 323 (8.0) 135 (12.1) 192 (11.5) 167 (13.0) 1914 (5.1)
Hypercholesterolemia 18412 (39.9) 2105 (51.8) 631 (56.5) 852 (50.8) 686 (53.3) 14092 (37.2)
Heart failure 3908 (8.5) 682 (16.8) 291 (26.1) 410 (24.5) 363 (28.2) 2155 (5.7)
Abnormal renal function 8398 (18.7) 1246 (31.2) 536 (49.0) 855 (52.6) 642 (51.6) 5112 (13.9)
Previous revascularization, n (%)
Percutaneous coronary intervention | 3543 (7.7) 446 (11.0) 97 (8.7) 94 (5.6) 128 (9.9) 2743 (7.2)
Coronary artery bypass grafting 747 (1.6) 101 (2.5) 32 (2.9) 45 (2.7) 34 (2.6) 534 (1.4)
ECG, n (%)t
Normal 2522 (37.3) 1519 (43.2) 201 (19.6) 400 (34.3) 363 (36.8)
Myocardial ischemia 1740 (25.7) 1152 (32.8) 379 (36.9) 112 (9.6) 75 (7.6)
ST-segment depression 1185 (17.5) 752 (21.4) 278 (27.0) 87 (7.5) 56 (5.7)
ST-segment elevation 243 (3.6) 129 (3.7) 31 (3.0) 38 (3.3) 40 (4.1)
T-wave inversion 1191 (17.6) 733 (20.8) 166 (16.1) 128 (11.0) 148 (15.0)
Observations, hematology, and clinical chemistry
Systolic blood pressure, mmHg 139.4 (28.9) 143.3 (27.3) 132.4 (29.9) 135.7 (31.2) 137.4 (28.6) 1375 (23.3)
Heart rate, bpm 85.9 (26.4) 78.3 (18.9) 104.8 (35.1) 94.2 (29.2) 84.6 (23.9) 77.2 (25.3)
Hemoglobin, g/L 1372 (18.2) 135.5 (19.7) 127.8 (25.3) 129.7 (21.6) 128.5 (20.6) 138.2 (17.2)
Presentation troponin, ng/L 3.0 91.0 49.5 50.0 51.1 2.2 (1.0-5.1)
(1.2-10.6) (30.2-492.5) (22.0-147.2) (25.5-134.2) (30.5-130.3)
Peak troponin, ng/L 3.6 538.4 123.8 74.0 55.2 2.6 (1.0-6.0)
(1.4-12.4) (85.0-3584.9) (48.1-599.7) (37.1-307.1) (34.1-144.7)

Values are presented as mean+SD or median (25th-75th percentile) as appropriate. ... indicates not applicable.
*Presenting symptoms are reported for the 87% (40844/46 092) of patients for whom primary symptom data were available.

tElectrocardiographic data reported for the 82% (6739 of 8188) patients with myocardial infarction or myocardial injury who had electrocardiographic data

available.

Circulation. 2021;144:528-538. DOI: 10.1161/CIRCULATIONAHA.121.0564302

August 17,2021 531

(—]
=
o
—
==
—
=
m
ow
m
==
=
(]
==




=
]
=
==
L
7]
Ll
==
—l
=
=
=
o=
=]

120z ‘T Jequieides uo Aq Bio'sfeulnofeye//:dny wouy papeoumoq

Wereski et al

ng/L) and type 2 (60 [22-147] ng/L) myocardial infarc-
tion and in acute (50 [26—134] ng/L) and chronic (51
[31-130] ng/L) myocardial injury (Figure 1 and Table 1).
A troponin concentration above the uniform 99th per-
centile at presentation gave a PPV of 48% and specific-
ity of 929% for type 1 myocardial infarction (Table 2). The
sex-specific 99th percentile of 16 ng/L in women gave a
PPV and specificity of 39% and 89%, whereas the sex-
specific 99th percentile of 34 ng/L in men gave a PPV
and specificity of 56% and 93%, respectively. The rule-
in threshold of 64 ng/L and 5-fold URL threshold gave
PPVs of 57% and 62%, respectively, with specificities of
96% and 97% (Figure 2). To achieve a PPV of 75%, a
rule-in threshold of 1303 ng/L was required, whereas no
threshold gave a PPV of 290%.

In a sensitivity analysis restricted to 82% (33319
of 40844) of patients in whom the primary presenting
symptom was chest pain (Table | in the Data Supple-
ment), the PPV and specificity for type 1 myocardial
infarction at the rule-in threshold of 64 ng/L were
72% and 98%, respectively (Table 2). The 5-fold URL
threshold gave a PPV of 75% and a specificity of
99%. A rule-in threshold of 119 ng/L gave a PPV of
75%, but no threshold achieved a PPV of 90% in this
population (Figure 2).

Troponin Kinetics in Myocardial Injury and
Infarction

Serial troponin testing within 12 hours of presentation
was performed in 4187 patients (519%) with concentra-
tions above the sex-specific 99th percentile. The time
from symptom onset to initial troponin sampling was

@ TypelMl
Type 2 ML

@ Acute myocardial injury
Chronic myocardial injury

Density

5 50 500 5,000
Presentation troponin (ng/L)

50,000

Figure 1. High-sensitivity cardiac troponin | concentrations
at presentation in patients with myocardial injury and
infarction.

Kernel density plot of presentation troponin concentration stratified
by the adjudicated diagnosis: type 1 myocardial infarction (MI;

red), type 2 Ml (yellow), acute myocardial injury (blue), and chronic
myocardial injury (gray).
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similar in patients with type 1 and type 2 myocardial
infarction and acute myocardial injury (240 [180-420]
minutes) but was longer in patients with chronic myo-
cardial injury (300 [180-780] minutes). The rate of
change in troponin within 12 hours of presentation was
highest in patients with type 1 myocardial infarction
compared with those with type 2 myocardial infarction
and acute or chronic myocardial injury (F<0.001 for all;
Figure 3). The absolute change in troponin concentra-
tion differed in patients with type 1 myocardial infarc-
tion (177 [21-1929] ng/L) compared with those with
type 2 myocardial infarction (46 [10-365] ng/L), acute
nonischemic myocardial injury (67 [17-384] ng/L), and
chronic myocardial injury (6 [2-22] ng/L; A<0.001 for
all; Figure 4). The relative change in troponin concentra-
tion also differed between patients with type 1 myocar-
dial infarction (231% [31%-1602%]) compared with
those with type 2 myocardial infarction (105% [22%-—
656%]), acute nonischemic myocardial injury (129%
[45%-5349%]), and chronic myocardial injury (12%
[6%—-24%]; P<0.001 for all).

Combining troponin concentration at presentation
with an absolute change in troponin on serial testing
of 215 ng/L or relative change of 220% improved dis-
crimination for type 1 myocardial infarction compared
with troponin concentration at presentation alone
(0.646 [0.627-0.666] and area under the receiver
operating characteristic curve, 0.661 [0.642-0.680],
respectively, versus 0.613 [0.5694-0.633]; Figure Il in
the Data Supplement).

DISCUSSION

In consecutive patients with suspected acute coronary
syndrome, we evaluated whether troponin concentra-
tions at presentation or their kinetics differed sufficiently
to discriminate between myocardial injury and infarction.
We report a number of observations that are relevant to
practice. First, troponin concentrations at presentation
are similar in patients with myocardial injury and those
with infarction regardless of the diagnostic classifica-
tion. Second, the use of recommended rule-in thresholds
above the 99th percentile provides only marginal im-
provements in the PPV and specificity for type 1 myocar-
dial infarction. Troponin thresholds >1000 ng/L would be
required to achieve a PPV of >75%. Third, the magnitude
and rate of change of troponin can help differentiate type
1 from type 2 myocardial infarction and acute or chronic
myocardial injury. Although we observed important dif-
ferences in troponin kinetics, the troponin concentra-
tion at presentation provides only limited discrimination
between type 1 myocardial infarction and other causes
of myocardial injury or infarction. Clinical context may be
more helpful than any given rule-in threshold to guide the
triage and initial management of patients with suspected
acute coronary syndrome in practice.

Circulation. 2021;144:528-538. DOI: 10.1161/CIRCULATIONAHA.121.0564302
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Table 2. Diagnostic Performance of Cardiac Troponin Concentration at Presentation in All Patients With Suspected Acute
Coronary Syndrome and in Those With a Primary Symptom of Chest Pain

PPV, % (95% CI)

NPV, % (95% CI)

Sensitivity, %
(95% Cl)

Specificity, %
(95% ClI)

479 (46.7-49.1)

97.8 (97.6-97.9)

78.5 (77.2-79.8)

91.8 (91.5-92.0)

55.6 (63.9-57.3)

97.7 (97.4-97.9)

79.2 (77.6-80.9)

93.2 (92.9-93.5)

39.3 (37.8-40.9)

98.7 (98.5-98.9)

86.5 (84.87-88.0)

88.7 (88.3-89.1)

57.1 (55.6-58.6)

95.8 (95.6-96.0)

56.8 (55.3-58.3)

95.9 (95.7-96.1)

59.1 (57.56-60.7)

95.5 (95.3-95.7)

53.2 (561.6-54.7)

96.4 (96.3-96.6)

62.1 (60.3-63.9)

94.7 (94.5-94.9)

43.3 (41.8-44.8)

97.5 (97.3-97.6)

62.3 (60.8-63.7)

97.5 (97.3-97.7)

77.7 (76.3-79.1)

94.8 (94.5-95.0)

68.7 (66.7-70.6)

97.4 (97.1-97.6)

78.6 (76.8-80.4)

95.7 (95.3-96.0)

54.1 (52.0-56.2)

98.5 (98.3-98.7)

85.7 (83.8-87.5)

92.9 (92.5-93.3)

71.6 (69.8-73.3)

95.2 (95.0-95.5)

55.7 (564.0-57.4)

97.6 (97.4-97.7)

73.2 (71.4-75.0)

94.9 (94.6-95.1)

52.1 (50.4-53.8)

97.9 (97.7-98.1)

True pos- | False pos- | True nega- | False neg-
Threshold itives, n itives, n tives, n atives, n
All suspected acute coronary syndrome (n=46 068)
Uniform 99th 26 ng/L 3191 3466 38562 873
percentile
Sex-specific 34 ng/L 1876 1500 20569 492
99th percentile | (men)
16 ng/L 1463 2256 17703 230
(women)
Rule-in* 64 ng/L 2308 1734 40294 1756
3 times URL 78 ng/L 2161 1494 40534 1903
5 times URL 130 ng/L | 1760 1073 40955 2304
Primary symptom of chest pain (n=33308)
Uniform 99th 26 ng/L 2577 1562 28442 738
percentile
Sex-specific 34 ng/L 1531 698 156323 416
99th percentile | (men)
16 ng/L 1172 993 12990 195
(women)
Rule-in* 64 ng/L 1847 733 29271 1468
3 times URL 78 ng/L 1727 632 29372 1588
5 times URL 130ng/L | 1388 447 29557 1927

75.6 (73.6-77.6)

93.9 (93.6-94.1)

41.9 (40.2-43.6)

98.5 (98.4-98.6)

NPV indicates negative predictive value; PPV, positive predictive value; and URL, upper reference limit.
*Rule-in threshold recommended in the European Society of Cardiology 0/1-hour and 0/2—hour early rule-out and rule-in algorithms.'!

In contrast with the previous generation of cardiac tro-
ponin assays, high-sensitivity assays are able to precisely
measure troponin at very low concentrations. Acceler-
ated diagnostic pathways that harness this enhanced
precision to enable earlier decisions to rule out and rule
in myocardial infarction are now used widely around the
world and have been recommended by international
guidelines."'923 The diagnostic performance of these
pathways has been validated in multiple observational
studies,'®34738 and the effectiveness and safety of ruling
out myocardial infarction earlier have been demonstrated
in randomized controlled trials.3%*° However, the only prior
randomized trial to evaluate the effectiveness of applying
the 99th percentile to rule in myocardial infarction did
not demonstrate better outcomes.*’

The major advantage of accelerated diagnostic path-
ways using high-sensitivity cardiac troponin testing
is that they improve confidence to rule out myocardial
infarction and to reduce the need for admission to hos-
pital.2*3940 However, the use of lower thresholds to diag-
nose myocardial infarction has identified more patients
with elevated cardiac troponin concentrations attribut-
able to other conditions.?%° Therefore, thresholds above
the 99th percentile have been proposed to improve the
specificity and PPV and to accelerate the rule-in of myo-
cardial infarction. Assay-specific rule-in thresholds are
recommended by the European Society of Cardiology
practice guidelines, which also advocate that patients
with troponin concentrations above these thresholds

Circulation. 2021;144:528-538. DOI: 10.1161/CIRCULATIONAHA.121.0564302

at presentation be triaged to a coronary care unit and
undergo coronary angiography.'' However, the perfor-
mance of these rule-in thresholds has not been evalu-
ated in clinical practice, where testing is often performed
in a broader group of patients. Our findings are consistent
with the concept that underpins these recommendations:
the higher the troponin concentration at presentation,
the higher the likelihood of type 1 myocardial infarction.
However, the PPV of the rule-in threshold was 57%,
considerably lower than the 77% and 70% reported in
the derivation and validation of this rule-in threshold.*
Our observations are consistent with a recent study-level
meta-analysis that reported that the PPV of the rule-in
component of a multithreshold O/ 1—hour pathway using
a high-sensitivity cardiac troponin T assay was 51%.%
However, this was not a patient-level analysis, and the
performance of the rule-in threshold in isolation was not
reported. When our patient population was restricted to
the 33308 patients presenting with a primary symptoms
of chest pain to enable direct comparison with those
studies in which the rule-in threshold was defined, we
observed a substantial improvement in the PPV to 72%.
Taken together, these observations highlight the impor-
tance of interpreting cardiac troponin in context and the
merits of evaluating the performance of diagnostic tests
in the population in which they are applied in practice.

In consecutive patients with suspected acute coro-
nary syndrome, half of all patients with a concentration
of troponin above the sex-specific 99th percentile had
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Figure 2. Positive predictive value of high-sensitivity cardiac troponin | concentration at presentation for a diagnosis of type 1

myocardial infarction.

Positive predictive value and 95% Cls of high-sensitivity cardiac troponin | concentration at presentation for type 1 myocardial infarction in all
patients with suspected acute coronary syndrome (blue) and in those with a primary symptom of chest pain (red). Dotted lines illustrate the
positive predictive value of the uniform 99th percentile and 5-fold upper reference limit (URL).

a diagnosis of type 2 myocardial infarction or acute and
chronic nonischemic myocardial injury. Our findings are
consistent with those from the BACC study (Biomark-
ers in Acute Cardiac Care) in which just 29% of patients
with an elevated cardiac troponin T concentration had a
diagnosis of type 1 myocardial infarction.** Although we
observed that troponin concentrations were higher in type
1 myocardial infarction, there was substantial overlap
with type 2 myocardial infarction and myocardial injury,
suggesting that troponin alone at any threshold cannot
reliably discriminate between these conditions. Even at a
threshold 5 times the URL, purported to have a PPV of
>90%,"" we observed that the PPV was just 62% for type
1 myocardial infarction. A threshold >50 times the URL
would be required to achieve a PPV of 756% when applied
to all patients with suspected acute coronary syndrome.
Although our observations highlight the limitations of
using single troponin measurements to triage patients,
confirmation of the diagnosis of myocardial infarction

534 August 17,2021

requires serial testing and a rise or fall in cardiac tro-
ponin." We observed differences in the rate of troponin
release with a higher rate of change, as well as larger
absolute and relative changes on serial sampling, in
patients with type 1 myocardial infarction compared with
those with type 2 myocardial infarction or acute and
chronic myocardial injury. Despite these differences, the
use of relative or absolute delta change criteria only mar-
ginally improved discrimination compared with the tropo-
nin concentration alone. This is perhaps not surprising
given the observed changes in troponin concentration
on serial testing in both type 2 myocardial infarction and
acute myocardial injury. Although previous studies using
a contemporary sensitive troponin assay in a small cohort
of 66 and 188 patients with type 1 and type 2 myocar-
dial infarction, respectively, suggested no improvement in
discrimination when change in troponin at 3 or 6 hours
was combined with the absolute concentration,*® we
observed a modest improvement. It would seem unlikely

Circulation. 2021;144:528-538. DOI: 10.1161/CIRCULATIONAHA.121.0564302



120z ‘T Jequieides uo Aq Bio'sfeulnofeye//:dny wouy papeoumoq

Wereski et al

Troponin Release Kinetics

50,000/

Troponin (ng/L)

@ Type 1 myocardial infarction
@ Type 2 myocardial infarction
@ Acute myocardial injury

@ Chronic myocardial injury

2 4 6 8 10 12 14 16 18 20 22 24

Time from onset of symptoms (hours)

Figure 3. Kinetics of high-sensitivity cardiac troponin | concentration from symptom onset in patients with myocardial injury
and infarction.

Spaghetti plot illustrating high-sensitivity cardiac troponin | concentrations in relation to the time of symptom onset in individual patients
stratified by the adjudicated diagnosis: type 1 myocardial infarction (red), type 2 myocardial infarction (yellow), acute myocardial injury (blue),
and chronic myocardial injury (gray). Plot is restricted to those patients in whom any troponin concentration was above the sex-specific 99th
percentile concentration during serial testing within 12 hours of presentation and for whom the time of symptom onset was known (n=3845).
Linear mixed-effects modeling was done using random intercepts and random slopes, including quadratic terms for time, with cardiac
troponin | as outcome. The output from a linear mixed-effects model incorporating time from symptom onset, troponin, and change in troponin

concentration is overlaid for each condition. For each condition, the final model to estimate the trajectory of cardiac troponin | was chosen

according to the Akaike information criteria.

that the shorter time intervals between serial testing
would improve discrimination, but this should be evalu-
ated in future studies.

In recent years, a number of approaches have been
proposed that could enable clinicians to use cardiac tro-
ponin more flexibly.3'#64" These approaches recognize
the limitations of applying fixed thresholds to triage a
heterogeneous population of patients and the challenge
of performing serial testing at precise intervals in clinical

Circulation. 2021;144:528-538. DOI: 10.1161/CIRCULATIONAHA.121.0564302

practice. The Troponin Only—Manchester Acute Coro-
nary Syndrome rule uses logistic regression to provide
individual patient risk estimates for non—ST-segment-
elevation myocardial infarction by incorporating age,
sex, clinical variables, and a measure of high-sensitivity
cardiac troponin T at presentation. This rule performs
well but does not discriminate type 1 myocardial infarc-
tion from other causes of troponin elevation or take into
account serial testing.” In a collaborative analysis that
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Figure 4. Absolute and relative changes in high-sensitivity cardiac troponin I concentration on serial testing in patients with

myocardial injury and infarction.

Violin-density and box-and-whisker plots illustrating the absolute and relative change in high-sensitivity cardiac troponin | concentration on serial
testing in patients stratified by the adjudicated diagnosis: type 1 myocardial infarction (red), type 2 myocardial infarction (yellow), acute myocardial

injury (blue), and chronic myocardial injury (gray).

pooled data from multiple cohorts, the COMPASS-MI
(Calculation of Myocardial Infarction Risk Probabilities
to Manage Patients With Suspicion of Myocardial Infarc-
tion) investigators highlight that a more flexible approach
is required and demonstrate proof of concept that the
negative predictive value and PPV for type 1 myocar-
dial infarction vary across a range of thresholds and
delta change in troponin values.*® Finally, the myocardial
ischemic injury index uses a gradient-boosting machine
learning algorithm to combine age, sex, and paired high-
sensitivity cardiac troponin | values to compute a value
(0-100) that reflects the likelihood of type 1 myocardial
infarction for an individual patient®' Serial testing can be
performed at any time point, and the algorithm incorpo-
rates a measure of rate of change in troponin. Although
each of these approaches shows considerable promise,
it is unclear at present whether the use of these proba-
bilistic scores in practice improves clinical decisions
compared with existing guideline-recommended path-
ways using fixed thresholds.

We recognize some strengths and limitations of this
study. First, we enrolled consecutive patients in whom
the attending clinician suspected acute coronary syn-
drome by embedding our screening tool into the elec-
tronic health care system. This avoided selection bias
and ensured that our study population was representa-
tive. Second, all diagnoses were adjudicated according to
the Fourth Universal Definition of Myocardial Infarction,
ensuring that our findings are relevant to contemporary
practice. Although few patients had missing troponin val-
ues for the evaluation of rule-in thresholds (0.1%), serial
testing was performed at the discretion of the attend-
ing clinician and was performed in only 53% of patients

536  August 17, 2021

with myocardial injury or infarction. It is likely that those
patients undergoing serial testing differed from those
who had a single test performed; however, our compari-
son between patients with type 1 and type 2 myocardial
infarction and those with myocardial injury was limited
to the subgroup of patients with >2 tests performed
within 12 hours of presentation. Cardiac troponin was
measured with a single high-sensitivity cardiac troponin
| assay, and we recognize that the performance of rule-
in thresholds for myocardial infarction is likely to differ
for other assays. Last, the approach to patient selection
for cardiac troponin testing will vary across health care
systems, and we recommend some caution in extrapolat-
ing the performance of rule-in thresholds to sites where
testing is performed more widely.

CONCLUSIONS

Although we observed important differences in the kinet-
ics, cardiac troponin concentrations at presentation are
insufficient to distinguish type 1 myocardial infarction
from other causes of myocardial injury or infarction in
practice. Clinical context may be more helpful than any
rule-in threshold for guiding initial triage and manage-
ment decisions.
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