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BACKGROUND: Coronary risk stratification is recommended for emergency department patients with chest pain. Many proto-
cols are designed as “rule-out” binary classification strategies, while others use graded-risk stratification. The comparative
performance of competing approaches at varying levels of risk tolerance has not been widely reported.

METHODS AND RESULTS: This is a prospective cohort study of adult patients with chest pain presenting between January 2018 and
December 2019 to 13 medical center emergency departments within an integrated healthcare delivery system. Using an elec-
tronic clinical decision support interface, we externally validated and assessed the net benefit (at varying risk thresholds) of several
coronary risk scores (History, ECG, Age, Risk Factors, and Troponin [HEART] score, HEART pathway, Emergency Department
Assessment of Chest Pain Score Accelerated Diagnostic Protocol), troponin-only strategies (fourth-generation assay), unstruc-
tured physician gestalt, and a novel risk algorithm (RISTRA-ACS). The primary outcome was 60-day major adverse cardiac event
defined as myocardial infarction, cardiac arrest, cardiogenic shock, coronary revascularization, or all-cause mortality. There were
13 192 patient encounters included with a 60-day major adverse cardiac event incidence of 3.7%. RISTRA-ACS and HEART
pathway had the lowest negative likelihood ratios (0.06, 95% CI, 0.03-0.10 and 0.07, 95% CI, 0.04-0.11, respectively) and the
greatest net benefit across a range of low-risk thresholds. RISTRA-ACS demonstrated the highest discrimination for 60-day major
adverse cardiac event (area under the receiver operating characteristic curve 0.92, 95% Cl, 0.91-0.94, P<0.0001).

CONCLUSIONS: RISTRA-ACS and HEART pathway were the optimal rule-out approaches, while RISTRA-ACS was the best-
performing graded-risk approach. RISTRA-ACS offers promise as a versatile single approach to emergency department
coronary risk stratification.
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emergency department (ED) visits in the United may have a cardiac cause of their chest pain, few

Chest pain is the second leading reason for  of 5 bilion dollars." While up to 20% of patients
States, with an estimated annual cost upwards have life-threatening conditions and the majority are

Correspondence to: Dustin G. Mark, MD, Department of Emergency Medicine, Kaiser Permanente Medical Center, 3600 Broadway, Oakland, CA 94611.
E-mail: dustin.g.mark@kp.org

Supplementary Material for this article is available at https://www.ahajournals.org/doi/suppl/10.1161/JAHA.120.020082

For Sources of Funding and Disclosures, see page 15.

© 2021 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and
is not used for commercial purposes.

JAHA is available at: www.ahajournals.org/journal/jaha

J Am Heart Assoc. 2021;10:e020082. DOI: 10.1161/JAHA.120.020082 1


https://orcid.org/0000-0002-5001-7228
mailto:﻿
https://orcid.org/0000-0001-7493-8438
https://orcid.org/0000-0002-9061-7746
https://orcid.org/0000-0002-4146-4202
https://orcid.org/0000-0002-6329-6836
https://orcid.org/0000-0001-6559-1858
https://orcid.org/0000-0002-5801-8794
https://orcid.org/0000-0002-8203-1016
https://www.clinicaltrials.gov
mailto:dustin.g.mark@kp.org
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.120.020082
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://www.ahajournals.org/journal/jaha

Mark et al

CLINICAL PERSPECTIVE

What Is New?

e Both the HEART [History, ECG, Age, Risk
Factors, and Troponin] Pathway and a novel
coronary risk algorithm (RISTRA-ACS) accu-
rately identify emergency department patients
with chest pain at very low risk (<0.5% inci-
dence) of a major adverse cardiac event in the
following 60 days.

e RISTRA-ACS had higher discrimination for
overall 60-day major adverse cardiac event
risk as compared with the HEART score, a
troponin-only approach, or unstructured physi-
cian gestalt.

What Are the Clinical Implications?

e The HEART Pathway is a well-validated means
of assigning a very low major adverse cardiac
event risk designation, and thus can identify
emergency department patients who have
chest pain and who are unlikely to benefit from
further cardiac testing.

e RISTRA-ACS may be an optimal tool for a
graded-risk approach to emergency depart-
ment chest pain evaluation and treatment, but
external validation is needed.

Nonstandard Abbreviations and Acronyms

eCDS electronic clinical decision support

EDACS-ADP Emergency Department
Assessment of Chest Pain Score
Accelerated Diagnostic Protocol

HEART History, ECG, Age, Risk Factors
and Troponin

LOQ level of quantitation

MACE major adverse cardiac event

MACE-CR major adverse cardiac event
excluding percutaneous or
surgical coronary
revascularizations

RISTRA Risk Stratification

ultimately diagnosed with noncardiac pain.? Despite
the low incidence of mortality and morbidity, pa-
tients presenting to EDs with chest pain historically
have had among the largest variations in hospital
admission rates, largely driven by guideline recom-
mendations to secure objective cardiac testing for
possible acute coronary syndrome (ACS) before or
within 72 hours of hospital discharge.3-® This recom-
mendation has been repeatedly challenged in light
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of evidence that only 1% to 4% of patients without
diagnostic ECGs and/or cardiac biomarkers have
angiographic evidence of significant coronary artery
disease.”® Accordingly, a recent clinical policy from
the American College of Emergency Physicians has
recommended against routine objective cardiac test-
ing in the ED for patients at low risk for ACS."°

Accurate identification of patients with chest pain
at low risk of ACS is paramount to this recommen-
dation. This goal has been the focus of decades
of research, facilitated by improvements in cardiac
biomarker testing characteristics, with the current
state-of-the-art favoring the use of risk stratification
protocols over unstructured physician judgment,
given a propensity for risk overestimation with the
latter (albeit less so if determined after troponin and
ECG testing).'%"'® Many of these protocols function as
binary “rule-out” strategies (differentiating between
low- and non-low-risk patients) designed to maximize
sensitivity and negative predictive value (NPV) for
downstream major adverse cardiac events (MACE).
Two well-validated rule-out protocols are the History,
ECG, Age, Risk Factors, and Troponin Pathway
(HEART Pathway) and the Emergency Department
Assessment of Chest Pain Score Accelerated
Diagnostic Protocol (EDACS-ADP), which have spec-
ificities ranging from 40% to 60% in achieving NPVs
>99% for 30- to 45-day MACE."*'® However, a non-
low-risk designation fails to discriminate between
marginally at-risk patients and moderate- or high-risk
patients.'® A more graded-risk approach could iden-
tify patients who may still be considered low (ie, 1%—
2%) risk and appropriate for outpatient management
as well as those at low-moderate risk (eg, 2%-5%
risk) in whom expedited outpatient or observation
unit management may be preferred to hospital ward
admission.?°

To improve risk stratification among these margin-
ally at-risk patients, we designed an algorithm to pre-
dict 60-day MACE risk among ED patients with chest
pain with possible ACS. This algorithm (RISTRA-
ACS) utilizes a combination of HEART and EDACS
score elements, alongside early peak troponin val-
ues, to generate several levels of estimated 60-day
MAGCE risk (<0.5%, 1%, 2%, 3%, 5%, 7%, and >7%)
based on analyses of a large retrospective database
of ED patients with chest pain in an integrated health
system.?’ We subsequently implemented RISTRA-
ACS in 13 EDs within the same integrated health
system using an electronic clinical decision support
(eCDS) tool embedded within the electronic health
record (EHR). The goals of this investigation are to in-
ternally validate RISTRA-ACS, externally validate the
embedded component risk scores (HEART score,
HEART pathway, EDACS-ADP) and compare the di-
agnostic performance of RISTRA-ACS and these risk
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scores against each other as well as troponin-only
approaches and unstructured physician gestalt for
ACS.

METHODS
Study Design, Setting, and Subjects

This prospective cohort study enrolled patients pre-
senting between January 1, 2018 and December
31, 2019 to 13 medical center EDs within Kaiser
Permanente Northern California (KPNC), a private
not-for-profit integrated health system of over 4 million
members representing 33% of the region’s population.
The study was part of a pragmatic trial (Clinicaltrials.gov
NCT03286179) examining the impact of a novel coro-
nary risk algorithm (RISTRA-ACS) among adult (age 18
years or over) ED patients with both a chief complaint
of chest pain and serum troponin level measurement
in the ED. All arenas of care (inpatient, outpatient, and
emergency) within KPNC utilize a single integrated EHR
(Epic, Verona, WI). RISTRA-ACS was incorporated as
a module in a web-based eCDS interface referred to
as RISTRA (Risk Stratification), which is nested within
the EHR and has previously been described for several
other use cases.?*?® The study was approved by the
KPNC Institutional Review Board with a waiver of in-
formed consent. Because of the sensitive nature of the
data collected for this study, requests to access the
data set from qualified researchers trained in human
subject confidentiality protocols may be sent to KPNC
at kpnc.irb@kp.org.

Physicians were educated about RISTRA-ACS in
advance of the study and reminded monthly about its
availability along with feedback on their personal fre-
quency of RISTRA-ACS use. Real-time prompts to ED
physicians were provided via automated text messag-
ing whenever serum troponin results became available
for an adult patient under their care with a chief com-
plaint of chest pain or discomfort.?* Physicians con-
firmed upon activation of the RISTRA-ACS module that
the following appropriateness criteria were met: (1) age
>18 years; (2) chief complaint of chest pain or chest
discomfort; and (3) clinical concern for ACS.

ED patient encounters were included in this analysis
if they met the following criteria: age >18 years, serum
troponin measurement within 6 hours of ED arrival, ac-
tive health plan membership, and complete RISTRA-
ACS data collection, including recommended troponin
testing (see below). Encounters were excluded if there
was a previously included encounter by the same pa-
tient within 60 days prior (because of a 60-day outcome
period, see below), there was an ED diagnosis of ST-
segment-elevation myocardial infarction or a discharge
against medical advice, there were <9 out of 12 months
of active health plan membership before the encounter
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(to improve capture of historical data populated from
the EHR), or if there were <60 days of continuous active
health plan membership following the encounter (for
outcome capture) except in cases of death.

Serum troponin values at all sites were obtained
using a fourth-generation troponin | assay, the Access
Acculnl+3 (Beckman-Coulter, Brea, CA). The 99th
percentile for this assay is 0.04 ng/mL per local insti-
tutional reporting guidelines and reference literature.®
The coefficient of variation at the 99th percentile is
<10%, and the limits of blank, detection, and quanti-
tation are <0.01, 0.01, and 0.02 ng/mL, respectively.

Data Collection and Serum Troponin
Testing

RISTRA-ACS imported relevant structured data from
the EHR (eg, past medical history), which was modi-
fied and/or validated by the clinician, followed by user
input of subjective elements from the clinical history
as detailed in Data S1. Following initial data entry,
RISTRA-ACS calculated both EDACS and HEART
scores to determine a binary classifier for each (low-
risk versus non-low-risk) based on the correspond-
ing protocols (EDACS-ADP and HEART pathway,
Tables 1 and 2). One key difference was that a his-
tory of coronary artery disease was not considered
an independent non-low-risk criterion for the HEART
score component of RISTRA-ACS, in contrast to the
HEART pathway.?® Serum troponin measurements
were then imported from the EHR and further troponin

Table 1. Emergency Department Assessment of Chest
Pain Score (EDACS)

* Agel(y)

18-45 (add 2 points)

46-50 (add 4 points)

51-55 (add 6 points)

56-60 (add 8 points)

61-65 (add 10 points)

66-70 (add 12 points)

71-75 (add 14 points)

76-80 (add 16 points)

81-85 (add 18 points)

86+ (add 20 points)

e Known coronary artery disease (previous myocardial infarction,
coronary bypass surgery or percutaneous coronary intervention)
or >3 cardiac risk factors (hypertension, hyperlipidemia, diabetes
mellitus, smoking in past 90 d, or family history of premature
coronary artery disease in first-degree relative age <55 y) in patients
aged 18-50y old (add 4 points)

e Male sex (add 6 points)

e Typical symptoms
o Diaphoresis (add 3 points)

o Pain radiating to arm, shoulder, neck, or jaw (add 5 points)

e Atypical symptoms
o Pain with inspiration (subtract 4 points)

o Pain reproduced by palpation (subtract 6 points)

© 0o 0o 0 0o o 0o o o o

For EDACS accelerated diagnostic protocol (EDACS-ADP) classification,
patients with any of the following were considered non-low-risk: (1) EDACS
score >16, (2) new ischemic ECG, (3) positive troponin (>99th percentile) or
(4) presence of crescendo angina (pain that is recurrent and worsening, lasts
at least 5-10 minutes, and occurs at rest or with minimal exertion).


http://Clinicaltrials.gov
mailto:kpnc.irb@kp.org

Mark et al

Table 2. HEART Score

e History (standardized as the net number of high-risk minus low-risk
symptoms)*

o >2 net symptoms (highly suspicious, 2 points)

o 0-1 net symptoms (moderately suspicious, 1 point)

o <0 net symptoms (slightly suspicious, O points)

e ECG findings (E)

o New ischemic changes (ST-segment depressions >0.05 mV in 2
contiguous leads or T-wave inversions >1 mV; 2 points)

o Repolarization abnormalities, bundle branch blocks, paced
rhythms, nonspecific T wave or ST-changes, or evidence of prior
infarction (1 point)

o Normal (0 points)

e Age(y)

o  >65 (2 points)

o  45-64 (1 point)

o <45 (0 points)

* Risk factors (hypercholesterolemia, hypertension, diabetes mellitus,
smoking in past 90 d, family history of premature coronary artery
disease in first-degree relative aged <55 y, body mass index >30)

o 3risk factors or known atherosclerotic disease (coronary
revascularization, stroke, myocardial infarction, peripheral artery
disease; 2 points)

o 1-2risk factors (1 point)

o Qrisk factors (0 points)

e Troponin
o Less than or equal to the 99th percentile of normal limit (O points)
° 1 to 3 times the 99th percentile normal of limit (1 point)

° >3 times the 99th percentile of normal limit (2 points)

For HEART (History, Electrocardiogram, Age, Risk Factors, and Troponin)
Score pathway classification, patients with any of the following were
considered non-low-risk: (1) HEART score >4, (2) new ischemic ECG, (3)
positive troponin (>99th percentile), or (4) a history of coronary artery disease
(note that this last criterion was not used for Risk Stratification—Acute
Coronary Syndrome scoring).

*High-risk symptoms=exertional chest pain or dyspnea; pain radiating
to arm, shoulder, neck or jaw; diaphoresis; nausea or vomiting; Low-risk
symptoms=pain worse with inspiration; pain reproduced by palpation; sharp
or stabbing pain.

testing in 2 hours intervals®” was recommended unless
1 of 2 criteria was met: (1) serial troponin values were
unchanged or decreasing over a minimum 2-hour in-
terval, with the last troponin being measured at least
4.5 hours from pain onset, or (2) a troponin value below
the level of quantitation (LOQ) was obtained at least
3 hours (if both EDACS and HEART indicated low risk)
or 4.5 hours (all others) from pain onset. The 4.5-hour
cut-off represents the midpoint of the guideline recom-
mended 3- to 6-hour window from pain onset for tro-
ponin testing, while a 3-hour cut-off was reserved for
those at very low risk.® Both cut-offs were further justi-
fied based on a plateau in diagnostic performance of
fourth-generation troponin assays within 2 to 4 hours
from chest pain onset.?® Once no further serum tro-
ponin measurements were recommended, and after
physicians entered their gestalt for ACS, an estimate
of 60-day MACE risk was provided along with recom-
mendations for disposition (Figure 1).

Outcomes

The primary outcome was 60-day MACE, defined as
the composite outcome of acute myocardial infarction,
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cardiac arrest, cardiogenic shock, all-cause mortality
or coronary revascularization (surgical or percutane-
ous) within 60 days of the index encounter. Acute myo-
cardial infarction, cardiac arrest, or cardiogenic shock
was considered to have occurred if a corresponding
International Classification of Diseases, Tenth Revision
(ICD-10) code was the first or second diagnosis listed
at an inpatient or ED encounter within the integrated
health system, or was used in a coded claim for ser-
vices provided at facilities outside of the integrated
health system (any coding position). For coronary re-
vascularization, any corresponding /CD-10 procedure
or Current Procedural Terminology code during a hos-
pitalization within or outside of the integrated health
system was counted. All-cause mortality was deter-
mined using a composite death database compris-
ing KPNC mortality records, California Department of
Public Health Vital Records, and Social Security Death
Index data. A list of /ICD-10 and Current Procedural
Terminology codes used are available in Data S2.

The secondary outcome was 60-day MACE ex-
cluding percutaneous or surgical coronary revascular-
izations (MACE-CR). This outcome was used because
of a lack of reliable methodology, specifically following
an ED visit,?° to categorize coronary revascularization
procedures as either elective or nonelective based on
diagnostic and/or billing codes, and because inclusion
of elective coronary revascularization procedures is in-
consistent with consensus agreements on appropriate
MACE end points.®® Thus, the primary outcome rep-
resents a conservative MACE estimate, whereas the
true MACE incidence lies somewhere between MACE
and MACE-CR.

Data Analysis

For the purpose of comparative analysis of RISTRA-
ACS, we assessed performance of the algorithm as
both a rule-out and a graded-risk stratification ap-
proach. For the former, we compared the very-low-risk
RISTRA designation (<0.5% predicted 60-day MACE
risk) against several alternative rule-out strategies:
(1) HEART score <4, (2) HEART pathway low risk, (3)
EDACS-ADP low risk, (4) physician gestalt for ACS
of <2%, and (5) troponin below the LOQ. We chose
physician gestalt of <2% a priori as a cut point based
on an estimated 1% to 2% MACE risk for a HEART
score <4.3" Using the LOQ as the troponin-only rule-
out threshold was based on literature demonstrating
that the LOQ for the AccuTnl+3 is a strong discrimina-
tor of MACE risk in several study settings,?"%? being
consistent with observations of increased cardiovas-
cular risk among patients with high-sensitivity troponin
values in the upper range of normal.3334 In addition,
because RISTRA-ACS used a combination of troponin
below the LOQ, HEART pathway, and EDACS-ADP,
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Tnl > 3x 99th %tile Group 8 - > 7% MACE risk
mme  Tnl > 1-3x 99th %tile Group 7 - > 7% MACE risk

Group 6 - 7% MACE risk
(both scores non-low risk)

Tnl > LOQ to 99t %tile
Group 5 - 5% MACE risk

(one score low risk)
Tnl = LOQ Group 4 - 3% MACE risk

Group 3 - 2% MACE risk
(both scores non-low risk)

Tnl < LOQ
Group 2 - 1% MACE risk

(one score low risk)

Tnl = LOQ to 99t %tile Group 4 - 3% MACE risk

Tnl < LOQ Group 1 - < 0.5% MACE risk

Figure 1. RISTRA-ACS algorithm.

Upon data entry into the electronic clinical decision support interface (RISTRA), risk estimation begins with calculation of both the
HEART score and the EDACS (green boxes). Subsequent risk adjustment is based on the peak troponin value (purple boxes) obtained
at least 3 hours from symptom onset (if both HEART and EDACS scores indicate low risk) or at least 4.5 hours from pain onset (if
either HEART or EDACS scores indicate non-low risk). A minimum risk override was implemented in the presence of crescendo angina
(yellow box, minimal risk 3%) or new ischemic ECG changes (>7% risk), with higher risk assignment allowed if criteria were present.
Risk estimates were presented to the clinician following completion of data entry and troponin testing completion, indicated by either
a stable or decreasing troponin value on repeated measures at least 2 hours apart or a single measure below the LOQ at or beyond
the above specified time from pain onset. EDACS indicates Emergency Department Assessment of Chest Pain Score; HEART, History,
Electrocardiogram, Age, Risk Factors, Troponin; LOQ, limit of quantitation; MACE, major adverse cardiac event at 60 days; RISTRA-

ACS, Risk Stratification-Acute Coronary Syndrome; and Tnl, troponin .

direct comparisons to these individual components
was of interest. The relative performance among rule-
out approaches was assessed using standard test
characteristics (sensitivity, specificity, likelihood ratios,
and predictive values) and decision curve analysis (see
below). Our a priori hypothesis was that RISTRA-ACS
would achieve a NPV >99.5%, inclusive of 95% Cls,
when used as a rule-out approach.

For graded-risk strategies, we compared 3 ap-
proaches with RISTRA-ACS: (1) HEART score, (2)
physician gestalt for ACS, and (3) troponin-only strata
(peak troponin within 6 hours of ED arrival using 4
strata of <LOQ, LOQ to 99th percentile, 1 to 3 times
the 99th percentile, or >3 times the 99th percentile).
The choice of the LOQ as a cut point is explained
above, while the use of the 99th percentile and 3
times the 99th percentile were chosen to mirror tro-
ponin categorization by both the HEART score and
RISTRA-ACS.2® Performance was assessed by dis-
crimination (area under the receiver operating char-
acteristic curve [AU-ROC]), calibration (calibration
plots and the Hosmer-Lemeshow test), and accu-
racy (scaled Brier score).® The scaled Brier score is
a normalized variant of the Brier score in which the
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scaled Brier=1—(Brier score)/(maximum possible Brier
score). A higher Brier score indicates a less informa-
tive model, and the maximum Brier score represents
a completely uninformative model in which prediction
accuracy is purely driven by the disease prevalence.
Thus, a scaled Brier score indicates accuracy of a
given model relative to a fully uninformative model. Of
note, the direction of the scaled Brier is inverted rel-
ative to the standard Brier score (ie, a higher scaled
Brier score indicates better accuracy). To assess cal-
ibration, we split the data set equally into testing and
validation sets to compare predicted risks (testing)
against observed risks (validation) and constructed
corresponding calibration plots. We also reported the
Hosmer-Lemeshow test statistic, with values <0.05
indicating poor calibration, though it has been noted
that this statistic should not be interpreted in isola-
tion.®” Ninety-five percent Cls for the AU-ROC curve
and scaled Brier score were calculated using boot-
strapped estimates from 2000 replicates. We defined
a difference between AU-ROCs to be significant if the
P value for the difference was <0.05, and the differ-
ence between scaled Brier scores to be significant if
there was no overlap of 95% Cls.
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To assess clinical utility and reclassification among
the various rule-out and graded-risk approaches, we
used decision curve analysis. Decision curves plot the
net benefit for a given risk stratification strategy across
a range of risk thresholds, allowing comparison of rel-
ative net benefit between strategies at varying degrees
of risk tolerance, and are generally preferred to alterna-
tive reclassification statistics (eg, the net reclassification
index) as being less subject to bias and misinterpre-
tation.38-40 Details regarding calculation of net benefit
and decision curve analysis presentation are available
in Data S3.4"%? All data analyses were performed using
SAS version 9.4 (SAS Institute, Cary, NC).

RESULTS

There were 17 249 uses of RISTRA-ACS eCDS among
1 603 448 total ED encounters during the study period,
of which 13 192 met study inclusion criteria as out-
lined in Figure 2. The median age was 58 years, 44%

Emergency Department Coronary Risk Strategies

were male patients, 23% were diabetic, and 13% had
a known history of coronary artery disease (Table 3). A
single troponin test was sent in 55% and 85% were dis-
charged home directly from the ED. Overall, 3.7% had
a 60-day MACE and 3.3% had a 60-day MACE-CR.
In comparison, among patients without RISTRA-ACS
eCDS use who were potentially study eligible, the pro-
portion with 60-day MACE was higher; 5.5% among
those with an ED diagnosis of chest pain (n=47 078,
Table S1) and 7.8% among those with a chief com-
plaint of chest pain or discomfort (=69 894, Table S2,
groups not mutually exclusive).

Test characteristics of rule-out approaches for
60-day MACE and 60-day MACE-CR are presented
in Table 4. RISTRA-ACS, HEART pathway, and
physician gestalt for ACS had the highest sensitiv-
ities for 60-day MACE (range 96.7%-97.6%), with
RISTRA-ACS and HEART pathway demonstrating
the lowest negative likelihood ratios (0.06, 95% ClI,
0.03-0.10 and 0.07, 95% ClI, 0.04-0.11, respectively).
Accordingly both RISTRA-ACS and the HEART

Adult (age >18) ED patient encounters between Jan 1%, 2018 and December 31,
2019 at the 13 KPNC sites with eCDS (RISTRA) access (n =1,603,448)

No eCDS (RISTRA-ACS)

activation (n =1,586,199)

Potentially eligible encounters:

eCDS (RISTRA-ACS)
activations (n = 17,249)

Active health plan membership

Serum troponin measured
within 6 hours of ED arrival

No ED diagnosis of STEMI

No repeat visit within 60 days

Exclusions:

No active health plan membership
(n=3,101)

ED diagnosis of STEMI (n = 30)

»| Repeat visit within 60 days
(n=563)

No serum troponin measured
within 6 hours of ED arrival
(n=57)

Incomplete eCDS data (n = 552)

A4

Chief complaint ED diagnosis of
of chest pain or > chest pain
discomfort
(n = 67.247) (n = 46,989)
60-day MACE
B0-aay MACE incidence = 5.5%

Excluded groups not mutually exclusive

incidence = 7.8% Study cohort (n = 13,192)

60-day MACE incidence = 3.7%

Figure 2. Study cohort flow chart.

eCDS indicates electronic clinical decision support; ED, emergency department; KPNC, Kaiser Permanente Northern California;
MACE, major adverse cardiac event; RISTRA-ACS, Risk Stratification—Acute Coronary Syndrome; and STEMI, ST-segment-elevation

myocardial infarction.
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Table 3. Study Cohort Characteristics

‘ N=13 192
Chief complaint
Chest pain or chest discomfort, % ‘ 85
Risk factors
Age, y, median (IQR) 58 (47-69)
Male sex, % 44
Hypertension, % 48
Hypercholesteremia, % 47
Diabetes mellitus, % 23
CAD, % 13
Coronary revascularization, % 8
Myocardial infarction, % 9
Stroke or TIA, % 6
Peripheral artery disease, % 2
Smoker, % 9
Family history premature CAD in first-degree 6
relative, %
Obesity, % 42
Presenting symptoms
Diaphoresis, % 6
Radiation to arm/jaw/neck/shoulder, % 17
Pain on palpation, % 10
Pain on inspiration, % 10
Exertional symptoms, % 12
Atypical sharp/stabbing pain, % 22
Nausea or vomiting, % 22
Crescendo angina, % 5
ECG interpretation
Normal, % 63
Nondiagnostic, % 33
New ischemic changes, % 4
Peak troponin within 6 h of ED arrival
<LOQ, % 88
LOQ to 99th percentile, % 7
1-3 times 99th percentile, % 2
>3 times 99th percentile, % 2
Risk scores
HEART score, median (IQR) 4 (3-5)
Low risk by HEART pathway, % a7
EDACS score, median (IQR) 11 (7-16)
Low risk by EDACS-ADP, % 67
ED disposition
Admission, % 4
Observation, % 1
Discharge, % 85
(Continued)

pathway had NPVs for 60-day MACE with Cls
>99.5% (99.8%, 95% Cl, 99.6%-99.9% and 99.7%,
95% Cl, 99.6%—-99.9%, respectively) and were thus
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Table 3. Continued

N=13 192
60-d outcomes
MACE, % 3.7
MACE-CR, % 3.3
Any coronary revascularization, % 1.8
All-cause mortality, % 0.4

CAD indicates coronary artery disease; EDACS, Emergency Department
Assessment of Chest Pain Score; EDACS-ADP, Emergency Department
Assessment of Chest Pain Score Accelerated Diagnostic Protocol; HEART,
History, Electrocardiogram, Age, Risk Factors, Troponin; IQR, interquartile
range; LOQ, limit of quantitation; MACE, major adverse cardiac event at 60
days; MACE-CR, major adverse cardiac event at 60 days excluding coronary
revascularization; RISTRA-ACS, Risk Stratification—-Acute Coronary
Syndrome; and TIA, transient ischemic attack.

accurately representative of the very low 60-day
MACE risk designation (<0.5%) by RISTRA-ACS.
Results were similar for MACE-CR.

Comparative evaluation of the graded-risk ap-
proaches is presented in Table 5. As compared with
the HEART score, troponin-only strata, and physician
gestalt for ACS, RISTRA-ACS demonstrated the high-
est discrimination for 60-day MACE with an AU-ROC
of 0.92 (95% CI, 0.91-0.94, P<0.0001 for difference in
AU-ROC compared with all others). ROC curves for 60-
day MACE and MACE-CR are presented in Figures S1
and S2, respectively. Calibration plots for 60-day
MACE and MACE-CR indicated good calibration for
RISTRA-ACS and troponin strata but unstable calibra-
tion for HEART score and physician gestalt (Figures 3
and 4, respectively). Calibration was likewise accept-
able for all approaches by the Hosmer-Lemeshow test
except for the HEART score. The highest accuracy,
as assessed by the scaled Brier score, was shared by
RISTRA-ACS and troponin strata. Findings were simi-
lar for MACE-CR.

Decision curves are presented in Figure 5 (MACE
outcomes for rule-out strategies), Figure 6 (MACE
outcomes for graded-risk strategies), Figure 7
(MACE-CR outcomes for rule-out strategies), and
Figure 8 (MACE-CR outcomes for graded-risk
strategies). The preferred approach varied by risk
threshold and disease prevalence. For example, in
terms of highest net benefit, at the observed 3.7%
prevalence of 60-day MACE a "test all" strategy was
dominant below a 0.3% risk threshold, either RISTRA-
ACS or HEART pathway dominated for risk thresholds
between 0.3% and 1.2%, EDACS-ADP was dominant
for risk thresholds between 1.3% and 1.5%, and a
troponin-only (below LOQ) strategy dominated for
risk thresholds >1.5%. These risk thresholds shifted
rightward at an assumed MACE prevalence of 10%: a
"test all" strategy was dominant below a risk threshold
of 0.7% while RISTRA-ACS or HEART pathway
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Table 4. Comparative Performance of “Rule-Out” Risk Stratification Strategies for Emergency Department Patients With
Chest Pain and Concern for Acute Coronary Syndrome (n=13 192)

Troponin < LOQ EDACS-ADP HEART Score HEART Pathway RISTRA-ACS Physician Gestalt
Low-risk classification, n (%) 11 686 (89) 8786 (67) 6265 (47) 6194 (47) 5444 (41) 2332 (18)
Primary outcome: 60-d MACE
True positives (n=492) 396 442 434 476 480 478
Sensitivity 80.5 (76.7-84.0) | 89.8 (86.8-92.4) | 88.2(85.0-91.0) | 96.7 (94.8-98.1) | 97.6 (95.8-98.7) 97.2 (95.3-98.4)
True negatives (n=12 700) 11 590 8736 6207 6099 5432 2318
Specificity 91.3(90.7-91.8) | 68.8 (68.0-69.6) | 48.9 (48.0-49.8) | 48.0(47.2-48.9) | 42.8 (41.9-43.6) 18.3 (17.6-18.9)
Positive likelihood ratio 9.2 (8.6-9.9) 2.9 (2.8-3.0) 1.7 (1.7-1.8) 1.9 (1.8-1.9) 1.7 (1.7-1.7) 1.2 (1.2-1.2)
Negative likelihood ratio 0.21 (0.18-0.26) 0.15 (0.11-0.19) 0.24 (0.19-0.31) 0.07 (0.04-0.11) | 0.06 (0.03-0.10) 0.16 (0.09-0.26)
Positive predictive value 26.3 (24.1-28.6) 10.0 (9.2-11.0) 6.3 (5.7-6.9) 6.7 (6.2-7.3) 6.2 (5.7-6.8) 4.4 (4.0-4.8)
Negative predictive value 99.2 (99.0-99.3) | 99.4(99.3-99.6) | 99.1 (98.8-99.3) | 99.7 (99.6-99.9) | 99.8 (99.6-99.9) 99.4 (99.0-99.7)
Secondary outcome: 60-d MACE-CR
True positives (n=430) 378 398 377 M7 422 418
Sensitivity 88.0 (84.5-90.8) | 92.6(89.7-94.9) | 87.7 (84.2-90.6) 97.0 (94.9-98.4) | 98.1 (96.4-99.2) 97.2 (95.2-98.6)
True negatives (n=12 762) 11634 8754 6212 6102 5436 2320
Specificity 91.1 (90.7-91.6) 68.6 (67.8-69.4) | 48.4 (47.6-49.3) 47.8 (46.9-48.7) 42.6 (41.7-43.7) 18.2 (17.5-18.9)
Positive likelinood ratio 10.0 (9.3-11.0) 3.0 (2.8-3.1) 1.7 (1.6-1.8) 1.9 (1.8-1.9) 1.7 (1.7-1.7) 1.2 (1.2-1.2)
Negative likelihood ratio 0.13 (0.10-0.17) 0.11 (0.08-0.15) | 0.25(0.20-0.33) | 0.06 (0.04-0.11) | 0.04 (0.02-0.09) 0.15 (0.09-0.27)
Positive predictive value 251 (22.9-27.3) 9.0 (8.2-9.9) 5.4 (4.9-6.0) 5.9 (5.4-6.5) 5.4 (5.0-6.0) 3.8 (3.5-4.2)
Negative predictive value 99.6 (99.4-99.7) | 99.6(99.5-99.8) | 99.2 (98.9-99.4) | 99.8 (99.6-99.9) | 99.9 (99.7-99.9) 99.5 (99.1-99.7)

Strategies are ranked from left to right by decreasing proportion of low-risk classification. EDACS-ADP indicates Emergency Department Assessment of
Chest Pain Score Accelerated Diagnostic Protocol; LOQ, limit of quantitation; MACE, major adverse cardiac event; and MACE-CR, major adverse cardiac event

excluding coronary revascularization.

dominated for risk thresholds of 0.7% upwards and
through 2.0%. For graded-risk strategies, RISTRA-
ACS or troponin-only strata had the highest net benefit
through risk thresholds of 10%. Findings were similar
for MACE-CR.

DISCUSSION

There were 3 key findings from this study. First, both
RISTRA-ACS and the HEART pathway had the high-
est NPV and lowest negative likelihood ratios, yielding
the highest net benefit within a broad range of accept-
able low-risk thresholds. This finding also reinforces a
recent prospective study by Stopyra et al in showing a
higher NPV of the HEART pathway over EDACS-ADP.'®
Second, RISTRA-ACS and troponin-only strata ap-
proaches had the highest discrimination and accuracy
among graded-risk strategies, reinforcing the strong
correlation between absolute troponin levels and car-
diovascular risk and, accordingly, the weakness of an
underweighted treatment of troponin in the HEART
score (as reflected in its suboptimal calibration). Third,
the novel RISTRA-ACS algorithm was successfully val-
idated as being able to combine rule-out and graded-
risk strategies to achieve risk stratification performance
that was equivalent or superior to comparators. Two
lesser findings were the suboptimal performance

of unstructured physician gestalt as compared with
structured risk scores and the overall safety of a time-
from-pain-onset approach to troponin testing. Our dis-
cussion will focus on how these observations might
guide clinical practice and future research.

To start, given literature suggesting a testing thresh-
old of 2% risk for suspected ACS and recent clinical
guidelines endorsing a 1% to 2% acceptable MACE
miss rate for ED patients with chest pain, the value of
discriminating among patients with a collective inci-
dence of downstream MACE <2% using graded-risk
approaches deserves clarification.'®4 At issue is the
fact that calculations around testing thresholds are
sensitive to evolving assumptions surrounding ab-
solute risks and benefits. To this point, we previously
revisited the 2% risk testing threshold for ACS calcu-
lated by Kline et al*® in 2005 using the same equation
by Pauker et al** but with updated estimations of test
performance, risks, and benefits. Using these updated
assumptions, we arrived at significantly lower testing
thresholds, ranging between 0.7% and 0.9% risk.?!
We also extrapolated cost-effective analyses of di-
agnostic strategies for suspected ACS by Goodacre
et al*® to estimate a cost of 150 000 US dollars per
quality-adjusted life year gained when using computed
tomographic coronary angiography at a testing thresh-
old of 0.7% risk. Accordingly, we would contend that
the subgroup of patients with risks confidently below
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Table 5. Comparative Performance of Graded-Risk Stratification Strategies for Emergency Department Patients With
Chest Pain and Concern for Acute Coronary Syndrome (n=13 192)

Physician Gestalt* HEART Scoref Troponin Group# RISTRA-ACS Group$

Median (IQR) 10 (4-20) 4 (3-5) 1(1-1) 2 (1-4)
Primary outcome: 60-d MACE

AU-ROC (95% Cl) 0.85 (0.83-0.87) 0.88 (0.86-0.89) 0.89 (0.87-0.89) 0.92 (0.91-0.94)

P value for change in AU-ROC NA P=0.014 P=0.35 P<0.001

(compared with next lowest)

Scaled Brier score (95% Cl) 30 (26-34) 26 (22-30) 45 (40-49) 42 (38-46)

Hosmer-Lemeshow test 0.84 <0.01 0.67 0.53
Secondary outcome: 60-d MACE-CR

AU-ROC (95% Cl) 0.86 (0.84-0.88) 0.89 (0.87-0.90) 0.93 (0.91-0.94) 0.94 (0.93-0.96)

P value for change in AU-ROC NA P=0.018 P<0.001 P<0.001

(compared with next lowest)

Scaled Brier score (95% CI) 31 (26-35) 28 (23-32) 50 (45-54) 47 (42-51)

Hosmer-Lemeshow test 0.64 <0.01 0.43 0.44

Comparison between incremental risk strategies using measures of discrimination (AU-ROC), calibration (Hosmer-Lemeshow test), and overall performance
(scaled Brier score, 95% Cls are derived based on 2000 bootstrap replicates). Strategies are ranked from left to right by increasing AU-ROC (95% Cls are
derived based on 2000 bootstrap replicates). Hosmer-Lemeshow test: we split the cohort randomly into 2 samples—a developmental sample and validation
sample. We fit the model using the developmental sample, then test the calibration of the model by performing the goodness-of-fit on the validation sample.
AU-ROC indicates area under receiver operating characteristic curve; HEART, History, Electrocardiogram, Age, Risk Factors, Troponin; IQR, interquartile range;
MACE, major adverse cardiac event; MACE-CR, major adverse cardiac event excluding coronary revascularization; NA, not applicable; and RISTRA-ACS, Risk

Stratification—Acute Coronary Syndrome.

*Unstructured physician estimate of acute coronary syndrome risk, range 1% to 100%.

fRange 0 to 10, see Table 1.

*Peak troponin within 6 hours of emergency department arrival (4 groups): less than level of quantitation (group 1), level of quantitation to 99th percentile
(group 2), 1 to 3 times 99th percentile (group 3), >3 times the 99th percentile (group 4).

SEight groups, see Figure 1.

these testing thresholds (eg, low-risk HEART pathway
or very-low-risk RISTRA-ACS designations) should be
given a “no further testing” recommendation.

At the same time, whether patients in the higher
end of the low-risk range (ie, 1%—-2% risk) benefit from
further downstream testing is both speculative and
contentious. Several studies examining outcomes fol-
lowing objective cardiac testing among undifferenti-
ated ED patients with chest pain have demonstrated
increases in coronary revascularizations but no no-
table impact on the incidence of near-term MACE-
CR.%6-48  Accordingly many have questioned this
practice, as well as whether coronary revasculariza-
tion should be included as part of a composite MACE
outcome metric for ED decision-making.*® However,
long-term studies have found small reductions in myo-
cardial infarction and mortality several years following
randomization to computed tomographic coronary
angiography in both ED patients with chest pain and
outpatients with stable angina.®%%" Thus, while guide-
lines emphasizing urgent (ie, within 72 hours) objec-
tive cardiac testing for low-risk ED patients with chest
pain have rightly been questioned, there is arguably
still a role for discrete risk stratification among low-
risk patients to better identify which ED patients might
benefit from directed outpatient follow-up.5%%2 In this
context, a graded-risk strategy such as RISTRA-ACS
that incorporates both troponin strata (and specifically
differentiation between low- and high-normal-range

troponin values) and structured clinical risk scores is
appealing as a means of effectively discriminating be-
tween the “no further testing” and “nonurgent testing”
low-risk subgroups.

Another notable finding of this study concerns
the performance of unstructured physician gestalt
for ACS. Most studies of physician gestalt for ACS in
the ED have measured gestalt before any testing and
found suboptimal predictive performance.'?'354 In this
study, physician gestalt was measured after troponin
and ECG testing and, when using a gestalt cut-off of
2% risk or less, demonstrated a sensitivity on par with
the HEART pathway and RISTRA-ACS. However, be-
cause of the lower specificity of physician gestalt, the
NPV and negative likelihood ratio were inferior as com-
pared with structured risk scores. We are aware of only
1 other study that assessed physician gestalt following
ECG and troponin testing that similarly resulted in high
sensitivity (98%) and low specificity (17%) for 30-day
ACS.%® The low specificity seen in these studies reflects
a general tendency of ED physicians to overestimate
risk.”> Accordingly when assessed as a graded-risk
strategy, physician gestalt demonstrated lower over-
all discrimination as compared with the HEART score,
troponin strata, or RISTRA-ACS. However, it does ap-
pear that unstructured pretest physician gestalt can
at least improve risk prediction among intermediate-
risk patients with nondiagnostic troponin and ECG
results.®® Whether posttest gestalt can be integrated
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Figure 3. Smoothed calibration plot comparing graded-risk approaches for the primary outcome
of 60-day MACE.

Approaches are: (1) physician gestalt (Gestalt), (2) HEART score (HEART), (3) troponin strata (Troponin),
and (4) RISTRA-ACS (RISTRA). Calibration was determined using a random split of the study cohort
into equal portions to generate sample 1 (testing data set) and sample 2 (validation data set). HEART
indicates History, Electrocardiogram, Age, Risk Factors, Troponin; MACE, major adverse cardiac events;
and RISTRA-ACS, Risk Stratification—Acute Coronary Syndrome.

with other incremental risk approaches is deserving of
future study.

Finally, regarding the safety of a time-from-pain-
onset approach to troponin testing for ED patients with
chest pain, use of RISTRA-ACS enabled >50% of pa-
tients to receive accurate risk stratification using only a
single troponin measurement. This contrasts with the
fixed troponin measurements at O and 2 or 3 hours re-
quired by EDACS-ADP and HEART pathway, respec-
tively. While these standardized O and 2- or 3-hour
approaches to troponin testing have been promoted
as less confusing and error prone," calculation of the
HEART score using a representative troponin drawn at
least 3 hours from symptom onset has likewise been
shown to be a safe and reliable approach.5” Thus, our
data further demonstrate the safety (and potential for
improved ED throughput) using a time-from-pain-onset
approach to troponin testing, specifically when aided
by eCDS. It should be emphasized, however, that we
added a layer of safety by requiring serial troponin test-
ing at 2-hour intervals for any values at or above the

J Am Heart Assoc. 2021;10:e020082. DOI: 10.1161/JAHA.120.020082

LOQ until values either exceeded the 99th percentile
or had plateaued or decreased.?!27:32:58.59

Limitations

Patients enrolled in this study had a lower incidence of
MACE (3.7%) in comparison to other prospective ED
studies of patients with suspected ACS in the United
States that reported MACE incidences in the 8% to
12% range.?®*? We believe this is because clinicians
were less likely to use eCDS when faced with overt
evidence of ACS, in which the perceived benefit is low,
as opposed to cases of clinical uncertainty.?® This is
evidenced by the proportion of enrolled patients who
were found to have serum troponin levels above the
99th percentile (4%), which was less than half that of
nonenrolled patients with chief complaints of chest
pain (9%) but closer to nonenrolled patients with ED
diagnoses of chest pain (6%). As such, enrolled pa-
tients appear more representative of a patient popu-
lation with undiagnosed chest pain.®®" While a lower
outcome incidence does raise concern for spectrum
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Figure 4. Smoothed calibration plot comparing graded-risk approaches for the secondary
outcome of 60-day MACE-CR.

Approaches are: (1) physician gestalt for acute coronary syndrome (Gestalt), (2) HEART score (HEART),
(8) troponin strata (Troponin), and (4) RISTRA-ACS (RISTRA). Calibration was determined using a random
split of the study cohort into equal portions to generate sample 1 (testing data set) and sample 2 (validation
data set). HEART indicates History, Electrocardiogram, Age, Risk Factors, Troponin; MACE-CR, major
adverse cardiac events minus coronary revascularization; and RISTRA-ACS, Risk Stratification—-Acute

Coronary Syndrome.

effect in diagnostic test characteristics, sensitivity and
specificity for the established rule-out approaches
(HEART score, HEART pathway, and EDACS-ADP)
are consistent with those reported in external valida-
tion studies.'®28:6263 Thys the findings and conclusions
are likely applicable across similar practice settings for
the clinical scenario in question (equipoise for possi-
ble ACS), though external validation is warranted, es-
pecially given that this study was restricted to insured
patients within an integrated health system.

There were also several deviations within RISTRA-
ACS from typical tabulations of the underlying risk
scores. We used a standardized method for deter-
mining the History subscore of the HEART score, a
variation on how the History subscore is typically cal-
culated in practice (the latter being largely based on
gestalt). While this may appear to limit generalizability
of the findings, it is consistent with the approach taken
in the largest implementation study of the HEART

J Am Heart Assoc. 2021;10:e020082. DOI: 10.1161/JAHA.120.020082

pathway in the United States.?® Considering the rela-
tively low interrater reliability of the history component
of the HEART score,?* an automated standardized ap-
proach is arguably preferable.?® Likewise the overall
automated score calculation approach in RISTRA-ACS
avoids calculation errors, which have been shown to
occur in up to 15% of HEART score determinations.®®
RISTRA-ACS also did not consider a history of cor-
onary artery disease as an independent non-low-risk
criterion, consistent with the original HEART pathway
randomized controlled trial'® but in contrast to the later
implementation study,?® in part because of concern for
overutilization as compared with standard practice at
study sites. Finally, the original EDACS-ADP included a
“red flag” non-low-risk criterion of “an unstable presen-
tation consisting of abnormal vital signs or pain that is
ongoing or in a crescendo pattern.”'® We only included
the “crescendo pattern” part of this criterion because
of an unclear definition of “abnormal vital signs” and
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Figure 5. Decision curves for rule-out approaches and 60-day MACE at (A) the observed MACE prevalence of 3.7% and (B)

a theoretical MACE prevalence of 10%.

The horizontal axis is restricted to risk thresholds between 0% and 2% to represent a range of low-risk definitions. Approaches
are: (1) troponin below the level of quantitation (Troponin), (2) Emergency Department Assessment of Chest Pain Score Accelerated
Diagnostic Protocol (EDACS-ADP low risk), (3) HEART score <4 (HEART score), (4) HEART Pathway low risk (HEART Pathway), (5)
physician gestalt for acute coronary syndrome <2% (Gestalt), and (6) very-low-risk categorization by RISTRA-ACS (RISTRA-ACS).
The “test all” line represents an approach in which all patients undergo further testing (ie, a strategy with 100% sensitivity and 0%
specificity). HEART indicates History, Electrocardiogram, Age, Risk Factors, Troponin; MACE, major adverse cardiac events and

RISTRA-ACS, Risk Stratification—Acute Coronary Syndrome.
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Figure 6. Decision curves for graded-risk approaches and the primary outcome of 60-day MACE.

The horizontal axis is restricted to risk thresholds between 0% and 10% to represent a range of low-to-moderate-risk definitions.
Approaches are: (1) physician gestalt for acute coronary syndrome (Gestalt), (2) HEART score (HEART), (3) troponin strata (Troponin),
and (4) RISTRA-ACS (RISTRA). The “test all” line represents an approach in which all patients undergo further testing (ie, a strategy
with 100% sensitivity and 0% specificity). HEART indicates History, Electrocardiogram, Age, Risk Factors, Troponin; MACE, major

adverse cardiac events; and RISTRA-ACS, Risk Stratification—Acute Coronary Syndrome.

the dubious positive predictive value of “pain that is
ongoing” in the setting of negative troponins and non-
ischemic ECGs.!466

The outcomes in this study were determined elec-
tronically based on diagnosis and procedural coding
as opposed to prospective follow-up, raising the po-
tential for both underestimation and overestimation of
MACE. For the former, by restricting the study cohort
to patients with continuous health plan membership
during the follow-up period, we were able to obtain a
full accounting of healthcare encounters both within
and outside of the integrated system. Given the need
for hospitalization following MACE, it is highly unlikely
that a correct diagnosis would be omitted, especially
with routine oversight of inpatient encounters by med-
ical coding specialists. Likewise, it is difficult to imag-
ine that patients would seek exclusive out-of-pocket
care for these problems. Accordingly, the bigger issue
may be overestimation of MACE because of the in-
clusion of any coronary revascularization or myocar-
dial infarction event. While the impact of including
any coronary revascularization is addressed by the

J Am Heart Assoc. 2021;10:e020082. DOI: 10.1161/JAHA.120.020082

secondary outcome of MACE-CR, we did not attempt
to distinguish between the various subclassifications
of myocardial infarction, with type 1 (myocardial in-
farction caused by acute coronary thromboembolic
phenomena) being most pertinent to the study aims.®”
However, considering that the morbidity associated
with non-type-1 myocardial infarction is nontrivial, we
feel it is preferable to allow for liberal estimates in en-
suring the safety of risk stratification protocols, espe-
cially given entities such as "myocardial infarction with
nonobstructive coronary arteries," which highlight that
the true causes of myocardial infarction are not always
clear.6768

Finally, since RISTRA recorded and/or reported ele-
ments of multiple strategies (eg, binary classification by
both the HEART pathway and EDACS-ADP, physician
gestalt, absolute troponin values, and RISTRA-ACS
risk estimate) it is unclear what, if any, risk prediction
data physicians used in arriving at their disposition de-
cisions. Ultimately there are wide variations in hospital
admission and objective cardiac testing surround-
ing ED chest pain,®* but no clear evidence that this

13



Emergency Department Coronary Risk Strategies

Mark et al
A Decision curves for rule-out strategies: 60-day MACE-CR
(3.3% prevalence)
1
ot
% 09
3
m 0.8
)
QJ —_——
Z 07
©
8 o6
e
_g 0.5
c
8 04
V)
0.3
o oo oo oo oo oo oo oo oo oo S0 oo oo oo oo oo o oo do oo e
Risk Threshold
@ Troponin e EDACS-ADP e HEART score HEART Pathway
— (ostalt e R|STRA-ACS Test all
B Decision curves for rule-out strategies: 60-day MACE-CR
(10% prevalence)
1
g omd
(e
= \
c 0.95
v
o0 —
)
2 o9
kel
Q
N
5 0.85
T
©
& 08
4
V)
0.75
o oo oo oo oo oo oo o o oS0 oo o ol oo oo o oo oo oo o oo
Q'Q Q"\' Q’)’ Q?) Q'v 0<‘° Q Q/'\ Q" O \‘Q '\:‘\' '\:'L '\/,')) '»'b‘ '\f") N '\:'\ NN ’VQ
Risk Threshold
e Troponin e EDACS-ADP e HEART score HEART Pathway
e Gestalt e R|STRA-ACS Test all
Figure 7. Decision curves for rule-out approaches and 60-day MACE-CR at (A) the observed MACE-CR prevalence of 3.3%

and (B)

a theoretical MACE-CR prevalence of 10%.

The horizontal axis is restricted to risk thresholds between 0% and 2% to represent a range of low-risk definitions. Approaches
are: (1) troponin below the level of quantitation (Troponin), (2) Emergency Department Assessment of Chest Pain Score Accelerated
Diagnostic Protocol (EDACS-ADP low risk), (3) HEART score <4 (HEART score), (4) HEART Pathway low risk (HEART Pathway), (5)
physician gestalt for acute coronary syndrome <2% (Gestalt) and (6) very-low-risk categorization by RISTRA-ACS (RISTRA-ACS).
The “test all” line represents an approach in which all patients undergo further testing (ie, a strategy with 100% sensitivity and
0% specificity). HEART indicates History, Electrocardiogram, Age, Risk Factors, Troponin; MACE-CR, major adverse cardiac events
without revascularization; and RISTRA-ACS, Risk Stratification—Acute Coronary Syndrome.
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Figure 8. Decision curves for graded-risk approaches and the secondary outcome of 60-day MACE-CR.

The horizontal axis is restricted to risk thresholds between 0% and 10% to represent a range of low-to-moderate-risk definitions.
Approaches are: (1) physician gestalt for acute coronary syndrome (Gestalt), (2) HEART score (HEART), (3) troponin strata (Troponin),
and (4) RISTRA-ACS (RISTRA). The “test all” line represents an approach in which all patients undergo further testing (ie, a strategy
with 100% sensitivity and 0% specificity). HEART indicates History, Electrocardiogram, Age, Risk Factors, Troponin; MACE-CR, major

adverse cardiac events without revascularization; and RISTRA-ACS, Risk Stratification—Acute Coronary Syndrome.

variation impacts near-term outcomes for the majority
of patients.?%’0 Thus we believe the risk of bias in this
data set towards any given strategy is low.

CONCLUSIONS

In comparing several risk stratification strategies for ED
patients with chest pain with suspected ACS, including
a novel algorithm (RISTRA-ACS), we found that either
the HEART pathway and RISTRA-ACS had the best
rule-out performance, while RISTRA-ACS was the
best overall performing graded-risk approach. While
requiring further validation, RISTRA-ACS is attractive
as a single-risk stratification strategy that can differ-
entiate between several lower levels of risk, allowing
clinicians to better determine the urgency and/or need
for further workup following initial evaluation in the ED.
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Data S1.

Supplemental Methods

Prospective data collection

RISTRA-ACS imported relevant structured data from the EHR (e.g. past medical history), which
was modified and/or validated by the clinician, followed by user input of subjective elements from the
clinical history. These included the timing of pain onset and the presence or absence of following
symptoms: 1) pain on inspiration, 2) sharp or stabbing pain, 3) nausea or vomiting, 4) exertional
symptoms, 6) radiation of pain to arm, shoulder, neck or jaw 7) diaphoresis 8) pain reproduced by
palpation and 9) crescendo angina (pain which is recurrent and worsening, lasts at least 5-10 minutes,
and occurs at rest or with minimal exertion). As in recent studies of the HEART pathway, the history
component of the HEART score (range 0 to 2 points) was determined in a standardized fashion by
considering the net balance of any “high risk” symptoms (e.g. pain radiating to the arm) against any “low
risk” symptoms (e.g. pain reproduced with inspiration).2® Physicians also provided a structured ECG
interpretation as either 1) normal, 2) abnormal/non-diagnostic (defined as any repolarization
abnormalities, bundle branch blocks, paced rhythms, old or non-specific T wave or ST-segment changes,
or evidence of prior infarction) or 3) new ischemic change (new ST-segment depressions of at least 0.05
mV in 2 contiguous leads or T-wave inversions > 1 mV in depth). Finally, prior to receiving eCDS risk
estimates (but after ECG interpretation and recommended troponin testing had been completed)
physicians provided their overall gestalt for ACS on an ordinal scale ranging from 1% to 100% using a

visual slider bar.



Data S2.

International Classification of Disease, 10" edition (ICD-10) and Current Procedural Terminology (CPT)
codes for major adverse cardiac event (MACE) and coronary revascularization outcomes.

MACE outcome ICD-10 code

Acute myocardial infarction 121.0x, 121.1x, 121.2x, 121.3x, 121.4x, 121.9

Cardiac arrest 149.0x, 146.x

Cardiogenic shock R57.0, R57.9

Coronary revascularization outcome ICD-10 procedure coding CPT code
system

Percutaneous coronary intervention* 0270xx, 0271xx, 2072xx, 92920-92934, 92937, 92938,
0273xx 92941, 92943, 92944, 92973

Coronary artery bypass grafting 0210xx 33510-33516, 33533-33536

* CPT codes from AHRQ QI™ ICD-10-CM/PCS Specification version 2018



Data S3.

Calculation of net benefit and presentation of decision curve analysis

The calculation of net benefit was as follows:

if disease prevalence = d and risk threshold =,

Net benefit = Sensitivity x d — (1-specificity) x (1-d) x r/(1-r)

or

Net benefit = (true positives/total patients) — (false positives/total patients) x r/(1-r)

So, for example, a risk score with a very high sensitivity but lower specificity may have a higher net
benefit if a low risk threshold is employed (e.g. < 0.5%), whereas an approach with a slightly lower
sensitivity but higher specificity may have a higher net benefit at a higher risk threshold (e.g. 2%). Since
the ranking of net benefit can also vary depending on disease prevalence, we performed a sensitivity
analysis of the rule-out approaches using a MACE prevalence of 10% to better represent a typical MACE
prevalence among ED chest pain patients in the United States, assuming negligible spectrum effect in
test characteristics.?® % For comparative purposes we also standardized the reported units of net benefit
by normalizing to disease prevalence.* In accordance with decision curve analysis reporting guidance, a
default strategy in which all patients undergo further testing and/or treatment (“test all”) is also

illustrated for comparison.®



Table S1. Characteristics of potentially eligible non-enrolled patients with an ED diagnosis of chest
pain.

N = 46,989
Age (median, IQR) 59 (47-72)
Male (%) 44
Hypertension (%) 52
Hypercholesteremia (%) 50
Diabetes (%) 26
CAD (%) 21
Risk factors Coronary revascularization (%) 14
Myocardial infarction (%) 15
Stroke or TIA (%) 9
Peripheral artery disease (%) 3
Smoker (%) 9
Family history premature CAD (%) 5
Obesity (%) 41
- < L0Q (%) 79
Peak troponin wrfhlrl\ 6 hours of ED LOQ to 99th percentile (%) 12
arrive > 99th percentile (%) 6
Admission (%) 6
ED disposition Observation (%) 20
Discharge (%) 73
MACE (%) 5.5
MACE-CR (%) 4.7
60-day outcomes P
Coronary revascularization (%) 2.2
All-cause mortality (%) 1.0

CAD = coronary artery disease; LOQ = limit of quantification; MACE = major adverse cardiac event at 60-
days; MACE-CR = major adverse cardiac event at 60-days excluding coronary revascularization; TIA =
transient ischemic attack.



Table S2. Characteristics of potentially eligible non-enrolled patients with a chief complaint of chest
pain or chest discomfort.

N = 67,247
Age (median, IQR) 60 (47-72)

Male (%) 45
Hypertension (%) 52
Hypercholesteremia (%) 50
Diabetes (%) 26
CAD (%) 20

Risk factors Coronary revascularization (%) 13
Myocardial infarction (%) 15

Stroke or TIA (%) 9

Peripheral artery disease (%) 4

Smoker (%) 9

Family history premature CAD (%) 5

Obesity (%) 41

- < L0Q (%) 76
Peak troponin W|t.h|n 6 hours of LOQ to 99th percentile (%) 15

ED arrival -

> 99th percentile (%) 9

Admission (%) 11

ED disposition Observation (%) 17
Discharge (%) 71

MACE (%) 7.8

MACE-CR (%) 7.2

Coronary revascularization (%) 2.9

All-cause mortality (%) 1.5

CAD = coronary artery disease; LOQ = limit of quantification; MACE = major adverse cardiac event at 60-
days; MACE-CR = major adverse cardiac event at 60-days excluding coronary revascularization; TIA =
transient ischemic attack.



Figure S1. Receiver operating characteristic (ROC) curves using graded risk stratification approaches

for the primary outcome of 60-day major adverse cardiac events (MACE).

ROC Curves for 60-day MACE
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troponin strata (Troponin) and 4) RISTRA-ACS (RISTRA). Area under the ROC for each strategy is shown in

the legend with accompanying 95% confidence intervals.



Figure S2. Receiver operating characteristic (ROC) curves using graded risk stratification approaches
for the secondary outcome of 60-day major adverse cardiac events excluding coronary
revascularization (MACE-CR).

ROC Curves for 60-day MACE-CR
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the legend with accompanying 95% confidence intervals.



