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Aims An algorithmic strategy for anatomical vs. functional testing in suspected coronary artery disease (CAD) (Anatomical vs.
Stress teSting declsion Support Tool; ASSIST) is associated with better outcomes than random selection. However, in
the real world, this decision is rarely random. We explored the agreement between a provider-driven vs. simulated algo-
rithmic approach to cardiac testing and its association with outcomes across multinational cohorts.

Methods In two cohorts of functional vs. anatomical testing in a US hospital health system [Yale; 2013-2023; n = 130 196 (97.0%) vs.
and results n = 4020 (3.0%), respectively], and the UK Biobank [n = 3320 (85.1%) vs. n = 581 (14.9%), respectively], we examined out-
comes stratified by agreement between the real-world and ASSIST-recommended strategies. Younger age, female sex, Black
race, and diabetes history were independently associated with lower odds of ASSIST-aligned testing. Over a median of 4.9
(interquartile range [IQR]: 2.4—7.1) and 5.4 (IQR: 2.6-8.8) years, referral to the ASSIST-recommended strategy was asso-
ciated with a lower risk of acute myocardial infarction or death (hazard ratio,gjusteq: 0.81, 95% confidence interval [CI] 0.77—
0.85, P <0.001 and 0.74 [95% CI 0.60-0.90], P = 0.003, respectively), an effect that remained significant across years, test
types, and risk profiles. In post hoc analyses of anatomical-first testing in the Prospective Multicentre Imaging Study for
Evaluation of Chest Pain (PROMISE) trial, alignment with ASSIST was independently associated with a 17% and 30% higher
risk of detecting CAD in any vessel or the left main artery/proximal left anterior descending coronary artery, respectively.

Conclusion In cohorts where historical practices largely favour functional testing, alignment with an algorithmic approach to cardiac test-
ing defined by ASSIST was associated with a lower risk of adverse outcomes. This highlights the potential utility of a data-
driven approach in the diagnostic management of CAD.
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Structured Graphical Abstract
Key Question

Data-driven test selection using a machine-learning-derived algorithmic strategy (Anatomical vs. Stress teSting declsion Support Tool, ASSIST) for anatomical
vs. functional testing in stable chest pain was associated with better outcomes than random selection of testing strategy based on data drawn from clinical
trials. However, it is unclear whether this association is present in the real world where test selection is already driven by clinician- and patient-specific factors.

Key Finding
Across two multinational cohorts, including a large US-based hospital system and the UK Biobank, ASSIST-aligned testing was reproducibly associated with a
19-26% lower risk of death or acute myocardial infarction. Younger individuals, female patients, and racial minorities were less likely to undergo ASSIST-

recommended testing. In a mechanistic substudy in PROMISE, alignment with an ASSIST recommendation for anatomical testing was associated with higher
anatomical yield.

Take Home Message

Real-world alignment with an algorithmic approach to functional vs. anatomical testing is independently associated with better long-term outcomes, suggest-
ing the potential utility of an algorithmic approach to cardiac testing.
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Introduction

The workup of stable chest pain and suspected coronary artery disease
(CAD) relies on a range of non-invasive tools to refine the initial risk
stratification achieved through history and physical examination. In
the modern era, these generally include functional stress tests and ana-
tomical imaging by coronary computed tomography angiography
(CCTA)."~® The choice between the two approaches often depends
on patient-specific factors, availability, and local expertise,"~ with com-
monly cited sensitivity and specificity metrics calibrated against the cross-
sectional presence of obstructive CAD on invasive angiography,® rather
than long-term cardiovascular outcomes. A head-to-head comparison of

a functional- vs. anatomical-first approach in the PROMISE (PROspective
Multicentre Imaging Study for Evaluation of Chest Pain) trial revealed no
significant differences in subsequent cardiovascular events.> However,
post hoc analyses have since suggested differential benefits associated
with anatomical testing among broad subgroups, such as women and pa-
tients with diabetes.”~ With both approaches sharing a Class | recom-
menda‘cion,1'3 and the increasing availability of CCTA,10 a data-driven
approach to test selection could supplement traditional clinical assess-
ment and maximize the value of current resources.

Causal inference in observational studies is limited by confounding by
indication, thus precluding an assessment of how upfront diagnostic de-
cisions may impact long-term outcomes. To address this, Anatomical
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vs. Stress teSting declsion Support Tool (ASSIST) used a machine-
learning-based phenomapping approach to estimate individualized car-
diovascular benefit estimates for varying patient profiles in PROMISE
benefiting from their random assignment to anatomical vs. functional
testing'" In both PROMISE and a subset of the SCOT-HEART
(Scottish Computed Tomography of the Heart) trial, randomization
to the strategy recommended by ASSIST as opposed to a different test-
ing modality was associated with a lower risk of major adverse cardio-
vascular events."! However, in real-world clinical practice, the choice
between functional and anatomical testing is determined in part by
the clinician based on their judgement, expected test performance
characteristics, as well as local experience and familiarity with each
modality.”>™"> By deploying tools like ASSIST to the real-world, we
can describe potential biases and disparities in chest pain management,
contrasting real-world practices with those associated with the best
outcomes in the controlled environment of an RCT."*" These findings
may support a potential synergy between RCT-derived precision tools
and standard clinical pathways.

In the present study, we hypothesize that ASSIST-aligned care would
be associated with better clinical outcomes among individuals undergoing
non-invasive cardiac testing. To this end, we first describe the agreement
between real-world testing practices and the algorithmic approach sug-
gested by ASSIST, its predictors, as well as the association with long-term
cardiovascular outcomes across two large and geographically distinct ob-
servational cohorts drawn from a US-based hospital network and the UK
Biobank (UKB). In an attempt to explore potential mechanisms for out-
come differences arising from care practices following ASSIST-aligned
care, we further explore its association with rates of downstream
CAD diagnosis among patients randomized to anatomical testing who
had protocolized follow-up in the setting of PROMISE.2

Methods

Data source and patient population

The overall study approach is outlined in Figure 1. Briefly, the primary ob-
jective was to assess the alignment between real-world practices relative
to ASSIST-informed algorithmic care, and the downstream association of
ASSIST-aligned testing with clinical outcomes. In a mechanistic substudy,
we further harnessed the protocolized and complete follow-up of indivi-
duals in the RCT environment of PROMISE to explore associations be-
tween ASSIST-aligned management and the diagnostic yield of anatomical
testing.

Practice evaluation across two multinational cohorts
Yale-New Haven health system

The Yale-New Haven Health electronic health record (EHR; Yale health
system) covering five hospitals in Connecticut and Rhode Island was
searched for individuals aged 18 years and older who underwent either
anatomical (CCTA) or functional testing (treadmill exercise test, stress
myocardial perfusion imaging by single-photon emission computed tomog-
raphy or positron emission tomography, stress echocardiography, or stress
cardiac magnetic resonance imaging; either with exercise or pharmacologic
stimulation) between 2013 and July 2023. Throughout the study, the first
reported test was used to define the diagnostic strategy (anatomical vs.
functional), allowing patients to cross-over during their subsequent care
as per the PROMISE trial protocol.? To maximize the generalizability of
our observations, we included all patients independent of prior history of
ischaemic heart disease from both inpatient and outpatient encounters,
but performed subgroup analyses across these key subgroups (i.e. out-
patient encounters, patients without known ischaemic heart disease, as
per PROMISE).? Baseline clinical features were adjudicated based on the
last available information prior to the initial cardiac test, as described in
Supplementary material online, Methods and Table S1. Eligible participants
were followed for the primary clinical outcome of all-cause mortality or
acute myocardial infarction (AMI) following their initial test.

UK Biobank

The UK Biobank is a prospective observational study of over 500 000 peo-
ple aged 40-69 years recruited in 2006—10 across the UK,'® offering access
to a large cohort of individuals in the community undergoing prospective
and protocolized follow-up along with multimodal phenotyping. The data
are also linked with longitudinal EHR data for UKB participants. We identi-
fied UKB participants who, following their enrolment in the study, under-
went non-invasive cardiac testing by functional or anatomical testing as a
part of their clinical care (2006—-20), which was defined using available in-
patient procedure codes until 2021 (see supplementary material). All base-
line characteristics were recorded at the time of enrolment before the
performance of the diagnostic test. All eligible participants were followed
for the primary clinical outcome of all-cause mortality or AMI. Since the pri-
mary cause of death was available in this cohort, we also report a secondary
outcome of cardiovascular-specific mortality.

Mechanistic evaluation of diagnostic yield and carein a
protocolized setting in PROMISE

We obtained participant-level data from the PROMISE trial (ClinicalTrials.
gov identifier: NCT01174550) through the Biologic Specimen and Data
Repository Information Coordinating Center of the National Heart,
Lung and Blood Institute (NHLBI BioLINCC). Briefly, PROMISE recruited
10003 patients with suspected CAD who were randomized to either
anatomical (CCTA) or functional testing.” We focused on participants
who were randomized to the anatomical testing arm and successfully
underwent CCTA, thus enabling a detailed assessment of the extent
and burden of CAD, an important determinant of downstream cardiovas-
cular outcomes.'® We collected relevant baseline information (age, sex,
demographics, comorbidities, medications, and laboratory measure-
ments) and anatomical information on the severity and extent of epicar-
dial CAD on CCTA.

Agreement between ASSIST prediction and
initial test selection

Across all cohorts, we calculated the ASSIST-derived recommendation
based on features available before functional testing or CCTA."" These
features include the patient’s age at the time of the test, sex, body
mass index, history of hypertension, diabetes mellitus, smoking status (ac-
tive or former), medication use (anti-platelet, statin, or beta-blocker
therapy) as well as lipid panel (total cholesterol and HDL levels). The pre-
viously trained and validated extreme gradient boosting algorithm (avail-
able at: https:/www.cards-lab.org/assist) computes an individualized
effect estimate for the primary endpoint of PROMISE, assuming assign-
ment to anatomical vs. functional testing. Individualized point estimates
(hazard ratios, HRs) of <1, favour an anatomical-first approach, whereas
HR > 1 favour a functional-first approach. We grouped individuals into
those who underwent ASSIST-recommended testing vs. those who did
not, depending on whether ASSIST matched the initial diagnostic test
performed.

Definition of clinical outcomes

In the Yale health system/UKB analysis, the primary clinical outcome was
defined as a composite of time-to-all-cause mortality or AMI, reflecting
the prior validation of the ASSIST score."” The availability of cause of
death information in UKB allowed us to also define a secondary out-
come of cardiovascular-specific mortality. In the mechanistic substudy,
we assessed the association of ASSIST-aligned management with the
presence of CAD (defined as any epicardial coronary stenosis 50% or
greater on CCTA) among PROMISE participants undergoing protoco-
lized anatomical testing. We also specifically evaluated the presence of
stenosis in the left main or proximal left anterior descending coronary
artery (LM/pLAD) or LM involvement and/or CAD with three-vessel
involvement.

Statistical analysis

Continuous variables are summarized as mean (standard deviation) and cat-
egorical variables as counts (valid percentages), with standardized mean dif-
ference used to describe the distance between the anatomical and
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Figure 1 Study design overview. AMI, acute myocardial infarction; ASSIST, Anatomical vs. Stress teSting declsion Support Tool; CAD, coronary
artery disease; EHR, electronic health record; IQR, interquartile range; LAD, left anterior descending artery; PROMISE, PROspective Multicentre

Imaging Study for Evaluation of Chest Pain.

functional testing groups across each variable. Categorical features across
groups were compared by the x test, whereas for continuous variable
comparisons across two groups, we used Student’s t-test or the non-
parametric Mann—Whitney test (if deviating from a normal distribution;
e.g. pooled cohort equation 10-year risk of atherosclerotic cardiovascular
disease risk [PCE ASCVD]).%° The correlation between PCE ASCVD and
continuous ASSIST predictions was assessed using Spearman’s rho.
Missing categorical and continuous values were imputed using chained
equation imputation with random forests before inclusion in multivariable
regression models.”’

Within each cohort (Yale health system and UKB), we calculated a pro-
pensity score (probability) for undergoing anatomical vs. functional-first
testing by fitting a multivariable logistic regression model adjusted for all
ASSIST components (age at the time of the test, sex, body mass index, his-
tory of hypertension, diabetes mellitus, smoking status, anti-platelet, statin

or beta-blocker use, total cholesterol, and HDL levels) as well as race and
ethnic background, ischaemic heart disease history, and chronic kidney dis-
ease (see supplementary material for further details).”>*® We report
McFadden’s pseudo-R? as a marker of goodness-of-fit for the model, further
adjusting for the study year. Next, to explore predictors of undergoing
ASSIST-recommended testing, we fit a multivariable logistic regression
model using ASSIST-consistent testing as the dependent variable and the
previously mentioned predictors as independent variables. The association
of ASSIST-consistent management with the incidence of all-cause mortality
or AMI was assessed in multivariable Cox regression models, both unadjust-
ed and adjusted for the above covariates and propensity score for anatom-
ical testing. The proportional hazards assumption was assessed using
Schoenfeld residuals at the rounded median follow-up of 5 years with a
P-value of >0.05, suggesting that the proportional hazard assumption was
met for both cohorts (P =0.11 and 0.52, respectively). Adjusted cumulative
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hazard curves are graphically presented. The association between
ASSIST-consistent testing and the primary outcome was further assessed
across clinically relevant subgroups, with results summarized in the form
of forest plots and P-values for heterogeneity derived from the correspond-
ing (ASSIST-alignment X subgroup) interaction term. This was restricted to
the Yale health system analysis, given the higher counts of events.

In the mechanistic substudy analysis in PROMISE, the association be-
tween undergoing the test recommended by ASSIST (vs. a different strat-
egy) with the presence of CAD was assessed in logistic regression
models adjusted for the same covariates (with glomerular filtration rate re-
placing the chronic kidney disease flag) but no propensity score adjustment
given that all patients underwent CCTA. We also present unadjusted pro-
portions for individuals meeting these definitions in each ASSIST group with
95% binomial confidence intervals (Cls).

All statistical tests were two-sided with a significance level of 0.05.
Analyses were performed using Python (version 3.11.2) and R (version
4.2.3). The analyses stand consistent with the STROBE and CODE-EHR
statements.>*%°

Consent

The Yale Institutional Review Board approved our study and waived the re-
quirement for informed consent for our post hoc analysis of de-identified
data for all arms of this study. The UKB analysis was conducted under re-
search application #71033.

Results

Anatomical vs. functional testing in a

real-world setting

The Yale health system cohort included 134216 patients [mean age
61+ 14 years, n =65 359 (48.7%) female] who underwent functional
or anatomical assessment between 2013 and 14 July 2023 [n =28 442
(21.2%) as inpatient]. Most diagnostic tests were functional [n=
130 196 (97.0%)], among which 59 825 (46.0%) were nuclear myo-
cardial perfusion imaging studies (Table 7). The proportion of anatom-
ical testing by CCTA (n=4,020, 3.0%) increased over time from
186 out of 19458 (1.0%) in 2013-14 to 763 out of 7460 (10.2%) in
2022-23 (see Supplementary material online, Figure ST). Compared
with the functional test arm, individuals in the anatomical arm were
younger (59 + 16 vs. 61 + 14 years, P < 0.001), with lower prevalence
of a baseline diagnosis of hypertension [1214 (30.2%) vs. 50178
(38.5%)], diabetes mellitus [306 (7.6%) vs. 13755 (10.6%)], statin
[1184 (29.5%) vs. 51 389 (39.5%)], or anti-platelet therapy at baseline
[629 (15.6%) vs. 30 054 (23.1%); all P < 0.001]. Furthermore, among pa-
tients without a history of ischaemic heart disease, the median imputed
10-year PCE ASCVD risk was 4.2% (25th—75th percentile: 1.6-9.4%)
and 5.0% (2.1-10.4%), respectively (P <0.001). In the UKB cohort,
among 3901 individual patients, 581 (14.9%) underwent anatomical
and 3320 (85.1%) functional testing, with a mean age of 66 + 8 years
in each group and 262 (45.1%) vs. 1621 (48.8%) females, respectively
(Table 1). Clinical factors only explained 1.5% and 1.3% of the variance
in testing selection, increasing to 10.4% and 3.9% after incorporating
the testing year in the Yale and UKB cohorts, respectively.

Association between
ASSIST-recommended and real-world

testing strategies

In the Yale health system cohort, the PROMISE-derived ASSIST frame-
work would have projected better outcomes with anatomical-first test-
ing in 23 859 (17.8%) individuals, nearly 6 times as many patients as the
ones who were referred for CCTA (n = 4020), and functional-first test-
ing in 110 357 (82.2%) individuals. In the UKB, ASSIST would have

favoured anatomical testing in 827 (21.2%) individuals, a number
1.4-fold higher than the actual number of CCTA-first testing
(n=581), vs. functional testing in the remaining 3074 (78.8%) of the in-
cluded participants. There was a moderate correlation between
ASSIST-derived individualized heart ratios favouring anatomical testing
and higher cardiovascular risk, as assessed by the PCE-derived 10-year
ASCVD risk (Spearman’s rho 0.46, P < 0.001).

In summary, 107 573 (80.1%) and 2715 (70.0%) individuals had the
testing strategy that was recommended by ASSIST in the Yale health
system and UKB, respectively. In multivariable regression analyses fur-
ther adjusted for the propensity of undergoing anatomical vs. functional
testing, female sex and a history of diabetes were all significantly asso-
ciated with a lower likelihood of receiving the test recommended by
ASSIST across both cohorts. Furthermore, in the Yale health system
cohort, younger patients as well as Black individuals were less likely
to undergo the ASSIST-recommended testing strategy (Table 2).

Alignment with ASSIST-based care and

long-term outcomes

In the Yale health system cohort, among 134 216 individuals followed
over a median of 4.9 [interquartile range (IQR): 2.4-7.1] years,
11 392 participants experienced the primary outcome, which included
3788 confirmed AMI events and 8825 deaths. In the UKB cohort, me-
dian follow-up was 5.4 (IQR: 2.6-8.8) years, with 478 primary outcome
events (including 131 AMI events, and 385 deaths, 148 of which were
attributed to a primary cardiovascular aetiology) among 3901 indivi-
duals. An ASSIST profile favouring functional (vs. anatomical) testing
and assignment to functional (vs. anatomical testing) were all independ-
ently associated with a lower risk of the primary outcome [HR (95% Cl)
of 0.82 (0.78-0.86), P < 0.001 and 0.62 (0.52-0.70), P < 0.001 in the
Yale health system, and 0.55 (0.44-0.71), P < 0.001, and 0.73 (0.58-
0.91), P <0.001, in the UKB, respectively; see Supplementary material
online, Figure S2].

Overall, in both the Yale health system and UKB cohorts, patients
who underwent testing consistent with the ASSIST recommendation
were less likely to experience the primary outcome of all-cause mortal-
ity or AMI [HRgjusteq Of 0.81 (95% CI 0.77-0.85), P < 0.001 and 0.74
(95% CI 0.60-0.90), P = 0.003, respectively] after propensity score ad-
justment that also included all individual covariates (Figure 2 and
Supplementary material online, Table S2). This association persisted
for a secondary outcome of cardiovascular-specific mortality in the
UKB [HR,gjusted of 0.55 (95% CI 0.39-0.78), P < 0.001].

Subgroup analyses

We further explored the association between ASSIST-aligned vs. dis-
cordant management with the primary outcome across clinically rele-
vant subgroups in the Yale health system (Figure 3). We observed
no significant heterogeneity across sex groups (pinteraction = 0.15), dia-
betes mellitus history (Pinteraction = 0.63), year the study was per-
formed (Pinteraction=0.10), type of functional modality performed
(Pinteraction = 0.71), inclusive of exercise or pharmacological stress
testing  (Pinteraction=0.58). However, the association between
ASSIST-aligned testing and lower risk of the primary outcome was
more pronounced among patients undergoing inpatient [HR,gusted
0.71 (95% Cl 0.66-0.76)] vs. outpatient testing [0.88 (95% ClI
0.83-0.94)], binteraction < 0.001], with a graded relationship across
PCE-derived ASCVD risk profiles [0.60 (0.54-0.66) for <5% vs. 0.91
(0.84-0.99), pinteraction < 0.001; Supplementary material online, Figure S3].
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Table 1 Baseline characteristics for the Yale health system and UK Biobank cohorts

Yale health system cohort UKB cohort
Anatomical Functional SMD Anatomical Functional SMD

Total counts 4020 130196 — 581 3320 —
Type of functional test —

Stress echo 0 (0.0 33537 (25.8) 0 (0.0 1657 (49.9) —

Nuclear MPI 0 59825 (46.0) 0 (0.0 1572 (47.3)

Stress CMR 0 (0.0 265 (0.2) —

Exercise treadmill test 0 (0.0 36569 (28.1) 0 (0.0 91 (2.7)
Age (years) 58.5 (16.1) 61.0 (14.0) 0.165 66.2 (8.3) 65.9 (7 8) 0.045
Female (sex) 1853 (46.1) 63506 (48.8) 0.054 262 (45.1) 1621 (48.8 0.075
Hispanic ethnicity 447 (11.1) 12687 (9.7) 0.054 — — —
Race/ethnic background 0.058 0.082

White 2991 (74.4) 100015 (76.8) 548 (94.3) 3101 (93.4)

Asian 96 (2.4) 3055 (2.3) 5(2:6) 95 (2.9)

Black 477 (11.9) 13750 (10.6) 0(1.7) 45 (1.4)

Other/unknown 456 (11.3) 13376 (10.3) 7(1.2) 71 (2.1)

Mixed 1(0.2) 8 (0.2)
Hypertension 1214 (30.2) 50178 (38.5) 0.176 298 (51.3) 1472 (44.3)
Diabetes mellitus 306 (7.6) 13755 (10.6) 0.103 95 (16.4) 489 (14.7) 0.045
Prior ischaemic heart disease (incl. PCI/CABG) 184 (4.6) 8316 (6.4) 0.08 250 (43.0) 1380 (41.6) 0.03
Prior AMI 43 (1.1) 1215 (0.9) 0.014 9 (1.5) 9 (0.6) 0.095
Stroke 174 (4.3) 3823 (2.9) 0.074 2 (9.0 122 (3.7) 0.218
CKD 58 (14) 2612 (2.0) 0.043 (8 1) 183 (5.5) 0.103
PAD 3(0.1) 54 (0.0) 0.014 4(2.4) 47 (1.4) 0.073
Active smoking 8(0.2) 422 (0.3) 0.024 70 (12.0) 412 (12.4) 0.011
Former smoking 124 (3.1) 3919 (3.0) 0.004 253 (43.5) 1398 (42.1) 0.029
Total cholesterol (mg/dL) 177 (47) 179 (44) 0.049 209 (47) 211 (50) 0.032
HDL (mg/dL) 53 (19) 55 (19) 0.086 52 (15) 52 (14) 0.007
BMI (kg/m?) 29.3 (6.6) 30.0 (7.0) 0.102 284 (5.0) 288 (5.2) 0.083
Beta-blockers 1245 (31.0) 36994 (28.4) 0.056 103 (17.7) 689 (20.8) 0.077
Statin use 1184 (29.5) 51389 (39.5) 0.212 214 (36.8) 1353 (40.8) 0.081
Anti-platelet use 629 (15.6) 30054 (23.1) 0.189 187 (32.2) 1219 (36.7) 0.095

Variables are summarized as mean (standard deviation) or counts (valid percentages, %)

as appropriate.

AMI, acute myocardial infarction; BMI, body mass index; CABG, coronary artery bypass grafting; CKD, chronic kidney disease; MPI, myocardial perfusion imaging; PAD, peripheral arterial
disease; PCl, percutaneous coronary intervention; SMD, standardized mean difference; UKB, UK Biobank.

ASSIST-aligned care and diagnostic yield of
protocolized anatomical testing

Building on prior evidence demonstrating an association between the
anatomical severity and burden of coronary atherosclerosis with ad-
verse clinical outcomes,w’26 we further investigated the association
between the ASSIST recommendation and the diagnostic yield of pro-
tocolized CCTA imaging in the PROMISE study. In 4734 patients who
underwent CCTA imaging in the anatomical arm of PROMISE [median
age 59 (54-65) years, n=2426 (51.2%) female; see Supplementary
material online, Table $3], 1329 (28.1%) patients had evidence of at
least one epicardial coronary stenosis 50% or greater, 510 (10.8%)
patients had disease involving the left main or proximal LAD, and
96 (2.0%) left main and/or 3-vessel disease involvement. Patients for
whom ASSIST would have recommended anatomical (n= 2005,
42.4%) vs. functional testing (n = 2729, 57.6%) were 17% more likely
to have any CAD [OR,gjustea 1.17 (95% Cl 1.02-1.35), P=0.023],
30% more likely to have disease in the left main or proximal LAD
[OR.gjusted 1.30 (95% CI 1.07-1.58), P=0.009], and (numerically)

38% more likely to have left main or 3-vessel CAD [OR,gjysteq:1.38
(95% C10.90-2.12), P = 0.13], although this did not reach statistical sig-
nificance (Figure 4).

Discussion

In this descriptive analysis of more than 130000 patients with sus-
pected CAD who predominantly underwent functional testing across
two geographically divergent cohorts, we demonstrate reproducible
disparities in clinical outcomes when the initial diagnostic test deviated
from the one suggested by ASSIST, an RCT-derived algorithm that links
personalized clinical profiles to the diagnostic strategy associated with
the best clinical outcomes. By applying this framework, we show a dis-
sociation between algorithmic and real-world testing practices that is
more pronounced among patients who were younger, female, and of
Black race, suggesting that the slow uptake of CCTA may have dispro-
portionately disadvantaged select demographic groups. Analyses across
distinct geographical, temporal, and clinical settings demonstrate
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Table2 Predictors of undergoing Anatomical vs. Stress teSting declsion Support Tool--recommended (vs. discordant)

testing

Predictor

Yale health system
Beta (SE), OR (95% Cl), P-value

UK Biobank cohort
Beta (SE), OR (95% CIl), P-value

Age (per 10 years)

Female (sex)

Hispanic ethnicity

Race: Asian (vs. White)

Race: Black (vs. White)

BMI (per 10 kg/m?)

Total cholesterol (per 10 mg/dL)
HDL (per 10 mg/dL)
Hypertension

Diabetes mellitus

Ischaemic heart disease history
Chronic kidney disease
Anti-platelet use

Statin use

Beta-blocker use

Active smoking

Former smoking

0.14 (0.01), 1.15 (1.13-1.17), P < 0.001
~1.64 (0.02), 0.19 (0.19-0.20), P < 0.001
0.03 (0.04), 1.03 (0.96-1.11), P=0392
~0.12 (0.06), 0.89 (0.80-0.99), P=0.038
~0.23 (0.03), 0.79 (0.75-0.83), P < 0.001
027 (0.02), 1.31 (1.27-135), P < 0.001
~0.02 (0.00), 0.98 (0.97-0.98), P < 0.001
003 (0.01), 1.03 (1.01-1.04), P < 0.001
~1.16 (0.02), 0.31 (0.30-0.33), P < 0.001
~2.34(0.02), 0.10 (0.09-0.10), P < 0.001
0.40 (0.03), 1.49 (1.40-1.59), P < 0.001
0.19 (0.05), 1.21 (1.09-1.34), P < 0.001
—0.47 (0.02), 0.63 (0.60-0.65), P < 0.001
~0.19 (0.02), 0.83 (0.80-0.86), P < 0.001
~1.91 (0.02), 0.15 (0.14-0.15), P < 0.001
~0.62 (0.12), 0.54 (0.42-0.69), P < 0.001
~0.38 (0.04), 0.68 (0.63-0.74), P < 0.001

[N BN

).
).
).
).

005 (0.05), 1.05 (0.95-1.16), P=0.34
—0.49 (0.08), 0.61 (0.52-0.72), P < 0.001
035 (0.23), 1.42 (0.91-2.26), P=0.13
—001 (0.32), 0.99 (0.54-1.88), P =098
113 (1.07), 3.09 (0.55-57.91), P=0.29
0.02 (0.01), 1.02 (1.00-1.04), P=0.12
0.06 (0.04), 1.06 (0.99-1.14), P=0.08
—0.09 (0.09), 0.92 (0.78-1.09), P=0.32
~13(0.11), 0.27 (0.22-0.34), P < 0.001
0.00 (0.09), 1.00 (0.85-1.19), P=0.97
—021 (0.15), 0.81 (0.60-1.10), P=0.17
—0.42 (0.10), 0.66 (0.55-0.79), P < 0.001
0.38 (0.10), 1.46 (1.20-1.79), P < 0.001
—1.06 (0.10), 0.35 (0.29-0.42), P < 0.001
~029 (0.12), 0.75 (0.59-0.95), P = 0.02
—0.24 (0.08), 0.78 (0.67-0.92), P=0.003

BMI, body mass index; Cl, confidence interval; OR, odds ratio; SE, standard error.

A Yale health system UK Biobank
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= Unadj. HR 0.57 [95%CI 0.55-0.59], p<0.001 = Unadj. HR 0.59 [95%Cl 0.49-0.71], p<0.001
< 9 Adj. HR 0.81 [95%CI 0.77-0.85], p<0.001 < 0 Adj. HR 0.74 [95%CI 0.60-0.90], p=0.003
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26643 17398 8801 2157 0 1186 595 193 0
= 107573 74636 38786 10458 0 2715 1476 471 0

Figure 2 Association between Anatomical vs. Stress teSting declsion Support Tool-aligned testing and adverse clinical outcomes. Adjusted Cox
regression-derived cumulative hazard curves for all-cause mortality or acute myocardial infarction in the (A) Yale health system, and (B) a subset of
the UK Biobank undergoing non-invasive cardiac testing. ASSIST, Anatomical vs. Stress teSting declsion Support Tool; Cl, confidence interval; HR, haz-

ard ratio.

consistently worse clinical outcomes, not explained by traditional car-
diovascular factors. In mechanistic analyses of patients undergoing ana-
tomical testing with protocolized follow-up in the setting of an RCT, we
further show that ASSIST-alignment is associated with greater

diagnostic yield for CAD or LM/pLAD disease. These findings provide
a paradigm on how to evaluate clinical care pathways using inference
drawn from high-quality RCTs, and an insight into how data-driven
decision-making might supplement the traditional clinical evaluation.
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Figure 3 Subgroup analysis in the Yale health system cohort. Forest plot showing the adjusted hazard ratios and corresponding 95% confidence
intervals for the association between Anatomical vs. Stress teSting declsion Support Tool—aligned testing and all-cause mortality or acute myocardial
infarction across relevant subgroups. A P-value for heterogeneity (derived from an interaction test) is also presented. ASSIST, Anatomical vs. Stress
teSting declsion Support Tool; Cl, confidence interval; ETT, exercise treadmill test; HR, hazard ratio; IHD, ischaemic heart disease; MPI, myocardial
perfusion imaging; PET, positron emission tomography; SPECT, single-photon emission computed tomography.

Taken together, our findings highlight how routine real-world prac-
tices might differ from patterns associated with best outcomes within
the controlled and protocolized environment of RCTs, and how this
may contribute to differences in downstream outcomes, as consistently
observed across RCTs and diverse cohorts.”” When studying the
downstream effects of any diagnostic test,”® disparities in subsequent
outcomes are inherently related to the complex bundle of care that fol-
lows, rather than the test itself.> Such factors include patient educa-
tion, risk factor and lifestyle modification, medication adjustments, as
well as further testing and procedures.*>*" Furthermore, real-world
practice patterns reflect multiple patient-, site-, and provider-specific
parameters that collectively determine the propensity to refer for
anatomical vs. functional testing3?>* ASSIST enables the direct

translation of heterogeneous treatment effects noted in subpopula-
tions enrolled in an RCT, where the use of these tests is independent
of patient characteristics and possible provider bias. Building on our
prior work on phenomapping-guided inference from RCTs,'"**~’
ASSIST allows us to project each new participant to a simulated
PROMISE environment and predict the strategy that would work
best in this simulated setting. This generates a mechanism to emulate
real-world outcomes relative to an environment, where the key clinical
decision is made independent of clinical bias or knowledge and is guided
by the diagnostic or therapeutic effects on individuals." This can then
be used to flag, quantify, and possibly assess human-led decision-making
against an algorithmic approach to test selection.’®**! Our findings are
supported by post hoc analyses of PROMISE, showing that an objective
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Figure 4 Mechanistic evaluation of Anatomical vs. Stress teSting declsion Support Tool with anatomical yield in the PROMISE (Prospective
Multicentre Imaging Study for Evaluation of Chest Pain) trial. Association between ASSIST-agreement with anatomical evaluation and (A) the presence
of coronary stenosis in the left main or proximal left anterior descending artery, or (B) any significant epicardial coronary artery disease. Bar graphs
denote proportions for individuals meeting these definitions in each ASSIST group with 95% binomial confidence intervals. ASSIST, Anatomical vs.
Stress teSting declsion Support Tool; CAD, coronary artery disease; Cl, confidence interval; LM, left main artery; pLAD, proximal left anterior descend-

ing artery; OR, odds ratio.

rather than subjective approach to diagnostic test selection is asso-
ciated with a higher rate of CAD detection that may modify subsequent
behaviour and management.

The broader clinical implications of this work are two-fold. First, our
work suggests potential value in accounting for the ASSIST phenotype
when choosing between anatomical and functional testing, offering a
data-driven, personalized inference approach that can interpret land-
mark trial data in an individualized manner for each patient. While
the current evidence is insufficient to justify using ASSIST as a decision
support tool, the study represents data in support of a future nudge-
based, pragmatic RCT that compares ASSIST-informed test allocation
vs. routine care among cohorts that have traditionally favoured a
functional-first approach. Second, our approach demonstrates specific
patient subgroups in whom established clinical practices may perpetu-
ate outcome disparities.*®™*' As shown in our analysis, the association
between ASSIST-aligned testing and outcomes is consistent across such
demographic groups, yet female patients or patients with diabetes are
less likely to undergo the testing strategy recommended by ASSIST,
compared with their counterparts. In fact, our framework is unique
in that it links these to potentially modifiable management decisions
(as studied in RCTs), thus suggesting a data-driven way to improve
the quality of care. This can be particularly challenging to study in the
context of observational registries, given that most studies are either
cross-sectional or focus on the short-term prevalence of obstructive
CAD,"**? rather than the long-term incidence of major clinical events.
The focus on obstructive CAD may misrepresent the modifiable por-
tion of a patient’s cardiovascular risk, with numerous studies showing
a lack of mortality benefit with revascularization in most stable coron-
ary disease cases.>** We thus infer that ASSIST may be flagging inter-
actions between a patient’s profile and common management
strategies that collectively explain differential clinical outcomes.

Our study has certain limitations that merit consideration. First, there
are key differences between the cohorts used here and the trial popula-
tions in which ASSIST was developed. For instance, both the Yale health
cohort and UKB are skewed towards functional testing, likely reflecting lo-
cal practices, availability, and experience at the time of the study. Both co-
horts also included scans after 201013 when the PROMISE trial was
conducted, thus reflecting the evolution in clinically available technologies.
This highlights the need for a longitudinal evaluation of ASSIST to assess

how changes in practice patterns might affect its association with out-
comes. Second, to maximize the generalizability of our observations, we
included a broader population than one studied in PROMISE* and per-
formed multivariable adjustments, including propensity score adjustments
for the probability of undergoing CCTA vs. functional testing. This allowed
us to track outcomes both in outpatient populations resembling
PROI"IISE,2 but also commonly encountered scenarios, such as the
hospital-based management of stable chest pain. Furthermore, with follow-
up that was more than twice as long as PROMISE, our analysis enabled us to
explore not just the short-term but also the intermediate- and long-term
outcome associations of upfront testing strategies. Third, the post hoc and
retrospective associations described in this study do not necessarily imply a
causal mechanism. Indeed, we acknowledge that propensity score adjust-
ment does not address unmeasured sources of confounding, which likely
explains most of the variance seen in the use of anatomical vs. functional
testing in our cohorts. Moreover, comparing anatomical characterization
across subgroups was not done in the Yale health system or UKB due
to a lack of consistently reported information and direct confounding by
the provider-driven test selection. Therefore, this was performed in the
setting of an RCT, where all patients got randomized to CCTA irrespective
of their presentation and clinical profile. We do acknowledge, however,
that analyses in PROMISE are limited by their post hoc nature, the fact
that ASSIST was trained in the same cohort (although without incorporat-
ing any information about the results of the CCTA scans) and that differ-
ences in CAD detection rates may not fully explain the observed disparities
in outcomes. Fourth, the cause of death could not be reliably ascertained in
the EHR-based cohort; however, cardiovascular-specific mortality was
presented as a secondary outcome in the UKB. Finally, patients may
have undergone different tests later during their course. However, we
only focused on the initial testing strategy to define the testing approach,
consistent with the PROMISE trial,> which was leveraged for the develop-
ment of ASSIST."”

Conclusions

In summary, we demonstrate that misalignment between real-world
practices around non-invasive testing for suspected CAD and an
RCT-derived algorithmic strategy are associated with worse
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cardiovascular outcomes across multinational cohorts. This discrep-
ancy is more pronounced among select clinical and demographic
groups, highlighting that subjectivity in selection may perpetuate biases
and impact the long-term cardiovascular trajectory of select popula-
tions. These hypothesis-generating findings may inform future clinical
trials assessing a more equitable and data-driven deployment of cardiac
testing.

Supplementary material

Supplementary material is available at European Heart Journal — Digital
Health.
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